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Preface

Since the re-discovery of Graphene in 2004/2005 there has been a surge of interest
into isolating and utilising other novel 2D materials. Such 2D materials (Graphene,
h-Boron Nitride and various Transition Metal Dichalcogenides such as Molybdenum
Disulphide or Tungsten Diselenide to name a few) have been reported to possess a
range of unique and exclusive properties and have consequently been explored in a
plethora of scientific disciplines.

There is a global pursuit to find new ‘industrial scale’ methodologies for the facile
fabrication of advanced 2D materials and related structures are being extensively
incorporated into an ever diversifying range of applications across numerous fields
in the search for greatly improved device performance, ranging from sensing through
to energy storage and generation and carbon-based molecular electronics. Chapters
herein explore state-of-the-art synthesis techniques, biomedical applications and related
biological interactions/responses to such nano-materials, associated antimicrobial
and chemical/mechanical properties for surface coating and engineering, advances in
biomolecule detection and sequencing, electrochemical sensing and catalysis including
energy applications and Hydrogen generation from water splitting.

This book aims to provide readers with a fundamental introduction into 2D
materials, bringing together research into the various 2D materials across the sciences
such that, with time, a real encyclopaedia materialises, allowing one to be able to
design and interpret experiments in their field/area of interest whilst utilising such novel
materials given the valuable and transferrable insights gained across the disciplines.
Due to the range of currently available 2D nano-materials, their reported properties,
diversity in fabrication and wide range of potential applications, the study of 2D
materials and their scope is truly fascinating.

March 2018 Dale A. C. Brownson
Craig E. Banks
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CHAPTER 1

CVD Synthesis of Graphene and
Advanced 2D Materials

Thomas Hardisty Bointon

Introduction

In the last decade, the technological advances in materials and fabrication techniques
have vastly changed the face of consumer electronics. The introduction of lithium ion
batteries and indium tin oxide (ITO) have provided the increase in energy density and
transparent conductors required to produce ultra-portable phones, tablets and laptops.
However, there is ever more drive for smaller, faster and longer battery life devices
which can only be satisfied by the next-generation of nanomaterials.

In this chapter the CVD synthesis of the following materials are covered:

Graphene

An atomically thin allotrope of carbon, was first isolated in 2004 by means of
mechanical exfoliation of natural graphite.? Monolayer and few layer graphene
demonstrate a combination of unique properties. For monolayer graphene there is no
band gap between the valence and conduction band, due to the hexagonal arrangement
of the carbon atoms in the lattice, shown in Fig. 1. This allows for electrical conduction
regardless of the fermi energy of the material, hence graphene can be utilized as a
conduit between components for the next generation ultra-portable processors and
batteries.?

The University of Manchester, National Graphene Institute, Booth Street East, Manchester, M13 9PL.
Email: Tom@Bointon.com Corresponding author.


mailto:Tom@Bointon.com

2 2D Materials: Characterization, Production and Applications

Lattice
2D crystals a=hb (A) mismatch
(%)
Graphenea 2464 0

h-EN 2.504 1.6
MaS, 3.148 278
WS, 3.154 28.0
VS, 3.221 30.7
MoSe, 3289 335
Wse, 3.286 33.4
Sns, 3.645 47.9

Fig. 1. Demonstrating the structure of Graphene, H-BN and a selection of TMDCs with a table showing
the lattice spacing of each of the materials. Reproduced from Ref. 1 with permission from The Royal
Society of Chemistry.

The tightly bound covalent structure of graphene lends to a tensile strength greater
than that of steel, a high resilience to chemical reactions and as a physical barrier
to oxygen. The application of graphene to a substrate can protect from corrosion or
oxidation.** The atomically thin nature of graphene allows for a the high transmission
light for a large range of optical wavelengths. Monolayer graphene has an optical
transparency of 97%, while in the few layer limit increasing the number of layers
monotonically reduces the transparency to > 80% for 5 layers of graphene.® Although
graphene is a good conductor, the sheet resistance is far higher than that of the current
generation of materials.

Various functionalizations of graphene have been implemented to tailor
the properties to exceed the properties of current industrial materials. A notable
functionalization of graphene is achieved through FeCl, intercalation. When
functionalized with FeCl,,*'* few layer graphene exhibits a resistivity as low as 8/[1,
while having an optical transparency similar to that of commercialised materials such
as ITO and FTO.

Hexagonal Boron Nitride (H-BN)

A 2D crystal formed from atoms of alternating boron and nitrogen atoms. The atoms
are arranged in a hexagonal lattice and is closely matched to that of graphene, as shown
in Fig. 1, with a lattice constant ~ 1.8% larger than that of graphene.!"'> H-BN has
similar properties to graphene in terms of tensile strength and integrity as a barrier
layer, due to the covalently bonded hexagonal structure. The similar properties and
structure have earned H-BN the moniker of ‘White Graphene’.

In bulk form, H-BN is used an oxygen compatible, high temperature ceramic. This
property is inherited in the 2D allotrope, where H-BN shows a remarkable thermal
stability and chemical inertness.!* The covalent bonds between B and N have a high
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bond energy (~ 4eV) even exceeding the bond energy of the CC bonds in graphene
(~ 3.7e¢V)." This combined with the absence of dangling bonds, gives rise to the
high thermal stability and oxidation resistance of H-BN at high temperatures. In high
quality H-BN, there are no available energy states in the intrinsic fermi energy. This
manifests in a the high chemical stability of H-BN.

In contrast to graphene with a continuous band structure, H-BN is an excellent
insulator with a wide band gap of 5-6¢V." Thin layers of H-BN make an ideal insulating
protective layer to prevent electrical leakage of sensitive electrical devices without
impacting their inherent properties. When H-BN is reduced to ultra-thin crystals it
can be used as a tunnel barrier for photodetectors and photovoltaics. Thicker layers of
H-BN make an ideal atomically flat substrate. The intrinsic insulating properties, low
levels of defects, and similar structure to that of graphene allow for H-BN to be used
as a substrate for graphene to observe exotic physics such as the Hofstadter butterfly'
and ballistic superconducting graphene hybrid devices."”

When used in combination with other 2D materials, the tensile strength and
stability of H-BN has been utilised as a protective layer to prevent oxidation. Formed
heterostructures using H-BN allows for the tailoring of the properties of unstable 2D
materials.!®1°

Transition Metal Dichalcogenides (TMDC)

A family of 2D crystals typically composed of a transition metal paired with a chalcogen
in a similar lamella structure to that of graphite. Figure 1 shows some examples of
the typical transition metals are molybdenum and tungsten whereas the chalcogens
are typically sulphur and selenium.?

Microprocessors and CPU consist of billions of transistors, a reduction in the size
of transistors allow for a higher density and processing power. However, increasing
the density of transistors also increases the power requirement and the heat generated
by traditional transistors. There is a fundamental limitation to the processing power
for high end CPU, as the significant increase in the power requirements leads to
diminishing returns. On the other end of the scale ultra-portable devices such as
phones and tablets have a limited power capacity. Therefore there is a requirement
for high efficiency processors.

This is where there is a requirement for next generation materials such as
semiconducting TMDCs. The structure and composition of some monolayer TMDC
give a direct band gap. This is an ideal property for use as an ultra-thin transistor.
The reduced dimensions of transistor devices made using monolayer and few layer
MoS,, WS, MoSe, and WSe, TMDCs allow for lower power dissipation and hence
higher efficiency.

Fabrication

Small samples for the next-generation 2D materials are typically produced using micro-
mechanical cleavage of natural or synthetic bulk crystals.?! The resulting materials are
high quality 2D crystals and the simplicity of fabrication has been the primary drive
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for research into these next generation materials. However, micro-mechanical cleavage
produces a random array of 2D crystals with a variety of thickness, which limits the
reproducibility and scalability for industrial fabrication. To produce large area, high
quality crystals in a reproducible manner requires an alternative production process.

Chemical vapour deposition (CVD) is a process used in the semiconductor industry
to deposit thin high quality films onto a substrate. It is the primary method used for
the fabrication of gallium arsenide, silicon nitride and silicon dioxide thin films. Each
material produced via CVD requires a suitable recipe consisting of; a compatible
substrate; the correct combination of precursor gases to facilitate a surface chemical
reaction; a suitable temperature for the reaction to occur; and a pressure at which the
chemical reaction occurs at.

In the following sections of this chapter the typical CVD procedures for the
fabrication of 2D crystals are outlined.

CVD Growth of Graphene

There are two dominant approaches to the growth of graphene through CVD processes,
monolayer growth on a copper substrate?>?* and multilayer growth using a nickel
substrate.>?’ Both processes require an experimental setup control the temperature,
atmosphere and pressure, for this purpose a hot walled vacuum tube furnace or a
cold wall CVD reactor are typically used. This primary focus of this section is for the
growth of monolayer graphene on copper substrates.

Monolayer Graphene Growth

The growth of monolayer graphene was first demonstrated in 2009 by reducing a
carbon feedstock with a hydrogen atmosphere and a copper catalyst substrate.?
Monolayer graphene is produced on the copper foil and can be transferred onto an
arbitrary substrate.?®

There are several steps required to produce large-area continuous graphene on
a copper substrate. The copper substrate is annealed at high temperature under a
hydrogen atmosphere. The purpose of which is to clean the substrate to facilitate
graphene growth. The combination of high temperature and hydrogen atmosphere
act to reduce the native oxide,” help remove any organic impurities and to enlarge
the crystalline domains in the copper substrate.?*3%3! Each of these factors increase
the uniformity and quality of the grown graphene.

To grow graphene on the surface of the substrate, a carbon feedstock is required,
the most popular of which is methane. The growth of graphene on the copper substrate
can be separated into two steps, the nucleation stage and growth stage. As the methane
enters the furnace and impinges on the copper substrate it is catalysed into carbon
monomers.*? There are three possible actions for the monomers on the surface of the
copper; nucleate a graphene island, bind to the edge of a graphene island or to leave
the surface of the copper substrate. Each action has an activation energy determined by
the pressure, surface purity and roughness, and the temperature, all of which influence
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the density and size of the formed graphene islands.* At high enough feedstock partial
pressure the graphene islands continue to grow domains and coalesce into a near
continuous film.3* Each graphene island/domain has a random crystalline orientation.
Where there is a mismatch between two adjacent domains a disordered grain boundary
forms with missing carbon atoms and dangling bonds.3>%

Once a continuous film of graphene is produced, the furnace is cooled and the
copper substrate is removed to be further processed. The resulting copper substrates
have a lighter appearance as the annealing stage of the growth reduces any native
copper oxide and the graphene acts as an oxygen barrier.?> The graphene can be
separated using a wet etch approach, which then allows the film to be transferred to
an arbitrary substrate.?

Since the original experiment was performed there has been driven research
to optimise the graphene growth process which includes the effects of annealing
conditions, the effect of the growth pressure and ratio of hydrogen to the carbon
feedstock, and process temperatures.

Effects of Annealing and Substrate Preparation

Asreceived graphene is coated in a native oxide, predominantly CuO and CuO, which
has been shown to inhibit the catalytic activity required to grow graphene.?’* Before
the annealing stage the oxide can be partially removed via wet etching in acetic acid,
which predominantly removes CuO, from the copper substrate.’”*

The surface roughness of the copper substrate affects the rate of nucleation and
resulting quality.*® Structural defects resulting from the manufacture of thin copper
foils leave surface grooves. These areas reduce the mobility of carbon monomers on
the surface increasing the likelihood of nucleation. The benefit of this is the generation
of'a large amount of sites for the graphene to grow from. However, the high density of
sites limits the maximum size the graphene islands/domains can grow to. When grown
to a continuous film this also has the effect of increasing the number of boundaries
between the graphene domains. The grain boundaries have an adverse affect on the
quality of the graphene as they cause discontinuities in the band structure and have
dangling bonds which introduce doping to the graphene.*! The surface roughness can
be reduced using electro-polishing prior to processing® or by taking the copper foil
to a temperature close to the bulk melting point during the annealing process, where
the surface partially melts to form a smooth surface.®

Copper substrates have a grain structure with domains, each with a different
crystalline orientation. Annealing the substrate modifies the morphology, increasing the
size of the crystalline domains and changing the orientation of the crystalline domains.?
It has been demonstrated that different crystalline orientations of the domains on the
copper exhibit different rates of graphene growth, nucleation and edge structure of
the formed graphene islands.* Reducing the number of differently orientated domains
helps produce a uniform growth rate upon the substrate, while increasing the size
of the copper domains reduces the presence of edge defects that occur between the
graphene that coalesce at the copper domain boundaries.
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Each of these factors discussed have an effect on the resulting quality of the
grown graphene films, however there is a trade off between rate of growth and the
quality. For a rougher copper substrate there is a higher amount of graphene island
nucleation. This provides a higher growth rate and faster coalescence into a continuous
film, but, the resulting small graphene domains are connected by a high density of
domain boundaries. The defects introduced to the graphene film directly affect the
band-structure, intrinsic doping and act to dilute the some of the incredible properties
of graphene. For a smooth defect free copper substrate the contrary is true, there is a
lower nucleation of graphene islands. With a greater distance between the graphene
islands, the time required to coalesce into a continuous films is increased. The resulting
islands form larger crystalline domains with a reduced density of grain boundaries
and produce a higher quality film.

Effect of Growth Pressure

The pressure during the growth stage has a significant effect on the structure of the
formed graphene islands.

Atlow pressure (~ 102 mBar), graphene islands grow in a dendritic manner, which
resemble snowflakes. As carbon is added to the nucleation site it spurs off as spears.
The graphene spears grow and spur off forming many more arms which eventually
coalesce with each-other and adjacent graphene islands.**¢

At higher pressures (~ atmospheric pressure), graphene islands grow in a
hexagonal manner. The edges of the island grow outward from the nucleation site and
maintain this shape and structure over hundreds and microns.*

During the growth stage by combining a standard methane feedstock with a
methane feedstock containing the *C isotope, the direct observation of each growth
type has been observed.*’*® Alternating the two feed stocks during the growth process
there are regions in the graphene islands populated either '>C and *C atoms and creates
a set of tree rings that show the chronological growth of graphene. The '*C atoms in
the grown graphene are identified by a shift in the observed Raman spectra compared
to that of '2C. By performing a Raman map of the graphene island the exact growth
morphology can be observed. There is a difference in the quality of the graphene
produced at low pressure and high pressure due to the intrinsic growth structure.

In the low pressure regime as the spears grow and spur they coalesce creating
grain boundaries within the graphene island. The islands continue to grow and coalesce
with adjacent graphene islands creating more grain boundaries with highly disordered
interfaces. The increased density of grain boundaries and disordered edges has an
adverse effect on the electronic properties of the graphene. Raman spectroscopy has
been used to reveal the disorder of the grain boundaries within the graphene inland
with the presence of the D-band.*

In the atmospheric regime, the hexagonal structure grows outward from the
nucleation site. Growth within the island has the same 2D crystalline orientation, each
island is considered a single crystal of graphene.* The lack of intersecting growth
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trajectories, due to the uniform island boundary growth, minimises the occurrence
of grain boundaries within the islands. However, grain boundaries are formed as
the islands grow and coalesce with other different orientation islands. The resulting
graphene has large highly ordered domains which yield exceptionally high mobilities
when compared to low pressure growth.*

Effect of Ratio of Hydrogen to Carbon Feedstock

The rate of graphene nucleation and growth can be controlled through the ratio
of hydrogen gas and the carbon feedstock during the graphene growth stage. A
commonly used ratio for methane gas as the feedstock ranges between 2:7 and 2:35
(H2:CH4).22235! However, there is evidence that increasing the ratio of hydrogen
to that of the feedstock or carrier gas has an effect on the structure of the graphene
island growth.

With a low ratio between hydrogen and methane, there is a lower nucleation
density and a lower growth rate.3*! The direct consequence is that the graphene islands
have a larger separation. During the growth the islands increase in size, however, if
the amount of carbon feedstock is too low, the island size saturates and no continuous
film is formed. Increasing growth time has no effect on increasing graphene island
size or reaching a point where the islands coalesce giving a poor coverage of graphene
on the copper substrate.

In the case or a high ratio between hydrogen and methane a higher nucleation
density, higher growth rate and film coalescence is observed.”> As the nucleation
density is higher there is less separation between the graphene islands. A high growth
rate of the islands allow for the rapid expansion of the graphene. The film coalesces,
resulting in many small graphene domains with a high density of grain boundaries
and defects. Furthermore, high feedstock concentrations also cause the formation of
multilayered graphene®** islands within the monolayer film.

To improve the quality of the grown graphene, it has been shown that a combination
of growth stages can optimise the growth of the graphene while maintaining a high
growth rate and quality.** Starting with a low ratio between hydrogen and methane,
the low nucleation density of the graphene islands is a achieved. Once saturation
occurs, the ratio is increased. It has been shown that at there is only minimal increase
in new island nucleation, while there is a significant increase in the growth rate of the
islands. The result is the coalescence of the low density graphene islands leading to
a higher quality film.**5!

The structure of the grown graphene have been shown to be influenced not only
by the pressure at which the growth occurs, but the hydrogen partial pressure. In the
high pressure regime, varying the quantity of hydrogen has been shown to promote
dendritic growth at low concentrations and hexagonal growth at high concentrations™
as shown in Fig. 2. For hydrogen partial pressures between these bounds there is a
hybrid structure which inherits both the dendritic structure and the hexagonal structure.
Understanding the role of hydrogen in the growth process gives another variable to
control the resulting quality of the grown graphene films.
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Fig. 2. A demonstration of the effect of different hydrogen concentrations on the growth shape of CVD

graphene. For low hydrogen concentrations there is a combination of dendritic and rhomboid shaped

graphene islands. At higher hydrogen concentrations hexagonal graphene islands are formed. Scale bars

are 10 um (top two images) and 3 um (bottom two images). Reprinted with permission from Ref. 54.
Copyright 2011 American Chemical Society.

Effect of Growth Temperature

The temperature at which graphene is grown at is critical, as it affects the quality of
the film, growth rate and suitability of catalytic substrate.?* Low temperature growth
allows for better integration of graphene with plastics and organic materials, but the
minimum temperature required is governed by the catalyst. The limitation of low
temperature growth is the activation of the copper catalyst substrate, whereas the limit
for high temperature growth is the melting point of the substrate.

The growth temperature is correlated with the nucleation density of the graphene
islands that form.**>! At low temperature < 950°C, there is a high nucleation density.
Increasing the temperature reduces the nucleation density, as shown in Fig. 3. The
temperatures effect on the nucleation density can be quantified by the activation
energy for the three possible actions of the carbon monomers generated on the surface
of the substrate; nucleation, addition to existing graphene islands, and leaving the
substrate surface. For lower temperatures the process is dominated by nucleation.
The probability that a carbon monomer seeds a nucleation site is greater than that
of addition to an island and leaving the surface, due to a lower nucleation activation
energy, as shown in the sketch in Fig. 4. As the growth temperature is increased the
probability of seeding a nucleation site and the probability of addition to a graphene
island are reduced, while the probability that carbon monomers leave the surface.
This means for the same hydrogen/methane ratio and pressure the nucleation density
reduces when the temperature is increased.*

One of the primary objectives for the CVD graphene community is to reduce the
growth temperatures required to produce graphene. However, as discussed previously
the catalytic activity of the substrate limits the generation of carbon monomers
and hence graphene growth. In order to reduce the required growth temperatures,
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720°C 800°C 900°C 1000°C

F. E.

4 min
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30 min

Fig. 3. A demonstration of the effect of growth temperature on the nucleation density of graphene on copper

substrates. SEM micrographs have been used to capture the evolution of graphene growth for 720°C, 800°C,

900°C and 1000°C for a range of growth times. At low temperatures high nucleation density is observed. The

effect of increasing growth temperatures shows a reduction in the nucleation density. Scale bars are 1 pm.
Reprinted with permission from Ref. 33. Copyright 2012 American Chemical Society.

Fig. 4. A sketch demonstrating the role of the three processes influencing the growth of graphene on a
copper substrate, graphene island nucleation, graphene island growth and desorption from the substrate
surface. Adapted with permission from Ref. 33. Copyright 2012 American Chemical Society.

researchers have been combining traditional growth methods with RF plasma.> The
high energies present in the plasma ionise the hydrogen and the carbon feedstock
generate reactive carbon monomers at a far lower temperatures than on the catalyst
surface. Graphene growth has been reported using plasma-enhanced techniques, but
the method still needs refinement to compete in quality and repeatability of higher
temperature growth methods.

The Production of High Quality Single Crystal Graphene

Understanding of the factors that dominate the characteristics of grown graphene allow
for the optimisation of growth parameters to grow large-area single crystals. Recent
scientific developments have shown with the correct growth conditions, single crystals
of graphene with areas in the order of mm? and even cm?. The primary methodology



10 2D Materials: Characterization, Production and Applications

used grow graphene in large single crystals is to minimise nucleation. In a typical
graphene growth the nucleation density is of the order of 1 island for every 10 um?. 3':%
For large-area single crystal growth the density must be reduced to 1 island per mm?
or even cm?. To achieve this each stage of the growth has been optimised.

The anneal stage of the process is designed to reduce any factor that encourages
nucleation. This is primarily achieved through the minimising the surface roughness,
by melting the copper substrate under atmospheric pressures.’’ The liquid surface of
the substrate is ultra smooth. By gently lowering the temperature prevents excessive
evaporation of the copper substrate and allows for the recrystallisation of the solid
ultra-smooth surface. There are also reports where hydrogen is gas is substituted for
Argon. The effect leaves much of the native surface oxide intact which has been shown
to suppress the nucleation of graphene.

Low pressure growth of single crystal graphene was first achieved using the envelope
technique. By folding the copper foil substrate into a sealed pocket carbon must diffuse
through the copper.*® This reduces the amount of carbon with respect to hydrogen inside
the pocket allowing for a low nucleation density and large graphene crystals to form. The
graphene morphology is affected by the low pressure leading to a dendritic formation.
The grown crystals reach a maximum size of 0.5 mm in width. Electrical measurements
of the grown graphene reveal a charge carrier mobility of 4000 cm?V~'S™, limited by
the multiple grain boundaries that exist between the coalesced spurs.

Growing the graphene at a higher pressure results in a hexagonal growth pattern
with less intrinsic grain boundaries. In one case the growth has been performed at a
near atmospheric pressure, where using a ratio of hydrogen to methane of 470:1 and
a pressure of 144 mBar®. The authors report an 18 um per minute growth rates using
this technique yielding highly ordered single crystals of with widths of up to 2.3 mm
were produced, as shown in Fig. 5. Measuring the electrical quality of the resulting
graphene demonstrates high carrier mobility of 11,000 cm?>V'S-L,

a quartz tube

Cu foil

pressure gauge quaﬂ;_kji)at |

Co :

vacuum valve |
= -
metering valve

Fig. 5. Large area graphene growth showing near atmospheric growth of graphene. (a) The experimental

setup, with copper foils loaded into a hot walled tube furnace and flow control of the growth gases. (b)

Images showing large are single crystals of graphene with widths up to 2.3 mm. Reprinted with permission
from Ref. 50. Copyright 2012 American Chemical Society.
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The largest graphene crystals that have been grown by increasing the growth
pressure to atmospheric.’* By growing at atmospheric pressure and with a ratio of
hydrogen to methane up to 8000:1, the density of nucleation has been reduced to as
low as 4 sites per cm?. The hexagonal grown single crystals have widths up to 5 mm
and have a reported mobility of up to 16000 cm?>V-'S™.

The primary draw back associated with large area single crystal graphene growth
is the limited substrate coverage and the long time required to grow the graphene. A
novel method has been developed to increase the rate of graphene growth.®® By using
a hybrid copper nickel alloy and directing the growth gases directly at the surface of
the substrate the rate of growth has been reduced from in excess of 13 hours to produce
5 mm to 2.5 hours to produce crystals as large as 38 mm.

Low Energy Graphene Production

The cost of producing graphene is an important factor the effects the viability when
compared to traditional materials where the properties required are similar. Hot walled
furnaces that are used for typical graphene growth have a high energy expenditure,’!
approximately 6 kW. Furthermore, growth in a hot walled furnace has an intrinsic
time cost in addition to the time required for graphene growth. Heating a hot walled
furnace to 1000°C requires between 20 and 40 minutes.?> The combination of long
growth times and a high energy cost leads to a high cost of graphene production.’!

Reducing the energy and time required to produce graphene drastically increases
the viability of graphene. A cold walled furnace uses significantly less energy to raise
the substrate temperature to 1000°C.>' Due to the small thermal mass that is heated, the
growth temperature can be reached in as little as 90 seconds. This lowers the intrinsic
energy cost of producing graphene.

Rapid cold walled growth of monolayer graphene has been reported by optimising
the nucleation density and growth rate. With the selection of a suitable growth
temperature, hydrogen to methane ratio and implementing the two stage growth
technique the total time required for continuous graphene growth has been reduced to
less than 15 minutes. Combining the rapid growth time and low intrinsic energy cost
of operating a cold walled furnace the authors report a reduction in cost of graphene
growth by 99%.%!

CVD Growth of Hexagonal Boron Nitride

Chemical vapour deposition is seen as a viable route for the production of large-area
monolayer hexagonal boron nitride. The formation of graphene requires only the
restructuring of carbon to form a film while Hexagonal boron nitride has a more
complex structure as two different species (boron and nitrogen) are required to form
in a specific order.

There are many suitable substrates that can be used for the growth of H-BN
including Ir, Rb, Rh, Ag, Pd and Pt.*"-° However, the primary focus of this section is
the growth of H-BN on copper and copper alloy substrates, as these methods have been
demonstrated to produce large-area H-BN and use relatively inexpensive catalysts.®’



12 2D Materials: Characterization, Production and Applications

As with the growth of graphene, the growth process involves an annealing stage,
where structural defects in the substrate are minimised to increase the quality of the
resulting film.

Effects of Annealing and Substrate Preparation

The first stage required to grow H-BN is to anneal the substrate. As with graphene
growth substrate preparation has a significant effect on the quality of the produced
H-BN film. The copper foils are annealed under a hydrogen atmosphere in order to
clean the native oxides and reduce surface roughness. It has been shown that surface
roughness has a significant effect on the growth, where a rough surface drastically
increases the nucleation density of the H-BN islands.®*® The increased grain boundaries
and dangling bond present after coalescence of H-BN islands gives rise to a high density
of structural defects in the resulting film. For example, a high density of dangling
bonds increases the charged impurities present in the film reducing the materials
performance in electronic devices.”

To significantly reduce the surface roughness of the substrate, copper foils are
melted on a tungsten substrate during the annealing process. This produces an ultra
smooth substrate that is required to minimise the nucleation density of H-BN islands.
However, this approach is limited by a maximum domain size of approximately
50 um,*” due in part to the high density of nucleation that occurs in the early stages
of H-BN growth.

Effects of the Growth Precursor and Concentrations

The precursor for H-BN growth is typically Borazine, which has a high concentrations
of boron and nitrogen.” The precursor is carried by a mixture of Argon and Hydrogen,
by bubbling the carrier gas through a Borazine solution. This carries the borazine
feedstock to the reactor hot zone where it is decomposed into monomers through
thermal decomposition and catalytic action of the copper foil. The partial pressure of
borazine has been demonstrated to modify the thickness of the resulting H-BN film.
For low partial pressures of borazine, the H-BN film grows in a thin layer, while
increasing the partial pressure results in a thicker film. It was shown that for low
pressure growth thickness was limited to 10 nm,”" where the catalytic action of the
substrate is suppressed.

H-BN growth using Borazine is associated with a high density of nucleation, due
in part to the rapid decomposition that occurs on the catalyst surface during the early
stages of H-BN growth.” In order to minimise the nucleation density and increase
the quality of the produced film, H-BN growth with alternative precursors has been
performed, Ammonia Borane is an ideal candidate. When compared to Borazine,
Ammonia Borane has a lower quantity of Nitrogen and Boron. During the vital early
growth stages, the lower amounts of Nitrogen and Boron present on the catalyst
surface and different chemical composition reduces the rate of nucleation of H-BN
islands. Substituting Borazine for Ammonia Borane, it has been shown that H-BN
islands as large as 20 pm in width have been produced.” Further growths involving
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Ammonia Borane are discussed later in this section which demonstrate exceptionally
large domains.

Additional growth precursors can also be utilised to dope the grown H-BN.
Modifying the doping of the produced H-BN films allows for band gap engineering
of the work function and dielectric parameters required for LED, photo-detectors and
tunnel current devices. Growing H-BN on InP substrates and adding Phosphine to the
precursor mix has been demonstrated to hole dope the resulting film,”* where it was
then used as a high-K dielectric for an electrostatic gate.

High Quality H-BN Synthesis

The production of continuous films H-BN with large crystalline domains can be
achieved through careful selection of growth parameters such as the growth substrate,
annealing treatments and precursors to control H-BN island nucleation. In 2015 it
was demonstrated that large area H-BN islands can be produced with widths up to
72 um,”>7¢ which coalesce into a continuous film. Using nitric acid treated copper foils
and annealing on a tungsten substrate above the melting point of copper, produced an
ultra smooth substrate on which H-BN was grown. The reduction of surface impurities
and roughness reduces the nucleation density of the grown H-BN. A precursor of
Ammonia Borane was thermally decomposed up stream to act as a feedstock.

An alternative method has been shown to produce H-BN with larger domain
sizes. By creating an alloy of copper and nickel for use as a substrate for growth,
single crystal domains with widths of 7500 pm have been produced,” as shown in
Fig. 6. Copper substrates are electroplated in nickel. The plated copper is heated
under a hydrogen atmosphere at 1050°C, where the nickel diffuses into the copper
foil producing an alloy with a low nickel concentration. The nickel concentration was
found to directly affect the rate of nucleation, increasing the concentration of nickel
to 10-20% showed H-BN island sizes increase from ~ 10 um from native copper to
70-90 pm. Increasing the concentration further to 30% was found to significantly
reduce the nucleation density. For greater concentrations of nickel full suppression
of nucleation was observed. The increase in nickel composition was also directly
correlated to a reduction in the growth rate of H-BN islands.

Electro h-BN h-BN grain

a
: th
plating 1,050°C grow
il — =]
H, 2h

#Cu #Ni =B &N

Fig. 6. An example of large single crystal growth of Hexagonal Boron Nitride on a Copper-Nickel alloy

substrate. (a) An illustration demonstrating the formation of the Copper-Nickel alloy substrate used for

H-BN growth. (b)—(e) SEM micrographs showing the growth of single crystal H-BN for increasing time

until film coalescence is achieved in (e). The scale bars in (b)—(e) are 20 um, and in inset in b is 2 pm.
Reprinted with permission from Ref. 77. Copyright 2015 NPG group.
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This is attributed to by the different growth mechanism of H-BN on copper and
on nickel substrates. Copper has a surface mediated growth mechanism, conversely,
for nickel there is no dominating mechanism either from surface mediated growth or
the segregation and precipitation of B and N. The increased nickel concentration acts
to suppress the H-BN nucleation on the copper alloy surface, however with excessive
concentrations of nickel inhibit the action of the copper surface growth mechanism
to halt any nucleation from occurring. By tailoring the composition of the substrate a
balance between nucleation and growth rate, nucleation density was reduced to as little
as 60 per mm? allowing for domains with widths of up to 7500 um to be produced.”

Transition Metal Dichalcogenide

Transition metal dichalcogenides are a large family of material the have a wide range
of’behaviours from superconducting and metallic, to semiconducting and insulating.”
CVD processes for the manufacture of TMDC were first developed for molybdenum
disulphide (MoS,) and tungsten disulphide (WS ), using MOCVD.” The decomposition
of hexacarbonyl specie containing Mo or W, combined with vapourised sulphur,
allowed for the growth of films on quartz, mica and LiF substrates. However, the
produced films were thick (> 100 nm) and of polycrystalline nature, diluting the exotic
properties required for next generation technologies. Producing large-area, 2D crystal
TMDCs with enhanced fundamental properties are required to push the bounds of
electronic devices, optics and ultimately technology.*

The primary focus of this section is on the CVD growth of the semiconducting
TMDCs with direct band gaps such as MoS, and WS..

In the typical CVD formation of MoS, substrate preparation is key. An ultra-thin
layer of molybdenum is evaporated onto an inert and compatible substrate.®! Due to
the high temperatures and thickness control to physically deposit refractory metals,
electron beam evaporation is used. The pre-deposited substrate and sulphur powder
are placed in a two zone tube furnace. The system is purged using high purity N, gas,
which is flowed at 150200 SCCM throughout the process also acting as a carrier
gas. The substrate zone is gradually raised to 750°C over the course of 90 minutes.
During this process, sulphur is heated upstream, just above the melting point, 113°C.
Vaporized sulphur, carried by the nitrogen, passes over the substrate and reacts to
form MoS, on the substrate surface. This process typically produces films between
1 and 5 nm thick. The ready reaction between the S and Mo leads to a high nucleation
density and hence a polycrystalline film. The high density of defects at the boundaries
of the polycrystalline films reduces the quality of the material. In order to produce a
viable material for industrial use large single crystal domains are required.

Growing Large area Single Crystal TMDC

Taking a different approach, by introducing the transition metal as a precursor that
reacts with sulphur on the surface of the substrate has been shown to suppress the high
nucleation, allowing WS, crystals as large as 370 pm to be grown.*

For the large crystal growth of MoS_,** MoO, micro-platelets are precipitated
on a SiO,/Si substrate, by thermally evaporating molybdenum(IIl) oxide (MoO,)



CVD Synthesis of Graphene and Advanced 2D Materials 15

powder under a reducing sulphur atmosphere at a temperature between 650-850°C.
The resulting platelets are rhomboidal and act as the sites of MoS, island growth. The
platelets are annealed using an upstream sulphur vapour, carried by Ar at a temperature
0f 850-950°C. During the annealing process the MoO, platelets are reduced to form
MoS, single crystals, with widths up to 10 um. Electrical measurements of the resulting
MosS, single crystals show a high on/off ratio of 10* and a charge carrier mobility of
>200 cm?VISL

Through process optimisation, this technique has been utilised to produce single
MoS, crystals as large as 120 um. Furthermore this process has a high yield and can
produce 14 layers of MoS, with a high degree of precision.**

Further advances in the production of large WS, 2D crystals has also been
demonstrated,® yielding single crystals with widths up to 50 um. For this process
sulphur is vaporized at 100°C and carried to the growth zone using Ar gas. Tungsten(I1I)
oxide (WO,) powder and a sapphire (Al,O,) substrate are heated to 900°C under an
argon atmosphere at a pressure of 0.3 mBar. The WO, precipitates on the substrate
and is reduced to WS,. The similarly matched hexagonal lattice of the Al,O, substrate
coincides with that of the WS , aiding the single crystal formation. The addition of H,
to the carrier gas causes the formation of triangular WS, crystals with widths up to
50 um. However, the reported electrical quality of the grown WS, is worse than that
of the smaller MoS, islands, with an on/off ratio of 10> and a maximum observed
charge carrier mobility of 0.46 cm?V-'S™.,

Through the optimisation of growth conditions, larger domains of WS have been
achieved.® Using higher growth and vaporisation temperatures, it has been shown
that single crystals as large a 370 um have been grown directly on SiO_/Si substrates.
However, the electrical quality of the produced WS, was not assessed.

Continuous Layers of Grown TMDC

Although there have been great advances in the growth size and quality of both MoS,
and WS, these methods CVD growth form fragmented and discontinuous films.
Until high quality and continuous films of MoS, and WS, can be produced there is a
fundamental limitation on the industrial viability of these materials.

Furthermore, mechanically exfoliated flakes of WS, and MoS, have been shown
to be susceptible to oxidation.* Manufacture of devices from a continuous film of WS,
or MoS, require extra precautions, such as the addition of barrier layers, graphene or
H-BN encapsulation, or performing sensitive manufacturing in an inert atmosphere.
These factors add additional cost to manufacture processes and further reduce the
viability of current day production methods.

Conclusions

In this chapter, CVD production of graphene, H-BN and semiconducting TMDCs were
discussed. Since the first implementation of CVD for the production of graphene, there
has been rapid development on the growth of graphene and the other 2D materials.
The optimisation of graphene growth techniques have allowed for the development
from large area low quality polycrystalline graphene films to high quality single
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crystalline domains that extend over many millimeters. Furthermore, research into
cost effective graphene production is ever reducing the environmental and monetary
cost of graphene production. With the current rate of development, graphene will
soon surface as a viable replacement for current generation nano conductors and
transparent conductors.

The growth of H-BN and TMDCs, although are still in their infancy have had
rapid process in manufacturing high quality materials. The constant optimisation of
CVD techniques driven by fundamental research and industries requirements has
yielded leaps in film quality and production efficiencies.

In the coming years, expect high quality, large-area 2D crystals, each with unique
and desirable properties, that will add to the ever expanding engineering toolbox of
next-generation materials.
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CHAPTER 2

Graphene and 2D Material in
Biomedical Applications

Reshma S. Cherian,” S. Syama” and F V. Mohanan*

Introduction

Elemental carbon is an interesting element in the periodic table as it is capable of
forming many allotropes such as diamond, graphite, fullerene, carbon nanotube
and graphene.! One atom thickness 2D graphene was first isolated from graphite
by Andre Geim and Konstantin Novoselov form the University of Manchester in
2004.2 Graphene is a sp* hybridized allotrope of carbon consisting of carbon atoms
arranged in a honeycombed lattice network. Geim and Novoselov used a technique
called micromechanical cleavage for obtaining 2D graphene sheets from 3D graphite.
Geim and Novoselov were awarded the Nobel Prize in Physics (2010) for the ground
breaking discovery and research conducted on graphene.

Graphene consists of numerous intriguing properties such as large surface area,
superior mechanical strength, thermal and electrical conductivity and excellent optical
transmittance. The unique properties of graphene make it a potential candidate for
various electronic applications, transistor, optoelectronics and biomedical applications.
Graphene and its derivatives are broadly classified into Graphene Family of
nanomaterials (GFNs) based on their surface functionalization, purity and composition.
Coming under this umbrella are monolayer graphene or pristine graphene, few layer
graphene (FLG), graphene oxide (GO), reduced graphene oxide (rGO) and graphene
quantum dots (GQD). These materials differ in its properties and have applications
in various fields. Especially in biomedicine GFNs are used in drug/gene delivery,
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bioimaging, biosensing, photothermal therapy, tissue engineering and anti bacterial
material. However as with other nanomaterials it is important to scrutinize the toxicity
aspect of GFNs upon interaction with the biological system. This chapter briefly
reviews the major methods of synthesis, biomedical applications of GFNs.

Synthesis of GFNs

Over the years, numerous methods for synthesizing GFNs have been employed by the
scientific community. Some of the synthesis methods are discussed below.

Monolayer graphene

Monolayer graphene or pristine graphene is a mono-atomic layer of graphite. It has
large surface area with a delocalized network of 7 electrons. The electrons have high
intrinsic mobility (200,000 cm? v'!' s7') that contributes to its superior conductivity.?
The increased mechanical properties of graphene are attributed to the high Young’s
modulus (~ 1.0 TPa).* Pristine graphene also has good optical transmittance (~ 97.7%)*
and thermal conductivity (~ 5000 Wm™ K™).’ The various application of monolayer
graphene such as field effect transistor, sensors, transparent conductive films, clean
energy devices and nanocomposites is reviewed extensively by Zhu et al.® Four
primary synthesis methods exist for the synthesis of monolayer graphene or pristine
graphene: Epitaxial growth, micromechanical exfoliation, liquid phase exfoliation
and other methods.”

It is possible to grow monolayer graphene epitaxially on a hexagonal substrate
like silicon carbide (SiC) and close packed metal substrates. Thermal decomposition
of SiC consists of heating the substrate at very high temperatures (1273—-1773 K)
under ultra high vacuum (UHV). This results in the sublimation of Si leaving a carbon
rich surface. Epitaxial growth occur in the either (0001) Si terminated or (000—1)
carbon-terminated face of the SiC crystal. Growth on (0001) face gives graphene upto
monolayers thickness and the reaction is self terminating. Growth on the (000—1) face
gives rise to relatively thick samples (5-100 layers) and it is not self terminating.® An
alternate route of epitaxial growth of graphene is chemical vapour deposition (CVD).
Here carbon is supplied in the form of gas and metal is utilized as a catalyst and a
substrate.” Substrates such as Cu and Ni are heated under low vacuum to increase the
domain size. Subsequently, methane and hydrogen gas is flowed through the furnace.
Hydrogen catalyzes the reaction between methane and the metal surface. This results
in the deposition of carbon atoms from the methane gas on to the metal substrate.!?

Micromechanical cleavage involves peeling of graphene from graphite using a
Scotch tape. The method involves manually searching for single layer graphene among
the various multi-layer-graphene. The presence of single layer graphene is identified
by transferring it on to a suitable substrate like SiO,/Si that provides ample."

In liquid phase exfoliation (LPE) graphite is exfoliated using ultrasound from
an ultrasonic water bath. This leads to cavitation induced shearing force on graphite
thereby exfoliating it. Solvent plays a major role in this method as the energy required
to exfoliate graphite needs to be balanced by the graphene-solvent interaction. Some
of the solvents that meet this requirement are dimethylformamide (DMF), N-methyl-
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2-pyrrolidinone (NMP), y-butyrolactone and N,N-benzyl benzoate. Addition of small
molecules such as sodium dodecyl sulphate (SDS), lignin molecules or porphyrins
prevents the restacking of the exfoliated sheets. '

Other methods include substrate free gas phase synthesis of graphene platelets.
In this method, graphene platelets were synthesized in a microwave plasma reactor.
Argon gas and ethanol droplets were passed directly into the argon plasma inside the
reactor. The ethanol droplets evaporate rapidly and dissociated in the plasma to form
solid matter. The solid matter was cooled and collected in a nylon membrane filter. The
collected graphene sheets were dispersed by sonication to form a black homogenous
suspension.'* Unzipping of carbon nanotubes (CNT) is another method for the synthesis
of graphene. CNT can be opened longitudinally by intercalation of lithium (Li) and
ammonia,'* by plasma etching's or by chemical treatment.'®

Few layer graphene (FLG)

FLG consists of 2-10 layers of graphene sheets stacked together. It was originally a
by-product of graphene synthesis. FLG shows no band gap and becomes increasingly
metallic with an increase in layer number."” Functionalization of FLG to aid in
dispersion is fairly facile. FLG has been used as a reinforcement agent for composite
materials.'®

Wang et al.,'? synthesized FLG by electrochemically charging a negative graphite
electrode and expanding it in an electrolyte containing Li salt and organic solvents
under high current. Further sonication leads to the exfoliation into FLG. Park et al.,?
utilized CVD on nickel (Ni) substrate for the synthesis of FLG. In another study FLG
was synthesized using high pressure homogenization (HPH). During HPH a pressurized
fluid is allowed to pass through a narrow gap valve and is subjected to three different
mechanisms—impact effect, cavitation effect and high shear stress effect. Based on this
HPH was utilized to exfoliate graphite to give FLG. Here graphite in a solvent (DMF)
was passed through the narrow gap valve at a high pressure (100 MPa) for 10 min in
25°C to yield a stable dispersion of FLG in DMF.?! Ball-milling of graphite through
interaction with melamine (2,4,6-triamine-1,3,5-triazine) was employed to exfoliate
to FLG in a nitrogen atmosphere. The resultant solution was dispersed in DMF.??

Graphene oxide (GO)

GO is a highly oxidized form of graphene. It consists of oxygen functional groups
such as carboxyl group at it edges and epoxy and hydroxyl group at the basal plane.?
The widely accepted model for GO was put forth by Lerf and Klinowski.* It is a
non-stoichiometric model where hydroxyl and epoxy groups are decorated around
the carbon plane and the carboxyl group is present along the sheet edge. The presence
of oxygen functional groups confer hydrophilicity to GO. Unmodified hydrophobic
graphitic domains are also present in GO. Potential applications of GO includes sensing,
microcircuits and in biomedicine as a drug/gene delivery nanocarrier, bioimaging,
cancer therapy, etc.

B.C. Brodie, a British chemist, was the first to synthesize GO in 1859.2 GO was
synthesized by mixing potassium chlorate to a mixture of graphite in fuming nitric
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acid. The resultant material was oxidized and dispersible in water. L. Staudenmaier
slightly modified Brodie’s method by adding potassium chlorate in aliquots during
the course of the reaction.?® Sulfuric acid was also added to increase the acidity of the
media. This was a more practical approach as the reaction was carried out in a single
vessel. Modern chemistry utilizes the Hummer’s method®” for synthesis of GO and
it is a modification of process developed by Staudenmaier. Here, graphite is mixed
with potassium permanganate (KMnO,), sodium nitrate (NaNO,) and concentrated
sulfuric acid. KMnO, and sulfuric acid react to generate an active oxidizing species:
dimanganese heptoxide. The reaction is as follows:

KMnO, + 3H,SO, — K"+ MnO," + H,O" + 3HSO
MnO3+ + MnO L Mn207

Modified Hummer’s method by Kovtyukhova et al.,?® utilized a pre-oxidized
graphite powder. Here graphite powder was treated with sulfuric acid, potassium
persulfate and phosphorous pentoxide to avoid incomplete oxidation of graphite.
Recently Marcano et al.,” utilized an improved Hummer’s method for synthesis of GO.
Exclusion of Sodium nitrate (NaNO,) avoids the evolution of toxic NO,/N,O, gases.
Carrying out the reaction in 9:1 part sulfuric acid:nitric acid was found to increase
the efficiency of the reaction. This method increased the fraction of oxidized carbon
material in comparison to the traditional Hummer’s method.

Reduced graphene oxide (rGQ0)

rGO is obtained chiefly by the reduction of GO using various methods. The goal of
reduction of GO is to obtain material similar to pristine graphene in property. GO is
a poor conductor of electricity due to the presence of numerous oxygen functional
groups. Reduction of GO partially restores the electrical properties of the graphene
sheet. However, presence of numerous residual functional groups alters the structure
and properties of the materials substantially.*® Nonetheless reduction of GO is a hot
topic in research as it is one of the favoured methods for the large scale, facile and
inexpensive synthesis of graphene. rGO can be synthesized using various strategies
such as thermal reduction, chemical reduction, biological reduction and other method.

Thermal reduction utilizes heat to reduce GO to rGO. This process is also
called thermal annealing reduction. In this process GO is rapidly heated to 2000°C
to exfoliate GO to rGO.>' Normally thermal reduction is carried out by thermal
irradiation, microwave irradiation® or photo-irradiation.*? During this method CO and
CO, gases evolve between the spaces of the GO sheets. This leads to decomposition
of functional groups and an increase in pressure between the stacked layers, thereby
separating it. However the procedure resulted in the formation of small, wrinkled
graphene sheets as high temperature causes removal of carbon atoms from the plane.*
Structural damage to rGO sheets were also noticed due to thermal reduction. Presence
of defects affects the electrical properties of rGO as it introduces scatter centers and
hinders the ballistic transport.

Chemical reduction uses various chemicals as reducing agent for synthesis of rGO
from GO. Stankovich et al.** was the first to employ hydrazine hydrate for reduction
of GO. Reduction by this method significantly decreases the oxygen moieties and
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produced electrically conductive rGO (99.6 S/cm). However large scale production of
rGO using hydrazine hydrate is not favoured as it is highly explosive and carcinogenic.
Sodium borohydride was utilized by Shin et al.** and showed similar reducing capacity
as that of hydrazine hydrate. It was noticed that the sheet resistance was much lower
than hydrazine hydrate reduced rGO. Sodium borohydride was found to be efficient
in reducing C=0 group but not epoxy and carboxylic groups. Moon et al.* reported
HI as another strong reducing agent. HI was found to be a superior reducing agent
when compared to hydrazine hydrate and sodium borohydride. Reduction of GO by
HI produced rGO with improved tensile strength and electrical conductivity around
300 S/cm. The above reducing agents are highly toxic in nature. Presence of trace
amounts of these chemicals due to improper washing may lead to adverse effects on
exposure to the biological system.

Research is focused on finding an alternate green route for synthesis. L-Ascorbic
acid or Vitamin C is an eco-friendly reducing agent that was employed by Fernandez-
Merino.*” L-Ascorbic acid is a naturally occurring antioxidant. It was found to be an
ideal substitute for hydrazine hydrate as the reducing capacity was similar to it. Zhang
et al.’® found the conductivity of L-ascorbic acid reduced GO showed a conductivity of
~ 800 S/m. Moreover GO reduced by ascorbic acid forms a stable dispersion without
adding any surfactants. L-ascorbic acid releases two protons to form dehydroascorbic
acid that subsequently reacts with water molecules to form glucuronic acid and
oxalic acid. Both glucuronic acid and oxalic acid can form bonds with residual
oxygen moiety in rGO to prevent restacking and aggregation of rGO sheet.*® Other
reducing agents employed for reduction includes hydroquinone,* lithium aluminium
hydride,* thiourea,*! hydroxylamine,* etc.

Biological reducing agents such as microbes and plant extracts have been
employed as a natural substitute for the reduction of GO. Salas et al.** used Shewanella
genus microbes for the reduction of GO to rGO. The mechanism of reduction was
attributed to ability of GO to act as a terminal electron acceptor during the bacterial
respiration process thereby facilitating reduction. Akhavan and Ghaderi* highlight the
use of Escherichia coli for the reduction of GO by utilizing mixed acid fermentation
pathway in aerobic conditions. Other microbes utilized for reduction includes Bacillus
marisflavi® and extremophiles such as Halomonas maura and Halomonas eurihalina.*
Yin et al.*7utilized green tea as reducing agent since it contained numerous pyrogallol
and catechol moieties which aid in reduction of GO to rGO. Rosa damascene (rose)
was utilized as a reducing agent as it contains numerous natural antioxidants such as
flavonol glycosides and phenolic compounds.* Reduction using rose produced well
dispersed rGO that was stable for one month. Other plant extracts such Asian red
gingseng,® roots of Salvadora persica L.*° cherry leaves®' and roots of wild carrot™
have also been explored as eco-friendly reducing agents.

Other method of synthesis includes utilization of irradiation of GO with
microwaves to form rGO. Voiry et al.> synthesized high quality rGO after reduction
by irradiation of GO. It was reported that initial reduction of GO slightly with thermal
annealing prior to microwave exposure led to increased absorption of microwave.
This led to rapid heating of GO prompting removal of oxygen functional groups and
reordering the graphitic plane.
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Graphene quantum dots (GQDs)

GQDs are 0D materials containing single or few layer graphene with lateral dimension
ranging between 2-20 nm. GQDs are a promising new class of fluorophores that retain
the properties of graphene such a large surface area, high carrier transport mobility and
superior thermal conductivity. Moreover it is well dispersed in aqueous solution due
to the presence of carboxylic functional group at the edges.’* However the properties
of GQDs are distinct from graphene sheet due to quantum confinement and edge
effect that confers photoluminescence and slow hot carrier relaxation properties to
the material. In light of this GQDs have potential application in bio-imaging, drug/
gene delivery, photovoltaics, light emitting diodes and sensors.

GQDs can be synthesized by bottom-up or top-down methods. Bottom-up
synthesis of GQDs is performed mostly by condensation of aromatic compound in
liquid phase, using unsubstituted hexa-peri-hexabenzocoronene as a precursor for
synthesis® and CVD. Top-down method includes cutting of large sheets of graphene
into GQDs of 2-20 nm. This is achieved by electrochemical oxidation,* hydrothermal
process®” and chemical exfoliation.*®

Applications of Graphene
Drug delivery

GFNs are being projected as a promising nano-carrier for drug delivery applications
(Fig. 1). The large surface arca of GFNs facilitate high drug loading capacity unlike
other nanoparticles.’® The relative ease of covalent and non-covalent conjugation
drugs on to GFNs makes it an attractive candidate for drug delivery applications.
Moreover, the presence of delocalized 7 electrons promotes the m—m interaction with
other 7 electron rich drugs such as doxorubicin (Dox).% Non covalent interactions also
aid in loading of poorly soluble drugs. Drug delivery inside the cells is also assisted
by the lipophilic nature of graphene that promotes the penetration of lipid bilayer
membrane of the cell.®

GFNs have been utilized in drug delivery on various aspects such as cancer
therapy, targeted delivery and controlled drug release. /n vivo efficacy of PEGylated
graphene oxide nanosheets (pGO) were demonstrated by Miao et al.®> pGO was
loaded with photosensitizer Ce6 and Dox. Passive tumor accumulation of Ce6/Dox/

Manocarrier for
drug delivery

Fig. 1. GFNs as nanocarriers for drug delivery.
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pGO was noticed in SCC7 tumor-bearing mice by enhanced permeation and retention
(EPR) effect. Photodynamic therapy in conjunction with the anticancer activity of
Dox reduced the tumor volume significantly in the mice, indicating the efficient
eradication of the tumor. Enhanced accumulation of Dox in the nucleus of cancer cells
were reported after conjugation with GQDs.% This indicated the increased efficacy of
the conjugates in chemotherapeutic applications. Zhang et al.* reported the synthesis
of folate conjugated nano graphene oxide (NGO) for targeted delivery of drugs to
cancer cells. MCF-7 breast cancer cells line over expressing folate receptors were
chosen as the in vitro test system in the study. Campothecin and Dox were loaded as
anticancer drugs for destroying the cancer cells. The study demonstrated enhanced
uptake of NGO conjugated with folate, camptothecin and Dox by MCF-7 cells lines
with cytotoxic effects.

Glioma bearing rats were injected with PEGylated nanoscale graphene oxide
(PEG-GO) conjugated with Transferrin (Tf) and Dox.® Tf is an iron transportation
glycoprotein and Tf receptors are over expressed in gliomas. The lifespan of glioma
bearing rats increased significantly with marked decrease in tumor volume. Controlled
release of Dox was achieved by conjugating it with GO followed by encapsulation of
GO-Dox in folate conjugated chitosan. A strong pH dependent release of Dox from the
nanocarrier was noticed.® However numerous challenges such as toxicity, elimination
and bioaccumulation of GFNs need to be scrutinized before commercialization for
drug delivery applications.

Gene delivery

Gene delivery is being pursued actively in the research field as an alternate to cure
diseases that are difficult to treat by traditional methods. The major limitation of gene
delivery is to formulate an efficient and safe gene delivery vector. GFNs have been
proposed as an alternate nanocarrier for gene therapy applications (Fig. 2). Graphene
reportedly binds strongly with the nucleobases of ssDNA by n—n interaction.”’” However
it binds weakly with dsDNA as the nucleobases are hidden within the DNA double
helix structure rendering it unavailable for binding. Moreover Lu et al.®® showed that
the oligonucleotides were protected from nuclease enzyme within the cells by means
of steric hindrance.

&
Nanocarrier for
gena delivery

Fig. 2. GFNs as nanocarriers for gene delivery.
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Feng et al.,* demonstrated the transfection efficiency of enhanced green
fluorescence protein (EGFP) loaded on to GO-polyethyleneimine (PEI) nanocarrier
in Hela cells. An improved transfection efficiency and lower cytotoxicity was noted in
GO-PEI when compared with PEI alone. Similarly GO functionalized with chitosan
aided in condensation of plasmid into stable complexes with improved transfection
efficiency.” Kim et al.”" employed GO-PEI nano-construct as a gene delivery vector
and also as a bioimaging tool due to its intrinsic, tunable optical properties. In an
interesting study by Feng et al.,* it was reported that laser irradiation increased and
enhanced the delivery of small interfering RNA (siRNA) conjugated onto nano-GO-
PEG-PEI construction. Increase in cell membrane permeability was noted when cells
were exposed to a 0.5 W cm~ power density of laser irradiation. This aided in the silence
of target RNA Polo-like kinase 1 by the siRNA in the cells. Paul et al.” formulated
an injectable GO based hydrogel for sustainable and controlled release of vascular
endothelial growth factor (VEGF) DNA to induce vasculogenesis and aid cardiac
repair. PEI functionalized GO nanosheets loaded with DNA, .. was incorporated in
methacrylated gelatin (GeIMA) and injected intramyocardially into rats with acute
myocardial infarction. The transfected cardiomyocytes showed increased mitotic
activity and an increase in myocardial capillary density in the infracted region due
to VEGF release. This indicates a promising gene therapy application for ischemic
heart disease.

Phototherapy

Phototherapy is a rising approach to annihilate cancer cells by photo ablation. It is a
non-invasive technique utilizing photosensitizer molecules that upon light exposure
cause:

1) generation of heat (photothermal therapy/PTT) or
2) generation of reactive oxygen species (ROS) (photodynamic therapy/PDT). This
is shown in Fig. 3.
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Fig. 3. Photothermal therapy (PTT) and photodynamic therapy (PDT) application of GFNs.



Graphene and 2D Material in Biomedical Applications 27

GFNs show excellent NIR absorption which aids in PTT. In PTT, laser exposure
causes heat generation followed by photo ablation of the cells. In 2011, Robinson et
al.,” demonstrated the ability of ultra small reduced graphene oxide (nano-rGO) to
absorb at the NIR region. Nano-rGO tagged with RGD peptide sequence for targeted
delivery showed efficient killing of U87MG cancer cells upon NIR irradiation. In the
absence of irradiation these nanomaterial were cytocompatible. Yang et al.”* utilized
PTT for eradicating tumor in mice. 4T1 tumor bearing Balb/c were injected with
PEGylated nanographene sheets (NGS). The strong NIR absorption of NGS was
utilized for ablation of the tumor with evident decrease in tumor volume. Combining
a Dox with PEGylated nanographene oxide (NGO-PEG-DOX) provided a synergistic
effect of chemotherapy and PTT in eliminating cancer.”

PDT utilizes photosensitizer molecules that absorb light energy and transfer the
energy to the oxygen present in tissue. This cause ROS generation and subsequently
damages the cellular organelles and kills the cell. The large surface area of GFNs
facilitates superior loading capacity of photosensitizer molecules for PDT. Huang
et al.”® formulated graphene oxide conjugated with folic acid and a photosensitizer
molecule Ce6 (FA-GO-Ce6) for targeted PDT of cancer cells. MGC803 cancer cells
were treated with FA-GO-Ce6 and photo irradiated using a laser. Upon laser irradiation
Ce6 generated ROS and successfully killed the cancer cells by oxidative damage.
Most of the photosensitizers presently used face the drawback of poor solubility,
photostability and the inability to absorb light at the NIR region. Ge et al.”” addressed
the issue by using GQDs as photosensitizers for PDT. It was reported that GQDs
showed the highest 'O, quantum yield and excellent photostability when compared to
the conventional photosensitizers. Moreover GQDs exhibited broad absorption range
between UV region and the visible region with a strong red emission.

Bioimaging

Graphene oxide (GO) exhibits photoluminescence (PL) under wide range of wavelength
from ultraviolet to near infrared (NIR). The intrinsic fluorescent property of graphene
oxide (GO) was first studied by Dai’s et al.” In their work, polyethylene glycol (PEG)
functionalized GO conjugated with Rituxan antibody was developed that specifically
target B cell lymphoma. These functionalized GO enable cellular imaging under NIR
region with low background fluorescence. Similarly, GO nanoparticles conjugated
with transferrin and PEG was synthesized for simultaneous targeting and imaging of
cancer cells.” This surface functionalized GO nanoparticles exhibit excellent stability
and strong two photon luminescence (TPL) for cancer imaging. The versatility
and reliability of graphene based materials for bioimaging were further improved
using multifunctional GO as contrast agent for multiple signaling technologies like
photoacoustic and thermoacoustic tomography and magnetic resonance imaging.
For example, fluorescein-o-methacrylate (FMA) labeled magnetic graphene were
developed for in vivo imaging of zebrafish which showed excellent biocompatibility,
co-localization and biodistribution from head to tail.** PEG functionalized reduced
graphene oxide (rGO)-iron oxide nanoparticles hybrids were employed in multimodal
imaging-guided photothermal therapy for cancer.®! Besides this, GO can be used to
deliver DNA/aptamer probes for in vivo imaging of biomolecules inside the cells.
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The fluorescent property of graphene can also be used for the development of optical
biosensor to detect various biomolecules such as ions, DNA, RNA and proteins. GO can
protect the DNA to be delivered from hydrolysis by deoxyribonuclease (DNase). GO
prevents the binding of DNase onto the surface by steric hindrance thereby protecting
the DNA from cleavage. GO can be conjugated to different fluorescent probes for
in vivo imaging. PEG functionalized nanographene sheets were labeled with Cy?7 for
in vivo fluorescence imaging. The efficient uptake of these nanographene sheets were
noted in xenograft 4T1 murine breast cancer tumor, KB human epidermoid carcinoma
tumor and U87MG human glioblastoma tumor mouse models.*

Zero dimensional graphene quantum dots (GQDs) have attracted tremendous
attention in recent years and exhibits unique properties like quantum confinement and
edge effects. Also it holds excellent stability, solubility in physiological conditions, low
toxicity, tunable photoluminescence, ease of functionalization, up-conversion emission
and resistant to photobleaching. GQDs were first synthesized by Pan et al. which are
made of crystalline structure of single or few layered graphene.*> GQDs possess strong
optical absorption at 260-320 nm (n—n* transition of C=C bond) with shoulder peak
around 270-390 nm (n—=* transition of C=0). PL emission of GQDs arises from the
quantum confinement of conjugated & electrons in sp? carbon network. GQDs offer
several advantages in biomedical application compared to traditional semi-conductor
quantum dots. Luminous emission of fluorescent graphene depends on size, defect and
wavelength used. The fluorescent property of GQDs can be enhanced using doping
or functionalization for cellular imaging (Fig. 4). Nitrogen-doped GQDs (N-GQDs)
developed by Gong’s group showed enhanced bright TPL fluorescent for cellular and
deep-tissue imaging.® The small size of the GQDs brings minimal invasion on the
cell membrane. Use of GQDs for cellular imaging drastically reduces the background
noise since it has long fluorescent lifetime.

Fluorescent GQDs synthesized from chemical oxidation of graphite and supersonic
isolation has lifetime of ~ 2 ns which is much longer than organic dyes. No obvious
loss of fluorescence intensity was observed even after 30 min of excitation under
405 nm. Different types of cells such as HeLa, murine alveolar macrophage, human
hepatic cancer cells, MCF-7 cells and stem cells including neurospheres cells, pancreas
progenitor cells, cardiac progenitor cells and neural stem cells has been labeled using
GQDs. GQDs synthesized from activated carbon using microwave purification and
hydrothermal reaction was seems to be effectively taken up by the HeLa cells. The
fluorescent images showed blue emitting GQDs inside HeLa cells under UV irradiation
indicating the possible use of GQDs in optical imaging.®® Similarly, GQDs obtained
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Fig. 4. Fluorescence emission of mammalian cells following GQDs uptake.
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by hydrothermal cutting of GO, accumulated around the nucleus of HeLa cells
without any nuclear localization signal and showed no decrease in PL intensity after
continuous excitation. The presence of surface functional groups and the charge greatly
influence the intracellular localization of GQDs. Poly I-lactide-Polyethylene glycol
(PLA-PEG) grafted GQDs were synthesized for simultaneous imaging and therapy.
The photoluminescent property exhibited by these GQDs was stable over a wide range
of pH. In addition, this functionalized GQDs were seems to be effectively deliver
miRNA probe for intracellular miRNA imaging and gene regulation. Fluorescein
conjugated PEGylated GO was developed by Peng et al. which showed pH tunable
fluorescent properties that can be used for intracellular imaging.® Here, PEG act as
a bridge linking fluorescein with GO and also inhibit the fluorescence quenching
property of GO. PEG increases stability, water dispersibility and cellular uptake of
GQDs. For in vivo imaging, the fluorescent dye should be bright, biocompatible and
emit fluorescence at longer wavelength. Up-conversion property of GQDs is desirable
for in vivo application because of deep tissue penetration, bright fluorescence, resistant
to photobleaching, molecular imaging with high spatial resolution, low background
interference and low toxicity.

Tissue engineering

Graphene holds a great promise in tissue engineering applications; it acts as an ideal
scaffold for stem cells culture and maintenance. Maintenance of induced pluripotent
stem cells (iPSCs) is a challenging task that hinders their potential application in
regenerative medicines. It was stated that both graphene and GO helps in culture
and differentiation of iPSCs. The different surface properties exhibited by graphene
(hydrophobic) and GO (hydrophilic) activates different signal transduction pathway
of iPSCs differentiation. Using graphene coated substrates iPSCs can be subcultured
and expanded which evade the use of feeder cells for iPSCs maintenance. Cells
grown on graphene showed similar attachment and proliferation capacity compared
to cells grown on glass surfaces and maintained the cells in undifferentiated state.
Cells grown on GO substrate showed increased adherence and faster proliferation and
promote spontaneous differentiation towards ectodermal, mesodermal and endodermal
lineages while graphene maintains the cells in undifferentiated states and suppresses
endodermal lineage differentiation.’” This discrepancy in the differentiation pattern
might be due to the difference in surface groups on G and GO. iPSCs differentiation
towards endodermal lineages can be achieved by culturing cells in 3D porous GO
coated scaffolds. The development of graphene scaffold owns great promises for cell
replacement therapy in future.

Graphene acts as a substrate for the attachment of various growth factors, proteins
and secretory molecules that aid in cell-cell communication. Graphene can bind
bone morphogenetic protein (BMP), trypsin, heparin, lysozyme and peptides via
non-covalent interactions particularly n—m interaction. Graphene promotes osteogenic
differentiation of mesenchymal stem cells (Fig. 5) by binding dexamethasone and
B-glycerophosphate. Even in the absence of growth factors such as BMP, graphene
has been found to enhance osteogenic differentiation with increase calcium deposits
in the extracellular matrix.®® The ripples and wrinkles found on the graphene sheets
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Fig. 5. Attachment, proliferation and differentiation of stem cells in graphene scaffold.

helps in protein adsorption, cell adhesion and differentiation. Graphene and GO
can adsorb up to 8% and 25% of serum proteins via hydrophobic or electrostatic
interactions. GO possess high affinity for insulin that helps in adipogenic differentiation
whereas graphene denatures insulin due to n—r stacking. Pluronic coated GO-CaP
nanocomposite was shown to possess synergistic osteoinduction potential on human
mesenchymal stem cells and also increases the calcium deposits. Addition of GO
into CaP, increases the material stiffness which causes mechanotransduction effect
to regulate stem cells fate.® Similarly, calcium silicate/rGO composite was found to
increase the proliferation and alkaline phosphatase (ALP) activity of human osteoblast
cells which promises their potential application in bone tissue engineering.

Good electrical conductivity owned by graphene makes them an ideal platform for
neural culture. Graphene/polyethylene terephthalate (PET) film was found to increases
neural cell-cell coupling under electrical stimulation.” The cells also overexpressed
F-actin promoting the formation of filopodia. Neural cells cultured on graphene
substrate showed extended neurite growth, increased viability and enhanced expression
of growth-associate protein-43 (GAP43), a factor for neurite sprouting and outgrowth.
Fluorinated graphene induces the differentiation of MSCs towards neural lineages by
forming extended cytoskeleton and nucleus elongation. Neuronal proteins such as
Tujl and MAP2 were highly expressed in MSCs cultured on fluorinated graphene.”!

Antibacterial property

There are series of investigations reported on the antimicrobial property of graphene
derivatives. Size, surface charge, surface chemistry, lipid solubility, density of the
functional groups and conductivity are the key factors that control the antibacterial
property of graphene materials. The edges of the graphene have significant roughness
while the basal plane is smooth; the rough surface promotes antibacterial activity. It
was also proposed that the orientation of graphene surface determines how it interacts
with the bacteria. The high aspect ratio possessed by both graphene and GO either
promotes or inhibit bacterial attachment. Among the graphene family materials,
graphite (Gt) and graphite oxide (GtO) were less active against E. coli whereas GO
and rGO retains antibacterial activity.”? Time and dose dependent loss of viability
was noticed in culture exposed to both GO and rGO. Owing to their high conductive
nature, both rGO and Gt cause higher glutathione (GSH) oxidation compared to GtO
and GO. Gram negative bacteria were least susceptible compared to Gram positive
bacteria because of the presence of outer layer. For gram negative bacteria such as
E. coliand S. typhimurium, the MIC (minimum inhibitory concentration) of graphene
was found to be 1 pg/ml and 4-8 pg/ml for Gram positive bacteria B. subtilis.”* Physical
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interaction of graphene with the bacterial cell membrane leads to irreversible membrane
damage. The sharp edges of graphene penetrate the cell membrane mechanism known
as insertion mode or penetration mode which causes membrane stress resulting in
leakage of intracellular cytoplasmic contents. The strong interaction and better charge
transfer between graphene and bacteria enhances their susceptibility. Since graphene is
a good electron acceptor, it also induces cell death in bacteria by acting as an electron
acceptor. The continuous removal of electrons from the bacterial cell membrane affects
the respiratory chain causing depletion of adenosine triphosphate (ATP).

It was also stated that the larger sheets affects the growth of the bacteria compared
to the smaller sheets. Because of the larger size these sheets can individually wrap
bacteria thereby preventing their proliferation. A three step mechanism of cytotoxicity
was proposed for antibacterial activity of graphene: first the cells deposit on the
graphene based materials; second the sharp edges of the graphene nanosheets act as
cutters on the cell membrane leading to membrane leakage and release of intracellular
contents. Third, it also oxidizes cellular components such as membrane lipids, proteins,
thiol containing GSH via ROS independent mechanism of oxidative stress. Graphene
nanosheets induce increased ROS formation inside the cells which oxidizes cellular
components such as lipid, protein and DNA. The fatty acid oxidation is a chain
reaction that results in lipid peroxides formation which in turn causes disintegration
of cell membrane. For example, dose and time dependent cell death was observed in
P, aeruginosa exposed to GO and rGO. Both GO and rGO induced increased superoxide
radical formation which in turn causes DNA fragmentation leading to cell death.”* The
below Fig. 6 shows the different mechanism of graphene toxicity towards bacteria.

Surface modification of graphene oxide with silver nanoparticles was employed
to increase their antibacterial efficiency. It was found that the very low concentration
(10 ppm) of the modified GO reduced the bacterial growth to 99.9%.°° While most
of the studies unravel the antibacterial efficacy of graphene materials some study
in contrast to the above results noticed that GO supports the growth of E. coli. The
oxygen containing surfaces of the basal plane provides wettability which in turn helps
in stronger interaction of particle surface with the bacterial lipid membrane thereby
helping bacterial adhesion and growth.”

Bacterial
colonies Graphene

Bacterial growih inhibition

Onidative stress Membrane damage

Fig. 6. Graphene induced oxidative stress and membrane damage inhibits bacterial growth
resulting in less number of colonies.
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Toxicity

Both GO and rGO were known to induce dose dependent toxic responses such as
cytotoxicity, DNA damage and oxidative stress in mammalian cells. However, the
cellular responses and the consequences differs because of the distinct mechanism of
toxicity provoked by GO and rGO. Increased ROS formation from hydrophilic GO
exposure occurs through activation of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase resulting in deregulation of antioxidant/DNA repair/apoptosis
related genes. Transforming growth factor beta 1 (TGF-B1) mediated signaling
pathway plays the central role in GO induced toxicological effect. TGF- activates
Smad proteins that regulate apoptosis by activating several pro apoptotic factors of
Bcl2 family. rGO being hydrophobic was found to adsorbed at cell surface without
internalization causes physical damage to the cell membrane with its sharp edges. rGO
seems to activate toll like receptors-nuclear factor kappa beta (TLR4-NF«kB) pathway.
ROS generation induced by rGO showed poor gene regulation. Because of tendency
to aggregates on cell surface, graphene can limits the availability of nutrients to the
cells and also increases ROS generation.”’

Graphene can enter into the cell either by penetrating the lipid membrane or via
endocytic pathway and are distributed in the cytoplasm and absence in nucleus. The
internalized GO was found to be mainly concentrated in lysosomes, mitochondria
and endoplasm. The amount of intracellular uptake increases with dose and time
period. Cells overcome the tensile strength due to graphene penetration by forming
thickened intermediate filaments. Once inside the cell graphene influences various
cellular functions or enclosed within vesicles to prevent interaction with the
intracellular organelles. Graphene can affect the cellular adhesion by decreasing the
expression of cell attachment proteins such as laminin, fibronectin, focal adhesion
kinase (FAK).”® Graphene induces apoptotic morphology like membrane vesicles
formation, fragmentation and unclear cell boundary. Accumulation of graphene inside
the intracellular organelles also interferes with the cellular metabolism. Dose and time
dependent increase in ROS formation was observed when HepG2 cells were exposed
to GO and graphene nanoplatelets. GO can act as an electron donor and participate in
electron transport chain increasing mitochondrial respiration which in turn leads to
increased ROS generation. It also causes mitochondrial depolarization by affecting the
structural and functional integrity of mitochondria. Failure to overcome the oxidative
stress or decreased activity of antioxidant enzymes guides the cell to undergo apoptosis.
Several pro-apoptotic members such as Bim, Bax of Bel2 family will be released from
the depolarized mitochondria into the cytosol activating caspases.

In macrophages, graphene induces cell death by activating mitogen activated
protein (MAP) kinase and TGF pathways. It also induces the release of several
proinflammatory cytokines such as interleukins (IL-1a, IL-6, IL-10, tumor necrosis
factor-a (TNF-a)) and granulocyte macrophage colony stimulating factor (GM-CSF)
and chemokines (macrophage inflammatory protein (MIP-10, MIP-1p) by activating
NF«B and TLR mediated pathway. Expression of mRNA encoding proinflammatory
genes IL-1p, nitric oxide synthase (iNOS) and cyclooxygenase (COX-2) were reported
to be increased upon graphene exposure. It also disrupts F actin filaments and induces
membrane ruffling.” It disrupts podosomes, F-actin-rich integrin-based adhesions
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localized on macrophage protrusion which is responsible for cell adhesion. Graphene
is also known to induce autophagy through TLR associated pathway. TLR 4 and
TLR 9 are the two receptors that are significantly upregulated upon GO exposure in
turn activates MyD88, TRAF-6 which promotes the formation of autophagosomes.'®
Bectin-1 and LC3-II are the markers of autophagy that are highly expressed in cells
exposed to GO.

Graphene when enters into the body it comes in contact with the red blood corpuscles
(RBCs) present in the circulatory system. The biocompatibility of nanoparticles with
the blood cells is determined by hemolysis. Factors such as surface charge, oxygen
content and particle size determines graphene haemocompatibility. Hemolytic activity
exhibited by GO is due to the strong electrostatic interaction between its negatively
charged oxygen groups and positively charged phosphotidylcholine on the surface of
RBC membrane. Due to the presence of fewer amounts of oxygen groups, aggregated
graphene sheets can induce haemagglutinin. It is suggested that GO can be surface
passivated using chitosan that greatly reduce its hemolytic potential by masking the
electrostatic interaction.!®! It is also reported that GO can induce platelet aggregation
by enhancing the binding of fibrinogen to the integrins receptors on the cell surface.
Adenosine diphosphate (ADP) andthromboxane A2 released by the activated platelets
recruit nearby platelets causing aggregation.'®

In vitro mutagenesis study showed GO can effectively interacts with genomic
DNA and causes DNA damage in a concentration dependent manner resulting in
base transition and base deletion. Also the expression pattern of the genes that plays
key role in DNA damage control, cell cycle, metabolism and apoptosis seems to be
affected. For example, GO exposure increases the expression of ATM and Rad51 at
initial stages of DNA damage. Progression of cell cycle is arrested by inhibiting S
phase and GO/G1 phase. In addition because of its planar structure, GO can intercalate
between the bases and affect the flow of genetic information.

Toxicity studies using in vivo animal models showed that dose and surface
modification are the two main factors that influence graphene biodistribution and
toxicity. Animals administered with GO appeared physically inactive and death results
due to the mechanical blockage of airways in lungs leading to suffocation, fibrosis
and peribronchial inflammation. In addition, large number of inflammatory cells
(Neutrophils, acidophiles, epithelioid granulomas and multinuclear giant cells) was
seemed to be infiltered in lung alveolus interstitium which increases the thickness of
the alveolar septa and cracks in alveoli resulting in leakage of proteins.!® Excretion of
GO occurs mainly through bile and very least amount is expelled out by kidney. GO
can also increases the risk of cardiac arrest due to increase in plasma thrombin and
anti-thrombin complexes. Surface functionalization of nanomaterials with polymers
such as PEG increases its biocompatibility and blood circulation time. Graphene were
seems to be accumulated inside the body even after a month following administration
suggesting their long term retention in the body.

125] radiolabeled PEG functionalized GO and rGO were intragastrically given
to female BALB/c mice, high level of radioactivity was observed in stomach and
intestine after 4 h which decreases 1 day post feeding suggesting these materials
are not effectively absorbed by the digestive system and are completely excreted
after oral feeding. Unlike the oral feeding, intraperitoneal injection resulted in high
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accumulation of graphene nanoparticles on liver and spleen.!® The macrophages
play a very important role in the uptake of functionalized graphene nanoparticles via
reticuloendothelial system. GO is also shown to induce developmental toxicity in zebra
fish embryo. It delays embryo hatching, induces morphological defects such as bent
spine, tail malformations, etc.'” GO functionalized with PEG/PLL (PEGylated poly
L lysine) showed increased ROS production under normal physiological conditions in
Caenorhabiditis elegans. GO induces the formation of more ‘OH radical from H,O.,.
Release of cytC from the mitochondria and electron transfer between cytC/H, O, affects
the antioxidant defense system leading to toxicity in worms.

Conclusion

GFNs are a promising class of nanomaterials with myriad application in electronics,
storage devices, sensors and biomedicine. Novel and facile synthesis methods for GFNs
production are being developed. The innumerous biomedical applications of GFNs
have opened new horizons for treatment of cancer and other incapacitating diseases,
tissue engineering, biosensing and bioimaging. However numerous challenges in
scaling up have largely affected the commercialization of these nanomaterials. Due
to the rapid growth in production and use of graphene in biomedicine, there is an
increased risk of human exposure which is unavoidable. The risk posed by humans
upon exposure remains unexplored. Human can be exposed to graphene during
manufacturing (occupational risk) or in biomedical application (intentional exposure).
It is difficult to outline appropriate exposure scenarios resulting in significant toxicity.
Hence, these 2D nanomaterials must be subjected to regular risk assessment and
toxicity investigation before consumption.
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CHAPTER 3

Overview of Biological
Interactions and Responses to
2D-nanomaterials

Annette von dem Bussche'* and Martin Winkler?

Two dimensional nanomaterials constitute a large and diverse family of materials,
characterized by a distinct planar morphology, unique physicochemical properties,
significant electronic and thermal conductivity as well as interesting photoactive and
catalytic features.!™

The taxonomy of the described classes of 2D-nanomaterials is outlined in Table 1.

Synthesis and characterization of advanced 2D-materials are described in Chapter 1
and have been reviewed previously.!%¢

This chapter will focus on the biological interactions and responses to graphene,
layered transition metal dichalcogenides and transition metal dioxides as examples.
These specific examples provide a mechanistic framework for understanding the
physical and chemical properties responsible for the toxicity of 2D (two dimensional)
nanomaterials.

Possible routes of exposure and potentially adverse health impacts will be
discussed; followed by chemical transformation of 2D-nanomaterials . Physicochemical
properties related to toxicity, the mechanism of toxicity and implications for a safer
design will conclude this chapter.
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Table 1. Existing 2D nanomaterials and examples.

2D-material-family Examples

Graphene pristine graphene
graphene oxide (GO)
reduced GO (rGO)

Graphitic C3N4

Transition metal dichalcogenides | MoS, WS, WeS,, VS, VSe,, VTe,,

(TMDs) TiS,, ZrS,,WS,,GeS,, HFS,, ReS , PtS,, SnSe,, TaS,, MoSe,,
WSe,, TESe,, WSes, TcSe2, TiTe,, ZrTe,, VTe,, NbTe,, TaTe,,
MoTe,, WTe,, CoTe,, RhTe,, IrTe,, NiTe,, PdTe,, PtTe,, CuSbTe,,
CuBiS,, PdS,, ReSSe, SbOS , TeS,, SiS,, PdTe, TaSeTe, CuTe,,
SiTe, CuSbS,, Pds, Sb,0s

Transition metal oxides (TMOs) | MoO,, MnO,, PbO, SnO, NB,O, V,0,
Hexagonal boron nitride hBN

2D clay materials Bentonite, Egyptan Blue, Cariopilite, Greenalite, Amesite,
Chlorite, Nepourite

Ultrathin black phosphorus

Routes of Exposure and Potential Adverse Health Impacts

Two dimensional materials have several properties that are attractive for biomedical
applications, including biosensing, drug delivery, bioimaging,'*7* and tissue
engineering.”'* Their large surface area and ease of chemical functionalization
and mechanical strength render these emerging materials attractive for biomedical
applications.”®!>1® Direct implantation of biosensors or bioengineered tissues based
on 2D-nanomaterials represents a feasible and promising approach for biomedical
therapies, although the potential risk of large smooth 2D surfaces to induce foreign
body carcinogenesis has not been investigated.!” The main routes of human exposure
to engineered nanomaterials are inhalation, ingestion, dermal contact and direct
injection (Fig. 1A). In this part, common uptake routes are described, which have
been mostly studied with zero and one dimensional (1D) particles. Nevertheless, if
the particles exhibit similar physico-chemical properties, similar uptake mechanisms
can be expected for 2D-nanomaterials . In the following paragraph uptake routes
will be introduced as described for graphene that will provide information about the
biodistribution of 2D-nanomaterials .

Inhalation is the most common type of exposure for workers involved in the
synthesis, processing and fabrication of 2D-nanomaterials . During synthesis, graphene
nanoparticles can be easily inhaled as dry powder or liquid aerosols.!*>2

Following inhalation, 2D particles with lateral dimensions between 0.5 and 25 pm
can deposit throughout the human respiratory tract, including nasal, tracheobronchial
and alveolar region.?? In the conducting airways, nanomaterials covered with mucus
are moved by the cilia of the bronchial epithelial cells away from the lung into the
pharynx; this is called the mucociliary escalator. From there they can be expelled
either by coughing or swallowing into the gastrointestinal tract. If they escape the
mucociliary escalator, their deposition in the respiratory tract mainly depends on their
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size, shape and density. These properties determine the aerodynamic diameter, an
index that defines the respirability of particles. Particles with an aerodynamic diameter
between 1 and 5 pm can be found in the conducting airways, whereas smaller particles
<1 um are more likely to accumulate in the alveolar area®*2* where they can be taken
up (phagocytosis) by alveolar macrophages. Within macrophages the particles are
sequestered in lysosomes that contain hydrolytic enzymes.? If the particles exceed the
size of the macrophage and cannot be ingested, additional macrophages are recruited
from the bloodstream, inducing a persistent inflammatory response, cell damage and
collagen deposition (fibrosis) in the alveoli, which impairs gas exchange."

For ultrafine particles, translocation across the lung epithelial barrier into blood
vessels and lymphatics has been described.* Passing through the lymphatic system,
nanoparticles can be distributed through the blood flow into different organs such as
liver, kidney, heart and bone marrow. Here, based on their physicochemical properties,
they are either metabolized, excreted or retained.?® When intravenously injected, GO
(1 nm thickness/10 to 800 nm lateral dimension) accumulates in the lung and, to a
lower extent, within the reticulo-endothelial system of mice. At a dosage of 1 mg/kg
a long blood circulation time but nevertheless good biocompatibility with red blood
cells (erythrocytes) was determined. However, when exposed to a dosage of 10 mg/
kg after 14 days, inflammation, pulmonary edema and granulomas occurred due to
aggregation and prolonged retention.?” Biodistribution and toxicity of GO were further
monitored in C57/BL6 mice upon intratracheal instillation of a radioactive '*I-labeled
GO-derivative (size range 10 to 800 nm in lateral dimension and 1nm thickness). At
a dosage of 10 mg/kg transfer into the blood circulation, liver and small and large
intestines was described. GO clearance from the lungs took between 24 hours to
3 month after instillation. After penetrating the blood stream via the alveolar-capillary
interface, small GO sheets were eliminated by the kidney. As alveolar macrophages
accumulate GO in the bronchial lumen, mucociliary clearance from the body via the
sputum has been suggested. A discoloration of the lung surface however indicates
incomplete clearance.?® Dextran-coated GO (lateral size distribution ~ 50 to 100 nm;
thickness 2.8 nm) mainly accumulated within the spleen and liver after intravenous
injection into mice with clearance within a week and no noticeable toxicity.”® The
thickness of graphene oxide appeared to play an important role in tissue distribution as
well. Injection of 50 pg functionalized graphene (fGO) with two different thicknesses
(thickness: ~ 6 nm and ~ 20 nm/lateral dimension 800 nm) into the vein tail of C57/BL6
mice revealed that the thinner fGO is mostly eliminated via renal route after 24 hours,
whereas the thicker f{GO accumulates to a greater extent within the liver and spleen.>

Inhaled nanoparticles can also be translocated via the nervus olfactorius, located
within the nasal region, into the brain® (Fig. 1B). In case of reduced graphene oxide
(rGO) a transfer across the blood brain barrier has been demonstrated.'”3'3 When
systemically administered to rats, rGO mainly accumulates in the thalamus and
hippocampus. Measurements in thalamus and hippocampus indicate a strong increase
in rGO content during the first three hours after application; rGO (342 +23.5 nm) was
able to enter the brain (Fig. 1B). As demonstrated by three separate experimental data
sets rGO administration transiently decreases the paracellular tightness of the blood-
brain barrier BBB, rendering it accessible for nanomaterials, chemicals and drugs.*
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The skin as largest organ of the body regulates and maintains physiological
conditions and acts as a barrier to protect against environmental threats (e.g.,
microorganisms and chemicals). Interference of nanoparticles with the function of
the skin depends on the capability of the particle to penetrate the skin, which in turn
is influenced by the size and physico-chemical properties of the material.?

The skin contains three major layers, comprising epidermis, dermis and subcutis.*
Although the uptake and penetration of nanomaterials via the skin upon dermal
exposure is still controversial, it should be pointed out that a 72-hour exposure of
human skin cells (HaCaT keratinocytes) to graphene or GO showed no significant
toxicity at concentrations below 30 pg/ml.

However, at high concentrations (> 30 ug/mL for FLG and > 1 pg/mL for GOs,
respectively) and after an exposure time of three days, significant cellular damage
of skin keratinocytes was determined for few-layer graphene (FLG) and GOs, with
variable potencies depending on the oxidation state of the graphene-based material.
However, this study has been performed using isolated keratinocytes and did not take
into account the barrier properties of intact skin.**

The interactions with and biological responses to 2D-nanomaterials that determine
their toxicity are caused by material specific properties that again are defined by their
physical and chemical features. In general, we can differentiate between mechanical,
chemical and electronic interactions.

Chemical Transformation of 2D-nanomaterials

When immersed in environmental liquids or biofluids, nanomaterials are subjected
to non-equilibrium conditions which promote phase-material transformations such
as hydrolysis,* oxidation,*® sulfidation’’ or chalcogenide exchange®* reactions
leading to changes in surface-chemistry and structure, degradation and dissolution.
Especially in biological systems, ligand exchange reactions* and the adsorption of
ions, small molecules or entire proteins*' have been described and are expected to be
most prominent for mono- and few-layer nanomaterials due to their high surface to
volume ratios. WS, nanosheets for instance, can be functionalized with bovine serum
albumin via physical adsorption, based on nonpolar amino acid residues.*
However, in most studies physiologically-relevant fluid phases have not been
used and thus the relevance of these findings for biological interactions remains to be
clarified. Individual 2D materials including metal chalcogenides, metal oxides and
hydroxides show different levels of susceptibility for biological dissolution (Fig. 2A).
The level of dissolution stability is a double-edged sword. Non-biopersistent
nanoparticles, which readily dissolve under physiological condition, do not cause long-
latency pathogenic effects such as lung fibrosis or cancer, while highly concentrated
dissolution products on the other hand, can cause acute toxic effects. While silicic
acid and the molybdate anion have been shown to be low toxicity species, the release
of many metal ions or metal chalcogenides such as Ni**, Cu*", Ag®, NiO, ZnO or
CdSe as a consequence of hydrolysis or solid-phase redox-reactions with oxidizing or
reducing agents, requires particular attention in terms of toxicity. Many metal oxides
like MoO, WO,*# hydroxides (e.g., Co(OH),) and especially their 2D materials
(LDHs) exhibit high solubilities* and readily dissolve at pH7 and independent from
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Fig. 2. Chemical and mechanical interactions of 2D-nanomaterials with and within cells. (A) Possible
interactions between 2D nanomaterials and biofluids. Based on the physico-chemical properties of
the particle and the specific local environment, nanoparticles can biodegrade due to the activity of
redox active enzymes or undergo enzyme independent oxidative or reductive dissolution over time.
Nanoparticles exposed to biomolecules such as proteins, can be subjected to a ‘corona effect’ which
describes the adsorbtion of biomolecules to the nanomaterial surface and the accompanying changes in it’s
physico-chemical properties. (B) Cellular interactions and uptake of nanoparticles with possible cytotoxic
consequences. Particles can be attached (a) to or integrated into the cell membrane (b—c) or internalized
via endocytosis or phagocytosis (d—e). The uptake of particles can result in the generation of reactive
oxygen species (ROS), as a consequence of mitochondrial damage (f), inducing the oxidative degradation
of proteins, lipids and DNA resulting in cell cycle arrest and apoptosis. Frustrated phagocytosis
occurs, if the particle size exceeds the size of the macrophage. N: nucleus; L: lysosome; E: endosome;
M: mitochondrion.

redox active agents. LDH dissolution has been shown to be a rather complex process
and was studied extensively under the aspect of mineral weathering.*® However, for
several metals such as Zn or Ni even a low solubility in the uM range can produce
toxic ion concentrations.

Layered TMDs and metal phosphorus trichalcogenides can further undergo
cationic substitution-intercalation reactions, upon which cations from the environment
replace released toxic metal ions.*”*#4%° On the other hand layered nanomaterials
can be employed to incorporate unwanted guest molecules for their removal into the
interlayer between two nanosheets. In this way LDHs have been used to adsorb and
remove anionic contaminants like fluoride, phosphate or even herbicides®'**>* and
titanate nanosheets or vanadate based layered materials and clays like montmorillonite
or vermiculite and have been successfully applied to remove radioactive or heavy
metal ions.>*** Also, the negative charges and vacant sites in MnO, nanosheets lead
to the adsorption of metal ions like Co*", Zn*" or U** which can promote the reductive
dissolution of MnO,.
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The sensitivity for redox dependent dissolution strongly depends on the
thermodynamic oxidation potential of the nanomaterial. When falling below
the corresponding value of the oxygen/water redox couple (O,/H,0), as in case of
transition metal dichalcogenides (TMDs) oxidation induced dissolution (MX €=
M#" + X + ze") is thermodynamically favored (Fig. 2A).

However, usually a passivating oxide layer prevents oxidation.” Only in case
of ultrathin 2D materials could complete oxidative dissolution be expected to occur.

While exhibiting a comparatively low solubility, most metal sulfides are prone to
environmental oxidation, leading to soluble products. Few-layered MoS, undergoes
dissolution over the period of days in the metallic 1T phase when exposed to biological
or environmental fluids® and is prone to photo-oxidative degradation, yielding soluble
MoO_ species.®' Metal sulfides like MoS, or WS % are also subjected to bioleaching
processes, which lead to their oxidative conversion to sulfuric and molybdic acid®
that can be induced through direct contact with enzymes from bacteria of genera like
Thiobacillus or Leptospirillum® or indirectly via redox interaction with ferric iron,
produced by those prokaryotes. Also for photoactive metal phosphorus trichalcogenides
light-induced degradation or transformation can be assumed.

To undergo reductive dissolution (MX + ze~ €=» M + X*), nanomaterials need
to have a reduction potential within or higher than the cellular redox potential range,
largely comprising values between —0.4 and +0.4V with glutathione as main reducing
agent (—0.24V) (Fig. 2A). Accordingly, reductive dissolution under physiological
conditions is thermodynamically favored in the cases of WO,, MoO, and MnO,.
Reductive dissolution of metal oxides ranks among the most relevant transformations
in the geochemical cycling of electrons.* During reductive dissolution of MoO, in
organic soil extracts containing humic acids Mo has been shown to change its redox
state from VI to V or II1.%

More than 30 different manganese oxides exist with different levels of
environmental stability while the most common derivative MnO, under presence of
reductants such as reduced metal ions or natural organic matter is pH-dependently
reduced or photo-converted to soluble Mn** which is quite stable due to its slow
oxidation kinetics.®® The redox-responsive behavior of nanomaterials is strongly
dependent on their surface to volume ratio and especially in case of 2D materials
often lacks experimental verification.

2D-nanosheets generated by physical exfoliation usually show low reactivity
for most chemical processes at the saturated basal surfaces. Susceptible sites are the
unsaturated edge planes and basal plane positions with surface material defects as
demonstrated for MoS, flakes.”” Alternative production processes such as chemical
exfoliation based on lithium intercalation increase the number of basal plane defects
but their easy functionalization with thiol terminated ligands can be exploited to
enhance material stability and biocompatibility.5-6-707!

In contrast to many chalcogenides or oxides, ultrathin exfoliated boron nitride
(BN) films are significantly resistant against even extreme environmental conditions.””
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Physicochemical Properties related to Toxicity

Nanomaterials can be highly diverse with a broad range of physicochemical properties.
The parameters defining these properties (Table 2) need to be addressed since they
play an important role in biocompatibility.

Table 2. Parameters defining physicochemical properties of nanomaterials.

Morphology

Chemical composition

Surface properties

Aspect ratio

Redox potential

Hydrophobicity

Shape, Size Thickness Density

Dissolution

Surface charge Chemical

Ion release Functionalization
Stiffness Crystallinity
Aggregation Biopersistence Coating, Corona

In regard to surface chemistry, the hydrophobicity has an indirect impact on cell
viability due to the adsorption of molecules (amino acids and proteins) in physiological
solutions. Depending on their level of hydrophobicity, biomolecules in physiological
solutions such as amino acids or even proteins adsorb to graphene sheets thus, limiting
their availability within the cell.™

The hydrophobicity of nanomaterials, e.g., graphene, can be modified by
modulating the surface chemistry (functionalization). This in turn consequently leads
to an alteration of the original properties of the nanomaterial. Functionalization can
stabilize 2D-nanomaterials , inhibit aggregation tendencies and increase or decrease
their potential to adsorb proteins and molecules onto their surface.””

Cell adhesion and particle internalization is also influenced by the modulation
of surface chemistry. Reduced graphene oxide for example which exhibits a higher
level of hydrophobicity has been shown to attach at the membrane of liver cells
(Fig. 2B.a), whereas the more hydrophilic graphene oxide is internalized (Fig. 2B.b—f);
the exposure to either GO or reduced GO resulted likewise in ROS generation, but
each based on a different molecular mechanism. 8!

Also in terms of pathological responses to mechanical interactions, high aspect
ratio materials with 1D and 2D geometries require particular attention.?>** Again, most
of the available data have been gained from studies with graphene-based materials,
but can be likewise referred to other types of materials with corresponding physical
features.

The cytotoxic effects of graphene materials comprise abrasive or disruptive plasma
membrane interactions® * and disturbance or inactivation of respiratory mitochondrial
function®* causing oxidative stress responses.’”#?12 This leads to the damage of
proteins® and DNA/RNA,** and finally triggers necrotic or apoptotic cell death.”> 2D
materials interact differently with bio-membranes depending on their shape, surface
features and bending stiffness. Carbon nanotubes for example have been described
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to behave as nanodarts that can penetrate the cell membrane or vesicles directly.
Alternatively they may interact with DNA in the nucleus and with mitochondria
generating reactive oxygen species.’®’ To clarify the interaction of graphene with the
cytoplasmic membrane®? in silico studies were performed (coarse grained-molecular
dynamics), employing all-atom steered molecular dynamics simulations, revealing
that the thin edges of graphene sheets are able to penetrate the membrane due to a
low local energy barrier resulting in cell injury.

Pristine graphene and GO sheets pierce into membranes and thereby extract
lipid molecules which increasingly weakens the integrity of the membrane®
(Fig. 2B.b). Combined cell studies and computer simulation suggest that stiffness and
hydrophobicity of carbon-based nanomaterials are critical determinants of lysosomal
membrane integrity. Lipid extraction and increased lysosomal permeability (Fig. 2B.e)
can cause release of cell death inducing enzymes (pro-apoptotic factors).%8%% Although
one-dimensional carbon nanotubes differ in shape from graphene the biophysical
properties associated with sharp corners or edges of two dimensional nanosheets
predict that corners of graphene can interact with cell membranes and enter the
cell.®? Depending on what percentage of edge carbons are oxidized and carry
hydrophilic oxygen groups, 2D sheets can be either positioned in plane between the
two membrane layers (< 5%) or cut across like transmembrane proteins (> 10%)'%
(Fig. 2B.b). The lateral size dimension determines the possibility for this reorientation.
For nano-scaled sheets the energy barrier is small enough to switch from a perpendicular
orientation to an inter membrane position (Fig. 2B.c) while this is not the case for
microscale sheets.®10!

Macrophages, as a first line of defense and important effector cells of the immune
system, can actively take up nanomaterials (e.g., 2D-nanomaterials ) by phagocytosis
(Fig. 2B.d).

Upon their phagocytosis, nanomaterials are either cleared by the reticulo-
endothelial system or retained within macrophages for biodegradation (Fig. 2).!02-1%
Many 2D-nanomaterials are internalized and accumulate in lysosomes. However,
features like size, shape, flexibility and hydrophobicity also influence the uptake
mechanism of 2D-nanomaterials into cells with impact on cell viability. Lateral
dimensions play an important role in uptake. Single layer GO nano-sheets with a lateral
dimension of 2 um wrinkle and thus can be folded into lysosomes of macrophages
while smaller ones 350 nm in lateral dimensions can be internalized intact via filopodia
demonstrating how sheet flexibility can determine the internalization pathway.”!
Few-layered graphene sheets with a lateral size of up to 5 pm are readily internalized
into human THP-1 macrophages while macrophages exposed to 25 um layered sheets
only adhere and spread over their surface.”

Internalization into non-phagocytic cells occurs by three different endocytotic
pathways: Macropinocytosis, clathrin-mediated, or caveolin-mediated. Uptake
routes mainly depend on the physico-chemical properties of the particles. The actin-
driven mechanism of macropinocytosis enables the internalization of micro-sized
particles'”!% and is used by human hepatoma cells (HepG2), murine macrophages
(RAW264.7) and osteoblasts to take up GO nano-sheets.!” Smaller protein coated
GO nanoparticles (120-150 nm) enter HepG2 cells or RAW-264.7 macrophages
primarily via clathrin-mediated endocytosis which is initiated following adsorption
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or binding to receptors!!® while an increase of size leads to a change in the uptake
mechanism.'"" Caveolin-mediated endocytosis only allows for the internalization of
particles between 50—80 nm and mainly occurs at the basolateral side of endothelial
cells.!%11% After internalization nanoparticles reach the acidic lysosomes following
endo-lysosomal fusion; the endosome content is then exposed to digestive enzymes
(glycosidases, proteases and sulfatases) leading to the degradation of particles and
macromolecules at low pH. 2D-nanomaterials , e.g., MoS, can degrade over time,
leading to the release of ions.!? At high concentrations the degradation products of
pristine MoS, has revealed an increased level of toxicity in cervix carcinoma cells
(HeLa) and murine macrophages (RAW264.7) compared to functionalized MoS,,
which is more resistant to degradation by H,O,.”" Depending on the released ions,
the degrading 2D-nanomaterial can induce toxic effects such as ROS generation and
activation of cell death-inducing enzymes (Fig. 2B.f).

Other materials reside, as they are less affected by the low pH and cannot
be digested by lysosomal enzymes.'* Graphene and its derivatives in general are
considered to be biopersistent. However, several features can promote biodegradation
including the number of layers, lateral dimension, tendency for aggregation, chemical
modification, structural defects, degree of oxidation and surface functionalization.
Especially in case of thin layered 2D materials, sensitivity towards peroxidases has
been documented in vitro (Fig. 2A). In the presence of H,O, horse radish peroxidase
(HRP)''* is able to oxidize and perforate GO flakes and myeloperoxidase, found
in neutrophils, (and to a lesser extent in monocytes and macrophages) likewise
enables the oxidative degradation of short CNTs!'® and highly dispersed GO while
no degradation was determined in case of aggregated GO'"¢ or chemically reduced
graphene oxide (rGO). In case of graphene oxide, the heme active site of HRP appears
to be positioned in closer proximity to the surface compared to rGO, thus enhancing
basal plane oxidation.!"* Raman spectroscopy enables monitoring of the time-dependent
accumulation and degradation of carboxylated graphene following injection into the
tail-vein of mice.'” Graphene first aggregates and accumulates in lung, liver, kidney
and spleen following degradation of the material over a period of three month.
Biodegradation is prominent in resident tissue macrophages and the gene expression
pattern of pro-inflammatory cytokines indicates a phagocytic immune response.
In vitro tests with the same nanomaterial showed graphene degradation in lysosomes
of murine macrophages within seven days.

Many nanomaterials are known to be biopersistent which is an important factor
to determine toxicological effects within exposed cells. Due to lateral dimensions and
hydrophobicity, carbon-based nanomaterials can interfere with lysosomal integrity
and through lipid extraction affect lysosome permeability, resulting in the release of
cell-death inducing enzymes (pro-apoptotic factors) (Fig. 2B.e—f).%% If the particle
volume of the 2D-nanomaterial exceeds the macrophage volume, the material can only
be taken up partly (frustrated phagocytosis) (Fig. 2B), this in turn leads to the release
of inflammatory cytokines and reactive oxygen species (ROS). Both can damage
neighboring cells, e.g., epithelial cells in lung, causing impaired function and collagen
deposition (fibrosis). Ultimately if the particles are genotoxic cell transformation
(cancer) may develop. Frustrated phagocytosis resulting in ROS generation and
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cytokine release can induce the formation of granulomas which is well documented
in the case of carbon nanotubes.!!7:!18

Surface functionalization can alter biopersistence of nanomaterials. Toxicity of
graphene oxide can be mitigated after protein coating (corona effect) (Fig. 2A) with
bovine serum albumin (BSA) due to reduced cell uptake.'"® Molecular dynamics
simulation revealed that the adsorbed BSA weakened the interaction between graphene
oxide and the phospholipids of the cellular membrane. GO functionalization with
polyethylene glycol (PEG) showed reduced cytotoxicity compared to pristine GO.
Pristine GO permits the adsorption of serum proteins and activates the complement
cascade leading to generation of anaphylatoxins, which are involved in local
inflammatory responses. PEG functionalization significantly restricts protein binding
and complement activation.'” However, at the same time PEG functionalization
prolongs circulation time and promotes bioaccumulation and resistance against
biodegradation. To overcome this problem, disulfide bridges were used as cross-
linkers between PEG and GO. In this way PEG provided higher biocompatibility to
the GO-PEG hybrid but PEG is reductively uncoupled upon particle internalization,
thus rendering GO susceptible to lysosomal degradation.!?"!?? Although these results
underline the importance of the corona effect, the composition of the proteins which
participate, e.g., during inhalation and ingestion, differs from those used in cell culture
experiments. Several studies suggest that deviations in size, surface functionalization
and hydrophobicity lead to various corona profiles'?*!?* resulting in different uptake
patterns into cells with possible toxicological impact.

Often biomolecules interact and chemically react with the enlarged surfaces of
internalized 2D nanoparticles, which as biopersistent inorganic catalysts can attain
remarkable turnover numbers. Many semiconductor materials like MoS_, MnO, and
TiO, are well examined inorganic catalysts. However, very little is known about
the bio-reactivity of MoS_, or MnO,. For MoS,, MnO, nanosheets, graphene, and
single-walled carbon nanotubes (SWCNTSs), biological redox-activity can be assumed
according to the overlaps between their conduction band edge energies and the cellular
redox potential. For graphene and SWCNTs biological redox activity has indeed been
reported.'* 2% Interactions with dissolved O, or H,O, molecules can yield reactive
oxygen species (ROS) (Fig. 2.A), which attack nucleic acids, proteins or lipids and
cause oxidative stress (Fig. 2.B.f) if the ROS production cannot be scavenged by
antioxidant defenses. Furthermore, redox-active nanomaterials can oxidize and deplete
glutathione (Fig. 2.A), an essential cellular antioxidant which results in additional
comprise to the oxidative stress response,'?’ although the relevance of this in vitro
assay has not been verified in intact cells or tissues.

Graphene based nanomaterials are further known for their anti-
microbial,83:8488.125.128-131 gntiyviral'3213% and antifungal activity!?*!3*135 which is
advantageous for biomedical applications. Particle dimensions here play a decisive
role. GO sheets with an average area of 13 um? have a bacteriostatic effect as they
are able to fully cover and isolate the bacteria, thus, inhibiting their proliferation'>.
In case of yeast cells, the coverage with 2D materials in fact rather has a protecting
influence and enhances cell viability by restricting the high level communication with
the environment.%37138 GO and sulfonated rGO have also been shown to prevent
infections with herpes simplex virus type 1, pseudorabies virus or porcine epidemic
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diarrhea virus by inhibiting the initial cell attachment step. The antimicrobial effect
of 2D materials can be partially explained by physical interactions between sharp
edges of 2D sheets and microbial membranes, which damage membrane integrity
and transmembrane potential, resulting in a loss of cell contents and oxidative stress.
However, antimicrobial effects like these have their downsides when these materials
are released into the environment. 2D-nanomaterials not only affect the viability of
human pathogens but also other microorganisms including protozoans, fungi and algae
(Fig. 1). The growth of microalgae like Chlorella vulgaris and Raphidocelis subcapitata
is severely suppressed when algal cells are exposed to high concentrations of GO. 3140
In addition to a strong decrease in photosynthetic activity due to the shading effect of
the attaching nanomaterial, enhanced oxidative stress and membrane damage has been
reported when the GO concentration exceeds 10 ug ml™'. For C. variabilis GO sheets
have been identified within the cells. Here they damage organelles and cause a massive
production of harmful reactive oxygen species.'*! Comparable ecotoxicological effects
were also demonstrated for protozoan species like Eugenal gracilis.'**

Mechanisms of Toxicity
In vitro and in vivo models

Many nanomaterials have been shown to cause cytotoxic effects. In vitro cell
culture systems and in vivo animal models have been exploited to understand the
underlying mechanisms of their toxicity. Although in vitro experiments are generally
more reproducible and less expensive than whole animal studies, limitations have
to be considered. Not all cell types and cell lines exhibit a toxic response to these
nanoparticles, which may be related to the fact that most cell lines are transformed.
Transformed or immortalized cell lines often are less differentiated than primary cells
and may have altered important signal transduction pathways. Additionally, in vitro
studies don’t always reflect the results obtained by in vivo experiments due to the
challenges in recapitulating tissue structure and in dosimetry using exposure relevant
quantities of nanoparticles that individuals might be exposed to over a lifetime. In this
regard, e.g., airway modeling studies are suitable to understand the deposition and
dose of different sizes of graphene particles? or other two dimensional nanomaterials
in the human respiratory tract. /n vivo mouse models assist to confirm in vitro results
and to gain a better understanding of the intrinsic toxicity of the particle and a better
estimation of possible adverse health impacts. Needless to mention, that the data
obtained from mouse models do not always reflect the impact on human health over
a lifetime of exposure.

Recently, three dimensional cell culture models have evolved as a suitable
alternative to testings in animals and are being increasingly applied to study
nanotoxicological effects.'* % Ranging from self-assembled microtissues to
scaffold-based systems, these toxicity testing platforms have been developed for
many different cell types and often display cellular morphology and physiology
(cell shape, cellular function and cellular response) that differs from monolayer
culture."'8 Compared to cells cultured on flat substrates, 3D microtissues may
show increased differentiation, more tissue-like organization, and can be cultured
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for extended periods of time.'**'5! This extended viability can allow nanoparticles to
be tested over a longer time period and the dosage of these particles can be reduced
to physiologically relevant concentrations. Advanced cell culture methods can also
be integrated with microfluidic systems to treat cells in a dynamic way analogous to
exposure from the bloodstream.'#7!*8 It should also be noted that particles applied to
assembled microtissues, especially micro-sized particles, may be unable to reach the
cells at the microtissue center, leading to increased exposure at the periphery. Cells can
be exposed during assembly for more even uptake of particles, but this can interfere
with microtissue formation and may not reflect exposure in vivo.

Caveats in cell based assays

To evaluate possible toxic responses of cells to a wide range of 2D-nanomaterials,
a broad array of cell based assays are available to define cytotoxicity, cytokine
release, necrosis, membrane integrity, changes in metabolic activity, etc.'® One of the
major caveats concerning the toxicity of nanomaterials results from contamination.
Hydrophobic 2D materials with high surface to volume ratios can adsorb endotoxins
which originate from the outer membrane of gram-negative bacteria. Contamination
can occur during the production process. Air, distilled water, plastic containers and
glassware are possible additional sources of contamination with endotoxins and due to
their high thermal stability it is difficult to remove or inactivate them via heat-induced
denaturation.'? The interpretation of toxicological data gained from contaminated
2D-nanomaterials often results in false or exaggerated conclusions.

False results can also be the consequence of choosing the wrong in vitro assay.
Many cell based in vitro tests are fluorescence or colorimetric assays. Due to its high
specific surface area and hydrophobicity graphene tends to adsorb biomolecules
and synthetic dyes. Furthermore, hydrophilic GO is photoactive and thus by itself
exhibits both, light absorbance and emission resulting in spectroscopic artifacts
during fluorescence or absorbance based cell assays.” It is therefore crucial to verify
toxicological data using several different assays and to confirm that the materials are
not interfering with the in vitro assays. To confirm the data obtained by any absorbance
or fluorescence-based assay, microscopic and histological studies should be used to
identify possible morphological changes of organelles, cells (in vitro) or morphological
alterations in tissues of lung, kidney or spleen (in vivo) of test animals.

In the first part, possible uptake routes and physico-chemical properties related to
toxicity were discussed. Here we will review possible toxic mechanisms induced by
two dimensional nanomaterials. Most of the toxicity mechanisms discussed here are
based on the example of members of the graphene family, since only a small number
of studies exist which investigate the toxicity of other 2D-nanomaterials .

Toxicity mechanisms induced by carbon based 2D-nanomaterials
Graphene

Graphene is either produced bottom up through chemical vapor deposition (CVD)
or top down via exfoliation, it consists of a sheet-like hexagonal configuration of
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sp? hybridized carbon atoms which can be turned into different allotropes such
as marble-shaped 0D fullerenes, 1D-nanotubes or stacked to three-dimensional
graphite.'® However, due to the extraordinary high surface to volume ratio (2,600
m?%/g),'® graphene is increasingly used in its original 2D flat sheet nanostructure that
can be easily functionalized covalently or non-covalently to expand the spectrum of
chemical features and support the immobilization of biomolecules like peptides or
medical agents. Due to its 2D nanostructure graphene, provides a higher photo-thermal
sensitivity and thus, is more effective compared to, e.g., carbon nanotubes. '35

The lethal dose (LD50) of graphite has been reported to be 2 g per kg.'
Accordingly, the level of toxicity of graphene has been estimated to be very low.
However, the low solubility, high tendency for aggregation and long retention and
circulation times of graphene?’ give rise to the concern that it might have long-term
adverse health impacts. The extent of toxic responses relies on different physical
(particle dimensions and geometry, surface to volume ratio and functionalization
density) and chemical (chemistry of surface functionalization and purity) parameters,
as well as dose.

Graphene oxide

Graphene oxide as the most important member of the graphene family provides
enhanced mechanical, optical, thermal and electro-conductive features and thus
is exploited in different nanoelectronic, semiconductor-based and nanomedical
applications ranging from tissue regeneration and biosensing/imaging over drug or
gene-delivery agents to anti-bacterial/-viral and targeted cancer treatment thereby, e.g.,
making use of its photochemical activity in photo-thermal therapy.'”-'815¢

Chemical exfoliation of graphite employing strong oxidants is used for the
production of graphene oxide (GO).>¢ Due to its pH-dependent negative surface
charge and colloid stability'®’ the dispersion efficiency of graphene oxide is higher
than graphene and allows for further functionalization and modification due to
the electrostatic or covalent interaction of hydrophilic or hydrophobic foreign
molecules.>'?! It is noteworthy that the complexity of naturally occurring graphite with
defects in the n-surface structure under the variety of reaction conditions in different
laboratories results in a significant diversity of graphene oxide (GO) with different
oxidation degrees and deviating layer numbers. This in turn has a great impact on
the surface chemistry and the degree of possible functionalization and can lead to a
different outcome in toxicological studies of different laboratories.>!?!:158

In vitro toxicity of graphene

After inhalation, nanomaterials can reach the alveolar area resulting in interaction
with peripheral immune cells and from there translocate to different organs (Fig. 1A).
Active uptake of nanomaterials into macrophages mainly occurs via receptor-mediated
phagocytosis and is initiated upon particle adhesion to the cell membrane (Fig. 2B).
Phagocytosis is promoted by protein adsorption at the particle surface which occurs
in the lung lining fluid and during transport via the circulatory system (Fig. 2A).19%-1%8
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Depending on size, shape, oxidation state and functionalization, graphene
based nanomaterials can impact immune cells individually, resulting in a different
activation pattern of these cells.'>® Several studies suggest that graphene oxidation
decreases toxicity in macrophages in comparison to pristine graphene.'® Pristine
graphene has been shown to activate oxidative stress pathways and to stimulate the
secretion of cytokines and chemokines from macrophages.'®' The ROS triggered
mitochondrial pathway of murine macrophages (RAW264.7) is up-regulated upon
exposure to pristine graphene in a dose and time dependent manner. Due to the loss
of mitochondrial membrane potential, accumulation of ROS (Fig. 2B.f) results in
the activation of MAPK and TGF-f induced pathways. This consequently activates
pro-apoptotic factors.*

Graphene oxide, on the other hand, induces autophagy and cell death in murine
macrophages (RAW264.7) in a dose dependent manner. Toll-like receptor mediated
inflammatory response and autophagy has been triggered in murine macrophages after
exposure to GO sheets with two different lateral dimensions (2.4 pm and 350 nm).
Autophagy induction by graphene oxide has been further demonstrated for cancer
cells of liver (SNU-449 and mahlavu) and lung (A549) and human embryonic kidney
cells (HEK293).1¢?

An increase of oxygenated functional groups has been shown to increase ROS
generation and to decrease viability of GO treated HUVEC cells (human umbilical
vein endothelial cells). Exposure of HUVEC cells to 0.4 and 0.8 um GOs or their
derivative rGO at a concentration of 10 pg/ml leads to ~ 15% higher toxicity in GO
exposed cells.'®

Invitro studies in which lung epithelial cells (A549 cells) are exposed to 100 pg/ml
purified graphene oxide with lateral dimensions below 500 nm show no toxicity. These
results were further confirmed in vivo when an intraperitoneal injection of 50 pg/ml
purified graphene into C57BI/6 mice failed to induce inflammation or granulomas.'*

In vivo toxicity of graphene

For investigating the pulmonary toxicity of graphene, toxicological in vivo studies
have been expanded to mice. Graphene nanoplatelets with an aerodynamic diameter of
3 um induced an inflammatory response after pharyngeal aspiration or pleural injection
into BALB/C mice.'®® The results strengthened the hypothesis that shape and size of
nanoparticles can promote frustrated phagocytosis in macrophages, resulting in ROS
generation and inflammatory response (Fig. 2B). However, six weeks after exposure
to pristine graphene with different lateral dimensions (1, 5 and 20 um) no signs of
fibrosis were detectable, suggesting resolution over time.!66:176.168

Aggregation and functionalization of graphene was shown to impact cell toxicity
in mice. When comparing the effects of injecting 50 ug graphene dispersed in 2%
surfactant containing pluronic acid (F108), aggregated graphene or graphene oxide
into the lungs of mice, graphene oxide showed the highest level of toxicity, suggesting
that functional oxide-groups of GO promote pulmonary toxicity. Aggregated graphene
was retained in the small airways of the lung, triggering a mild fibrosis, whereas well
dispersed graphene does not cause any fibrosis even 21 days after administration. The
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results suggest that dispersed graphene is more readily cleared by macrophages and
is more biocompatible.'®

The use of different coatings for surface modifications on the same nanomaterial
results in conflicting toxicological responses in vitro and in vivo. Graphene dispersed
in bovine serum albumin leads to an inflammatory response in human macrophages
(THP-1) and lung epithelial cells (BEAS-2B) resulting in an inflammatory response
(NLRP3 inflammasome activation) and causes fibrosis in mice, whereas graphene did
not reveal any cytotoxicity in vitro and did not lead to fibrosis in mice (in vivo) when
dispersed with the surfactant pluronic acid (F108).!7

An explanation for the variations in graphene cytotoxicity reported from different
laboratories might be based on the techniques of production and synthesis of graphene
and its derivatives. The synthesis of graphene oxide, leads to a large variance of
products with different oxidation degrees and according variations in physicochemical
properties whose fractions can turn out differently even by slight deviations in the
production process. The different results on the cytotoxicity of similar nanomaterials
within the wide range of studies further imply that beside the intrinsic features of a
2D-nanomaterial (lateral dimension, degree of oxidation, aggregation in physiological
solutions) its purity or possible contamination during synthesis, the examined cell type
as well as the uptake mechanism can determine the toxicological outcome of the studies.

Toxic mechanism of transition metals dichalcogenides

Transition metal dichalcogenides (TMDs) are one of the best studied families of 2D
materials. TMDs are layered compounds of chalcogens (Te, S, Se, etc.) and transition
metals (Mo, W, V, etc.), whereas the transition metal layer is positioned between two
layers of chalcogens.!”" In the last couple of years several excellent reviews have been
published about the synthesis of this nanomaterial via exfoliation of bulk material or
bottom up synthesis.>*!">!”> Due to their unique optical properties TMDs have been
evaluated for their possible applicability as sensors in biomedical approaches or in
photothermal therapy.®!™* There is only a limited number of toxicological studies
available, therefore a complete understanding of possible toxic mechanisms is yet not
attainable for this class. Many new 2D-nanomaterials which contain metal constituents
can dissolute and degrade over time resulting in distinctive reactions for individual
elements or dissolute species. There are extensive reviews about metal toxicity, which
allow some predictions about possible!’>!7 toxicity effects in biological systems if
the route of uptake and location of particle accumulation is known. In the following
paragraph the toxicological studies performed so far will be summarized.

A comparison of toxicity between MoS , WS, and WeS, suggests that the
chalcogenides MoS, and WS, are not toxic in lung epithelial cells (A549) up to a
concentration of 200 pug/ml, whereas WSe, causes 50% toxicity at concentrations
of 100 pg/ml in a dose-dependent manner.'”” This result suggests that the chalcogen
selenide is responsible for the toxic effect. A comparison between dichalcogenides
of transition metal groups V (VS_, VSe,, VTe,)) and VI (MoS,, WS, and WSe,)
reveals a stronger toxicity effect for chalcogenides of group V in lung epithelial cells
(A549). In both studies metal-selenide compounds exhibited a more severe toxicity
level than the corresponding metal sulfides.!” This is not unanticipated as Se*” has
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been shown to have toxic effects when exceeding a concentration of 5 uM in human
fibroblasts'” as it can substitute sulfide constituents in biomolecules and bioinorganic
redox-complexes such as FeS clusters yielding, e.g., redox enzyme-derivatives with
deviating functionalities.!” This study underlines the importance to investigate the
dissolution of transition metals and their potential toxic effects in cells. Although the
exact cytotoxic mechanisms are not fully understood yet, the high surface area to
volume ratio of 2D materials clearly enhances the risk of releasing potentially toxic
constituents such as heavy metal ions.

Toxicity mechanism of MoS, in eukaryotic cells

One of the most studied TMD is molybdenum disulfide that is extensively used
as an industrial lubricant. Due to many unique electronic, optical and mechanical
features and its simple production through chemical exfoliation, 2D MoS, appears
to be a promising candidate for electronic devices, but has also received attention in
biomedical applications.

MoS, has shown only low toxicity and studies have been performed to evaluate its
toxicity after exfoliation. When taken up by lung epithelial cells (BEAS-2B) or human
macrophages (THP-1), exfoliated MoS, caused no severe toxic effects.'*® However, at
concentrations of 50 ug/ml degraded pristine MoS, in comparison to functionalized
MoS,, revealed a significant level of toxicity in cervix carcinoma cells (HeLa) and
murine macrophages (RAW264.7), suggesting that the degradation products can cause
toxicity at concentrations above 50 pg/ml.”!

Toxic mechanism of transition metal oxides

The reactivity of two dimensional transition metal oxides and the limited dissolution
rates of compounds out of this group determine their unique properties. The few
available studies suggest that some members of this group can be used as therapeutics
in low doses, as carriers for drugs and as antibacterial agents. Due to their high
surface area, transition metal oxide nanoparticles also have a significant relevance
for storage applications. However, there are only few reports about two dimensional
transition metal oxides and their potential impact on human health and environmental
implications available.

Molybdenum trioxide (MoO,) nanoplates have been shown to disrupt the
membrane of four different bacterial strains.'®! It has also been reported to activate
caspase in the breast cancer cell line MCF-7, but not in immortalized human
keratinocytes (HaCaT cells).'® These studies suggest a potential use as antibacterial
agent and possible biomedical application for breast cancer treatment.

Manganese oxides (MnO,) have received some attention due to their relatively
low toxicity.'®® If applied at very low concentrations, manganese oxide nanoplates
showed an enhanced contrast of magnetic resonance images. At higher concentrations
a significant decrease of cell viability in breast cancer cells (MCF-7) was observed,
just as described for molybdenum trioxide (MoO,). It might therefore be a promising
contrast agent but needs to be monitored for its possible cytotoxic effects at higher
doses to avoid cell damage.'®
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For a better understanding of their potential toxicity itis crucial to compare MoO,
and MnO, to other transition metal oxides, to determine their ion release and to define
further dissolution mechanisms.

Implications for Safe Designs and Applications of 2D-nanomaterials

During the last 10 years, two dimensional nanomaterials have received great attention
due to their promising unique physicochemical properties. Due to their high surface
area, there is a wide variety of applications for these materials in various engineering
and biomedical disciplines. Variations in lateral dimensions, surface chemistry and
functionalization alter their physico-chemical properties and allow these nanomaterials
to be used as drug carriers, bioimaging compounds, agents for cancer photothermal
therapy, biosensors and nanostructural scaffolds for tissue regeneration. Because of
their numerous applications, potential adverse environmental and human health impacts
of 2D-nanomaterials need to be carefully assessed. Processing and synthesis methods
for these nanomaterials including liquid phase growth, liquid phase exfoliation,
vapor phase growth or dry exfoliation are of great concern due to the corresponding
occupational risks for exposed production workers. The synthesis and production of
these nanomaterials by dry exfoliation and the drying process of wet exfoliation can
lead to the exposure by inhalation.”® Another potential adverse health impact might
result from the use of 2D-nanomaterials as drug carriers. Therefore, determination
of their circulation times, distribution, biopersistence, biodurability and dissolution
rates in biological systems are important parameters to access.'** In vitro and in vivo
assays are commonly used to assess biodurability. Inhalation exposure studies in which
a wide variety of particles are monitored in mice over a period of three months are
needed to assess particle clearance. Acellular assays are commonly used to provide
information about the dissolution rate of nanomaterials and ion release under different
biological and environmental conditions.'® Macrophages are commonly used cells to
assess impacts of the lateral dimension of particles although these cells are not in their
native environment and therefore only partially reflect in vivo conditions. However,
these assays allow for rapid assessment of acute toxicity that may predict possible
long-term health impacts of particles and thus provide valuable information for safer
drug design or production processes.

Conclusion

This chapter summarizes the current state of knowledge about the human health
and environmental impacts of two dimensional nanomaterials. The influence of
individual physico-chemical properties on the outcome of in vitro and in vivo studies
on nanomaterial toxicity were summarized and discussed. Taken together, the potential
hazard of these nanomaterials can be estimated as a function of different extrinsic and
intrinsic parameters such as dose and frequency of exposure, chemical composition,
particle dimensions, surface chemistry and functionalization, tendencies to undergo the
corona effect and aggregation. These parameters define material distribution, circulation
time, cell internalization processes, dissolution, biopersistence and clearance, which
determine the level of risk following short term and long term exposures.
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Post-exposure transformation processes should also be considered when assessing
nanoparticle toxicity including material phase transformations, redox-interactions with
biomolecules as well as physico-mechanical interactions during the internalization
process which promote or slow down surface oxidation/-reduction, degradation
and dissolution. Based on the sheer number of newly designed 2D-nanomaterials
it appears to be a mammoth task to gain detailed insights into the individual toxic
implications of each material in each group. Instead, it might be more promising
to deepen our understanding about the common principles that determine intrinsic
toxicity, biopersistence and biodurability of nanoparticles in order to predict and
prevent potential adverse impacts of newly designed materials.

The authors of this chapter are grateful for the invaluable advice provided by
Professor Agnes Kane (Brown University), Professor Robert Hurt (Brown University)
and Professor Alberto Bianco (University of Strasbourg).
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CHAPTER 4

Interactions Between 2D
Graphene-Based Materials and
the Nervous Tissue

Mattia Bramini,"? Giulio Alberini,'? Fabio Benfenati,'*?>
Luca Maragliano'* and Fabrizia Cesca'?**

Introduction

Graphene (G) is a single- or few-layered sheet of Sp*-bonded carbon atoms tightly
packed to a two-dimensional (2D) honeycomb lattice.! Each carbon atom has three
u-bonds and an out-of-plane n-bond that can bind with neighboring atoms, conferring
graphene unique chemical and physical properties.' The family members of graphene-
related materials (GRMs) include: single- and few-layered graphene (1-10 layers;
GR), graphene oxide (single layer, 1:1 C/O ratio; GO), reduced graphene oxide (rGO),
graphite nano- and micro-platelets (more than 10 layers, but < 100 nm thickness
and average lateral size in the order of the nm and pum, respectively), graphene and
graphene oxide quantum dots (GQDs and GOQDs, respectively), and a variety of
hybridized graphene nanocomposites.>* The diversity among the GRMs is mainly
dependent on the graphene production method; chemical vapor deposition (CVD),>¢
mechanical cleavage,” and electrochemical exfoliation of graphite,® can in fact give
the material a wide range of specific properties based on the number of layers, lateral
dimension, purity and defect density, conductivity, surface chemistry and shape.**'?
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G and GRMs also possess tunable and extreme mechanical strength, exceptionally
high electronic and thermal conductivities, flexibility and transparency.” Therefore,
G has all the characteristics to play a key role in many applications, opening new
advantageous opportunities in supercapacitors,'>!*15 flexible electronics,'®!” printable
inks,'®! batteries,?*?! optical and electrochemical sensors,”>?* and energy storage.?>%’

In the last few years, biomedical applications of G have attracted an ever-
increasing interest, including the use of G and GRMs for bioelectrodes, bioimaging,
drug/gene/peptide delivery, nanopore-based DNA-sequencing devices, stem cell
differentiation and tissue engineering (Fig. 1).3? Moreover, GRMs have generated
great interests for the design of nanocarriers and nanoimaging tools, tissue scaffolds
(both two- and three-dimensional), anti-bacterial coatings and biosensors.*3!

In this chapter we discuss G and GRMs biomedical applications to neuroscience,
distinguishing between G nanosheets and G substrates, and include a future perspective
on the role of computational modeling in predicting graphene-biological system
interactions. For each approach, we describe the state of art in terms of bio-applications
and outline the biocompatibility issues raised by nano-toxicological studies performed
in vitro and in vivo.
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Fig. 1. Biomedical applications of graphene-related materials (GRMs). (A) Schematic illustrating some
properties of G (high mechanical strength and conductivity) and possible biomedical applications, ranging
from drug/gene delivery, to biosensing, imaging, phototherapy and tissue engineering. Modified with
permission from Goenka et al.* (B) Example of G-based drug delivery system to the CNS. Transferrin
(Tf) was chosen as the ligand to develop Tf-conjugated PEGylated graphene oxide (GO) nanosheets for
loading and glioma targeting delivery of anticancer drug doxorubicin (Dox; Tf-PEG-GO-Dox). Tf-PEG-
GO-Dox displayed greater intracellular delivery efficiency and stronger cytotoxicity against C6 glioma
cells in vitro and in vivo. Modified with permission from Liu et al.!

Graphene and the Brain

Neurological diseases, such as neurodegenerative diseases (i.e., Parkinson’s disease,
Alzheimer) and brain tumors (glioblastoma, neuroblastoma), are characterized by
abnormal cell functionality and cell deterioration. Developing new tools that could
outperform the current state of the art technologies for imaging, drug delivery, neuronal
regeneration and electrical recording and sensing is one of the main challenges of
modern medicine and neuroscience.*? With the development of carbon nanomaterials,
and ultimately of graphene, nanotechnology is likely to play a major role and impact
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on (i) drug, gene and protein delivery, to cross the blood-brain barrier (BBB) and
reach brain compromised areas; (ii) neuro-regenerative techniques, to restore cell-cell
communication upon damage; and (iii) highly specific and reliable diagnostic tools,
for in vivo sensing of disease biomarkers.*>** Moreover, the combination of different
forms and states of the material, diverse chemical functionalization and the possible
association with other biomaterials to form G-based composites, may allow to devise
an all-in one tool for both diagnosis and therapy, thus effectively building a powerful
theranostic device.

To date, the possible bio-applications of graphene that have been proposed and
explored at the central nervous system (CNS) level include: (i) cell labeling and real-
time live-cell monitoring;**3¢ (ii) delivery to the brain of molecules that are usually
rejected by the BBB;*7* (iii) G-based scaffolds for cell culture;**! and (iv) cell analysis
based on G-electrodes (Fig. 1).>* Additionally, interfacing graphene with neural cells
could be extremely advantageous for exploring their electrical behavior or facilitating
neuronal regeneration by promoting controlled elongation of neuronal processes.* ¢
All these applications open up new research lines in neuro-therapeutics, including
neuro-oncology, neuro-imaging, neuro-regeneration, functional neuro-surgery and
peripheral nerve surgery.**

One major concern about graphene biomedical applications relies upon its
biocompatibility and biosafety. The different biological impact of G nanosheets and
GRMs depends on many features such as layer number, lateral dimension, surface
chemistry, contact area and material purity,>*’* and has to be clearly assessed when
investigating possible toxic effects. In this perspective, a detailed in vitro/in vivo
toxicity profile is still not available for every G/GRM material; however several
groups have contributed to this topic and a general picture is beginning to emerge.
Here, we tried to summarize the main findings related to both G- and G-scaffold
biocompatibility with nerve tissues.

Graphene nanosheet biocompatibility in the central nervous system

As for many other nanomaterials, the G toxicity profile is highly dependent on the
size, surface functionalization, exposure time and aggregation state in biological
fluids.>*? The capacity of G to adsorb biomolecules onto its surface needs to be
taken into consideration. In fact, when using these materials both in vitro and
in vivo, the flake surface gets covered by various biomolecules (proteins, lipids, etc.),
drastically changing most of the properties of G towards the biological systems such
as hydrophobicity, topography, size and surface charges, influencing the immune
reaction and the interaction between the material and the organism.’***5 The fact
that G can reach the CNS and get in contact with neuronal cells, poses further
concerns about its safety.’” Published data suggest that GO is less toxic than G,
rGO and hydrogenated-G. Additional factors shown to affect toxicity include surface
functionalization, size (with smaller nanosheets being less toxic than large flakes)
and solubility (where highly dispersible G solutions are safer than aggregating ones).
G shows very little biological degradation, although carboxylated and oxidated
derivatives may form under some conditions.’*
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The importance of assessing toxicological studies on nerve tissues comes together
with the evidence that G nanosheets, and especially GO flakes, are able to accumulate
(even if in small quantities) in the CNS after intravenous (i.v.) injection without prior
surface functionalization.’®>” In a recent study, rGO was detected in brain tissues,
particularly in the thalamus and hippocampus, after i.v. injection that was accompanied
by BBB disruption, raising additional concerns on using G nanosheets for biomedical
applications.”” Interestingly, rats treated with rGO flakes were screened for signs of
tremor, convulsions, salivation, lacrimation, dyspnea and motor abnormalities and
did not show any clinical signs of neurotoxicity. These findings are in contrast with
the work carry out by Zhang et al.,*® whose results displayed a short-term decrease
in locomotor activity and neuromuscular coordination in mice orally administered
with rGO nanosheets. This discrepancy underlines that the route of administration is
another key parameter in determining G biocompatibility. Thus the portal of entry of
G into the organism, together with its dose, size, functionalization and aggregation,
will determine the final biological effects.

The interactions of GRMs with neurons and astrocytes, the two main cell
populations of the CNS, have been investigated at the cellular level. No changes
in neuronal and glial cell viability were detected upon G exposure, both in vivo
and in vitro,’*%2 However, primary neuronal cultures exposed to GO nanosheets
displayed clear alterations in a number of physiological pathways, such as calcium
and lipid homeostasis, synaptic connectivity and plasticity (Fig. 2C).%"> These effects
were observed upon chronic G exposure, stressing the need of urgent and further
biocompatibility assessment of the material with nerve tissues in long-term studies,
hopefully linking in vivo effects to in vitro cellular and molecular interactions.

Once internalized in cells, G flakes were seen to preferentially accumulate in
lysosomes (Fig. 2B), as well as to damage mitochondria, endoplasmic reticulum and,
in some cases, nuclei.** Another study also suggested that irregular protrusions and
sharp edges can damage the plasma membrane, thus letting G nanosheets enter the cell
by piercing the phospholipid-bilayer (Fig. 2A).% These features raise additional safety
concerns, as free GRMs in the cytoplasm may lead to disruption of the cytoskeleton,
impaired cell motility and blockade of the cell-cycle, in a carbon nanotube-like
cytotoxic fashion.

A first evidence of G-induced CNS toxicity came from a recent in vivo study.* To
recreate a situation of G environmental pollution, researchers dispersed GO in water in
the presence of zebrafish larvae. In this scenario, GO was found to reach the CNS and,
most importantly, to induce Parkinson’s disease-like symptoms such as disturbance of
locomotor activity, dopaminergic neurons loss and formation of Lewy bodies. These
effects could be due to mitochondrial damage and apoptosis induction through the
caspase 8 pathway, in the presence of a more general metabolic disturbance.

In summary, while toxicity assays showed a good biocompatibility of graphene
scaffolds with neuronal cells (see next section), graphene nanosheets may have some
toxic effects compared to other nanomaterials, leaving open the debate whether
use them or not as drug-delivery system.® It is important to notice that the variable
and sometimes contrasting results about graphene biocompatibility available in the
literature most likely reflect the high heterogeneity of materials present on the market
and the large variety of synthesis methods. Thus, depending on the graphite source
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Fig. 2. Graphene nanosheet biocompatibility with neuronal cells. (A) Example of GO nanosheet piercing
the cell membrane of a neuron and entering the cell through lipid-bilayer disruption (scale bar 200 nm).
(B) Neurons exposed to GO nanosheets were fixed and stained with antibodies anti-EEA1 (green, for
early endosomes) and anti-LAMP1 (red, for lysosomes). Cell nuclei are in blue (DAPI) and graphene in
white (by reflection light acquisition). Neurons were imaged by fluorescence confocal microscopy and
GO accumulation in lysosomes was noticed over time (scale bar 20 um). (C) Schematic representation of
the mechanisms of the effects of chronic exposure of GO on the activity of neuronal networks. Modified
with permission from Bramini et al.,*” copyright (2016) American Chemical Society.

(starting material), the synthesis method used, the chemical (if needed) adopted and
the final product dispersion form (solution or powder), graphene can present different
sizes, thickness, chemical surface and aggregation state, which all affect to various
extent its interaction with biological systems. Thus, it will be necessary to conduct
a full and detailed study of the biocompatibility and biodistribution of each type of
material in use.

Graphene functionalization for biomolecule delivery to the central
nervous system

The term ‘G nanosheets’ includes GRMs with a lateral dimension in the order of
nanometers.> Moreover, to be considered graphene (and not graphite), the sheets have
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to be composed of no more than 10 layers. Finally, depending on the surface chemistry
composition, G nanosheets can be classified as pristine graphene (GR), graphene oxide
(GO) and reduced graphene oxide (rGO).2326

The large surface area available and the possibility of conjugating different
biomolecules onto its surface, make G a suitable material for holding and carrying
small-molecules, drugs, genes, antibodies, proteins, DNA and RNA sequences
(including siRNA and miRNA).% In addition, it is also possible to modify its chemical
structure by functional groups such as amino, carboxyl, hydroxyl, alkyl halogen, or
azide groups.*® All these functionalizations have a dual goal: (i) loading high quantity
of biomolecules and specifically deliver them to target cells; (ii) allowing a more
homogenous dispersion of the material, since pure G is highly hydrophobic and
tends to aggregate in aqueous solution, including biological fluids containing salts
and proteins.**3* As already mentioned, the high surface area, the n—m stacking, and
the electrostatic and/or hydrophobic interactions of G can be exploited to achieve
high drug loading of otherwise poorly soluble drugs, without compromising and
affecting their efficacy. Additionally, functionalized G nanosheets could be applied in
systemic, targeted, and local delivery systems.®”%° Because of its unique fluorescent,
photoacustic and magnetic resonance profiles, several studies have also explored the
possibility of incorporating G-based nanoparticles to enhance the in vivo visualization
of brain tumors and improve tumor targeting of molecular anticancer strategies.®° As
amatter of fact, G surface is endowed with bi-functional units, capable of loading drugs
(or other biomolecules) and simultaneously assessing drug delivery through target
protein recognition.”"? In vivo studies revealed that GO, more than GR, has good
potential for neuroscience applications. In fact, systemically administered radiolabeled
GO ('*®Re-GO) could reach the brain parenchyma, although in a small amount
(0.04%).7

Blood-brain barrier crossing

As mentioned above, the main limitation for G application in neuroscience is its very
low accumulation in the brain parenchyma upon intravenous injection. Among the
various approaches to cross the BBB, ultrasounds were applied to mice to physically
open the tights junctions of the BBB endothelium layer and permit the drug delivery
system (GO nanosheets grafted with Gd-DTPA and poly(amidoamine) dendrimer,
loaded with EPI and Let-7, a tumor suppressor miRNA) to reach the brain upon tail
vein injection. The main advantage of this approach is the reversibility of the BBB
opening. Interestingly, G could at the same time also make possible high contrast
MRI analysis and a quantification of the distribution of the delivery system inside the
brain tissue.” These results are promising, however in-depth pharmacokinetics and
toxicological studies are needed, especially in the long-term, keeping in mind that,
with respect to what has been obtained so far, this technique achieves a much higher
G accumulation in the CNS.

Alternatively, the G surface can be functionalized with specific biomolecules that
enable the material to cross the BBB.330.7 Researchers created G-PEG nanoparticles
conjugated to transferrin, known to cross the BBB through transcytosis (Fig. 1B).
After loading them with doxorobucin (DOX) they demonstrated that, after intravenous
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injection, the particles migrated from the bloodstream to glioma cells that had
previously been implanted in the rat brain.>! The results showed higher nanoparticles
concentration in the CNS compared to other organs, and a higher efficiency in tumor
regression compared to the control of DOX alone. Following the same approach with
similar promising results, Yang et al.” functionalized PEG-GO nanosheets with the
Tat protein of the Human Immunodeficiency Virus (HIV), which allowed the drug-
loaded PEG-GO system to cross the BBB by transcytosis, while leaving the barrier
endothelium fully preserved.”

Another promising strategy to challenge the BBB filter is the coating with
surfactants.”””® Kanakia et al.” improved GO delivery to the CNS by functionalizing
the nanosheets with dextran; the material was found to cross the BBB and reach the
brain without exerting toxic effects. Surprisingly, the GO concentration in the CNS
increased with time, being almost absent in other organs. Thus, the study suggests a
slow accumulation of G in the CNS and long-term persistency of the material, that is
encouraging from the point of view of the drug delivery system, but also raises safety
concern on long-term toxicity of G nanosheets.*

Drug and gene delivery to the central nervous system

The key goal of any drug delivery system is to create a smart tool that recognizes
specific targets and releases the drug in a controlled way.” Because of its features,
G could play a major role in the development of novel drug delivery systems. For
example, water insoluble hydrophobic bioactive reagents can attach to the surface of G
nanosheets through hydrophobic, Van der Waals or n—r interactions. Moreover, G can
be further modified to be soluble in the aqueous environment, either by grafting water-
soluble molecules onto it, or by increasing its oxidation state (thus obtaining GO).%

Researchers have already successfully linked some drugs to G, confirming
its potential as drug delivery system. For example, GO nanosheets functionalized
with branched, biocompatible PEG, become more hydrophilic under physiological
conditions.?' Liu and colleagues®' showed that GO-PEG flakes can be decorated with
the water insoluble aromatic molecule 7-ethyl-10-hydroxy-camptothecin (SN38),
via non-covalent van der Waals interactions. Similarly, other drugs, including
different camptothecin analogues,®' Iressa (gefitinib),’' and DOX,*? were successfully
attached onto the GO-PEG complex by simple non-covalent binding. Moreover, PEG
functionalization renders of G nanosheets less cytotoxic for the CNS. rGO-PEG
particles were able to cross the endothelial layer of the BBB without disrupting the
tight junctions, in both in vitro and in vivo studies.’*%

One of the main applications of G-based drug delivery systems is anticancer
therapy, by linking G composites with chemotherapeutics. Given their strong optical
absorbance in the near-infrared (NIR) region, G-based hybrid materials are also
intensively studied for their promising applications in cancer phototherapy. %708 The
rationale beyond this approach is to exploit the heat produced by the G accumulated
in tumor regions upon NIR laser stimulation to kill cancer cells. This technique was
successfully applied in vitro using U251 glioma cells.’ Such experimental approaches
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are of special interest, as they might help overcoming the limitations imposed by the
BBB.¥” Moreover, as previously described, G can be modified and functionalized for
carrying multiple drugs, potentially enhancing their cytotoxicity to the cancer cells.®
Such innovative strategy is very promising, especially for the treatment of very resistant
and aggressive tumors, such as the glioblastoma.

In addition, the intrinsic properties of G in the visible (VIS) and NIR range
make it an attractive tool for bio-imaging,”" both in vitro and in vivo.®® For example,
aptamer-carboxyfluorescein/GO complexes were employed for intracellular monitoring
and in situ molecular probing of specific clusters of living cells, such as artificially
implanted tumors in mice. Moreover, GO nanosheets were used for photo-acoustic
imaging, which relies on the acoustic response on heat expansion following optical
energy absorption.”**? Specifically for CNS applications, in vivo studies showed that
intracranial administered PEG-GO and its derivatives can be imaged in the brain by
two-photon microscopy.’ Through this imaging technique, a 3D distribution map can
be reconstructed in the brain parenchyma due to the high tissue penetration of the
fluorescence signal of PEG-GO composites.

These promising results could lead to the use of G as a diagnostic tool for imaging
brain cancerous lesions, especially if the material is engineered with biomolecules that
specifically target tumorigenic cells. Furthermore, once the targeting is achieved, G
properties can be optimized accordingly to the specific application, i.e., the size and
oxidation state might be changed to shift the emission wavelength from VIS to NIR,
which has a deeper tissue penetration, thus improving the depth of the diagnostic
imaging device. By combining the optical properties of G with other biodegradable
and functional materials, it will be possible to create G-based composites and hybrids
suitable for several live-imaging applications. So far, most of the tools have been tested
in vitro on cancer cell lines, and in vivo for cancer detection and diagnosis, leaving
unaddressed the possibility of using them to explore and image the CNS.3"!

Similarly to drug delivery, also genetic engineering can exploit G properties and
open new opportunities in biomedicine. The concept in this case would be to deliver
nucleic acids (DNA or various types of RNA molecules, including miRNA and
shRNA) to specific target cell populations, to restore physiological conditions.® For
this purpose, carbon allotrope G has been investigated as a vector for gene, gene-drug
and protein delivery.**%° Being the technique of functionalization the same, both drugs
and genes can be delivered simultaneously using G-based hybrid materials.?® The latter
option would exhibit a synergic effect, as it would bring a significant enhancement
of drug efficacy as well as transfection efficiency, making G a promising tool for
future applications in non-viral based gene therapy. On this line, G-nanosheets were
functionalized with the cationic polymer PEI, a non-viral gene vector that forms strong
electrostatic interactions with the negatively charged phosphate groups of both RNA
and DNA.% A step further was taken by Chen et al., that used PEI-functionalized
GO for gene delivery yielding a high transfection efficiency in the absence of any
cytotoxic effect.*

In summary, G-based delivery systems, when conveniently functionalized or
associated with complementary technologies, represent promising candidates for both
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diagnostics (i.e., imaging) and therapeutics (i.e., drug and gene delivery) neuroscience
applications. Moreover, in spite of few studies showing toxic effects of exposure
the nervous system to bare G and rGO,’"¢"? to date there is no solid evidence that
functionalized-G is harmful to neuronal cells and the BBB. Since G-based technologies
for biomedical applications are constantly and rapidly evolving, the near future may
see the development of new safe and highly neurocompatible materials.

Graphene biosensing in the brain

Electrical conductivity is one of the most interesting properties of G, which can
potentially be exploited to amplify biological signals in innovative diagnostic tools.”
This new arena is however still under development, and further research is needed,
especially for applications in the neuroscience field. The general idea is to generate 2D
G-based composite structures with the ability to recognize specific biomacromolecules
(antibodies, peptides, drugs, etc.) for biomarker detection. For this purpose, both 2D
planar G and G nanosheets are very promising for the development of the diagnostic
tools. In several instances, G was introduced in previously developed biosensing tools,
to improve their sensitivity and, in some cases, to improve the biosensor’s specificity.*

One of the first successful attempts to exploit G properties for biosensing consisted
in the detection of PSA, a prostate cancer marker. Specific anti-PSA antibodies were
conjugated with bovine serum albumin (BSA) and G nanosheets. The resulting
composite exploits the specificity of the antibody-antigen binding to recognize the
cancer marker (PSA), while taking advantage of G conductivity, which changes
depending on the biomolecules attached onto its surface, to detect and quantify
the signal.”® Theoretically, this can be done with many other tumor and non-tumor
biomarkers.”" Indeed, G-based sensors showed excellent performances for detection
of various markers in vitro, with high accuracy and reproducibility; unfortunately, few
studies have been carried out in vivo and the systems still have to find an application
for CNS-related diseases. In this regard, initial standard testing has demonstrated
that new biosensors based on graphene technology can detect with high accuracy
important enzymes involved in the synthesis and metabolism of neurotransmitters,
such as acetylcholinesterase.®’

Very recently, graphene has been used to implement both in vitro and in vivo
neuronal biosensing by coupling to electrodes for chemical and electrophysiology
recordings.?®” These devices aim to a continuous monitoring of the brain
microenvironment, especially under pathological conditions. Graphene has been
incorporated to create new generation of electrochemical sensors, with robust
stability, flexibility, high strength and low electrical resistance, that are able to detect
extracellular concentrations of various molecules (such as glucose or dopamine)
and simultaneously record electrical activity of the neuronal network.>*! The latest
development of new molecular and electrochemical tools'*! has special importance and
impact for experimental neuroscience research, opening to promising, innovative and
effective technologies for fast and accurate neuro-pathologies diagnosis, monitoring
and therapy.
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Graphene Substrates as Neuronal Interfaces
in vitro and in vivo

2D Supports

CVD-graphene

A number of studies characterized the biocompatibility of 2 dimensional G substrates,
mostly CVD-G, with stem cells of different origins,'>'% including neural stem
cells (NSCs).!6-11t A general shortfall of these studies is that, because of technical
limitations, in many cases the precise number of G layers composing the substrates
was not precisely defined, although the number of graphene layers is known to have
a great influence on the physico-chemical properties of a graphene-based platform.'?
Notwithstanding these technical considerations, G devices have shown very
interesting properties when used as neuronal interfaces, in that the specific physico-
chemical features of G substrates can drive stem cell differentiation towards different
lineages.'*!">!* One possible explanation for this observation is that G substrates
act as concentration platforms for trophic factors. For example insulin, an inducer of
adipogenic differentiation, is denatured on G, but not denatured on GO supports, with
different effects on the differentiation of bone marrow-derived mesenchymal stem
cells.!® On the other hand, the aromatic scaffold of G-materials can increase the local
concentrations of extracellular matrix (ECM) proteins such as collagen, laminin and
fibronectin by non-covalent binding, thus affecting cell adhesion and differentiation. '’
Besides the interaction with bioactive molecules, the supports themselves can be
functionalized to improve cell adhesion. On this line, fluorinated graphene was shown
to drive stem cell to the neuronal lineage in the absence of chemical inducers.!> NSCs
grown on CVD-G displayed enhanced electrical activity,'”” and moreover, the G film
itself could be used as stimulating electrode to enhance differentiation of human
neural stem cells into neurons.!® Modeling studies suggested that the electric field
produced by the electronegative cell membrane is higher on G-substrates than on
standard devices, thus leading to a more negative resting membrane potential. This
was suggested to contribute to the faster differentiation of NSCs grown on G into
neurons.'"! The conductive properties of G substrates can be also externally modulated.
Indeed, flash photo-stimulation of human NSCs on G/TiO, heterojunction films'® or
G nanogrids'® could induce differentiation of the neuronal lineage.

Besides stem cells, the biocompatibility of G substrates with primary neurons (see
discussion below) and with microglial cells''® has been investigated (Fig. 3). Peptide-
free CVD-G layers support the growth of primary retinal and hippocampal neurons,
which maintained physiological excitability and network activity.**!'” Interestingly,
the crystalline quality of the graphene substrates directly affects their biocompatibility,
with low crystallinity being fully repellent and high crystallinity being highly adhesive
for neurons.'"® Primary rodent neurons on PLL-coated CVD-G displayed increased
neurite sprouting and branching, spine density, synapse formation and activity.**!°!20
Interestingly, PDL can be patterned on CVD-G to achieve directional neuronal
gI‘OWth.”&m
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Fig. 3. Neural cells grow on two- and three-dimensional G scaffolds. (A) Immunofluorescence (a) and
SEM (b) images of primary cortical neurons grown on 2D CVD-G supports. Neurons form a healthy
network, in strict adhesion with the substrate. In a: B-III tubulin in red, DAPI-stained nuclei in blue. Scale
bar, 50 pm (Bramini et al., unpublished). (B) Field emission-SEM of differentiated NSCs cultured on PCL/
graphene nanofiber hybrid scaffolds after six days of culture. The differentiated cells (pseudo-colored blue
for contrast) on the graphene nanofiber hybrid scaffolds show a clear oligodendrocyte-like differentiated
morphology. Scale bar: 10 pm. Modified with permission from Shah et al.'*> (C) (a) SEM images of NSCs
cultured on 3D-G foams under proliferation conditions. The insets illustrate the interaction between the
cell filopodia and surface. (b) Fluorescence images of NSCs cultured on 3D-G foams for 5 days. Nestin
(green) is a marker for neural stem cells, and DAPI (blue) identifies nuclei. Modified with permission from
Li et al.** (D) Representative SEM image of BV2 microglial cells on 3D-graphene substrates. Modified
with permission from Song et al.!'®

Graphene oxide

Stem cells growth has been examined also on GO/rGO substrates.!03105.123-126
Microcontact printing of GO grid patterns on a variety of substrates could drive the
efficient conversion of mesodermal stem cells to ectodermal neuronal cells, due to the
ability of the grid patterns to mimic interconnected/elongated neuronal networks.'?’
Similarly, laminin-coated arrays of hybrid silica/GO nanoparticles could drive
axonal alignment and enhanced neuronal differentiation of NSCs.!?® The surface of
GO/PEDOT devices was functionalized by cross-linking of interferon-y (IFNy) and
platelet-derived growth factor (PDGF), which selectively drove NSCs toward either
neuronal or oligodendrocyte lineage.'?* Similar to the above-described approach for G
substrates, the conductive properties of GO nanomesh platforms were challenged by
near infrared laser stimulation, and exploited to drive human NSCs toward neuronal
differentiation.'3

Neuronal growth is supported also by PDL-coated rGO films, even if the functional
interface between these substrates and primary neurons has not been thoroughly
investigated yet.!*! With the aim of improving the adhesion of primary neuronal
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cultures, GO surfaces were functionalized by covalently bonding acetylcholine-
like (dimethylaminoethyl methacrylate, DMAEMA) or phosphorylcholine-like
(2-methacryloyloxyethyl phosphorylcholine, MPC) units'*? or amino-(—NH,), poly--
aminobenzene sulfonic acid-(-NH,/~SO,H), or methoxyl-(-OCH,) functional groups.
In the latter case, positively charged GO was found to be more beneficial for neurite
outgrowth and branching.*

Fibers

In the attempt to build 3D supports more closely mimicking the extracellular
environment, PCL nanofiber meshes were coated with GO at various concentrations,
and were shown to support the growth of both primary cortical neurons'** and stem cells
(Fig. 3).13* In the latter case, higher GO concentrations promoted the differentiation of
stem cells into oligodendrocytes, increasing the expression of oligodendrocyte-specific
integrin-related molecules and signaling.'?? The conductive properties of GO could
also be exploited in the nanomesh structure. Indeed, pulsed electrical stimulation
was applied to poly(3,4-ethylenedioxythiophene) (PEDOT)-rGO hybrid microfibers
to promote neuronal differentiation of mesenchymal stem cells,'** and to GO-coated
electrospun poly(vinyl chloride) nanofibers to drive growth and development of
primary motor neurons.'**

3D foams

In vivo neuroscience applications of G-based materials will only be possible upon
development of three-dimensional scaffolds able to support nerve regeneration across
the injured/lesioned site (Fig. 4). Various three-dimensional G and GO foams were
shown to be compatible substrates for stem cells.3*!3¢-1° Interestingly, the features of
the G scaffolds (i.e., stiff vs. soft) differentially affected cell adhesion and proliferation
and could drive neural stem cell differentiation toward the astrocyte and neuronal
lineages, respectively.'* Microglial cells were also grown on 3D G foams (Fig. 3). In
this case, the 3D structure of the scaffolds affected the neuroinflammatory response of
the cultured cells, probably because of spatial constraints due to the 3D topographic
features.!'® Similar to what described for 2D materials, also 3D G/GO scaffolds were
used as cell stimulating electrodes, to drive neuronal growth and differentiation of
NSCS.39’141

Several 3D scaffolds have been generated and tested in vitro, however so far
only a very limited number of them have also been implanted in vivo. Some examples
include G-coated electrospun PCL microfiber scaffolds, which were implanted in
the striatum or the subventricular zone of adult rats (Fig. 4). G-coated implants were
associated with a lower microglia/macrophage infiltration when compared to bare
scaffolds, while supporting astrocytes and neuroblast migration from the SVZ.'4?
Free-standing 3D GO porous scaffolds were implanted in the injured rat spinal cord,
showing no local or systemic toxicity and a good biocompatibility also in the case
of chronic implantation. Of note, long-term (30 days) implants were able to promote
angiogenesis and partial axonal regeneration.'*
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Fig. 4. 3D G scaffolds implanted in vivo. (A) (a,b) Brain astrocyte/G-scaffolds interaction and astrocyte
process infiltration 3 weeks after scaffold implantation. Green: GFAP-positive astrocytes, blue: DAPI-
stained nucleus, red: surface-functionalized scaffolds. (b) Detailed astrocyte morphology of the dash-box
indicated area in (a). * indicate astrocytes that bridge a gap between two scaffold layers. Scale bar, 50
(a) and 20 (b) um. Modified with permission from Zhou et al.'*? (B) Representative immunofluorescence
images for axon growth detection inside rGO scaffolds implanted in the injured spinal cord and analysed
at 30 days post-injury. (a) Panoramic view, axons inside the scaffold structure marked with white asterisks.
(b) Higher magnification images corresponding to the area indicated by the gray square in the panoramic
view. Axons were specifically detected by expression of b-1II tubulin (TUB, green) and neurofilaments
(NF, white). Red arrowheads indicate areas with coexistence of TUB and NF. Scale bars: 1 um (top) and
100 um (bottom). Modified with permission from Lopez-Dolado et al.'*

Modeling and Classical Simulations of Graphene Biosystems

The comprehension of the subtle details underlying interactions between biomolecules
and inorganic surfaces is pivotal to the rational design of new classes of tools for a
wide range of applications in nanomedicine. Although relevant experimental results
about the dynamics of these interactions have been recently reported, many topological
details of the mechanisms involved are still elusive. To overcome this gap between the
structural properties and the associated functions, molecular modeling and classical
molecular simulations can give an irreplaceable contribution, obtaining details not
accessible by experimental techniques and improving the knowledge of the possible
biological safety and applications of these materials.!*

With its many properties, graphene has shown great potential in various
applications, and its interest in computational simulations grows incredibly.!#¢
Here, we introduce a brief description of the applications of classical simulations of
biomolecules-graphene complexes, broadly studied at a multiscale level. The most
important problem referring to classical simulations of these systems, currently not
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fully resolved, is the formulation of an appropriate model, in terms of force fields
(FFs) parameters. Indeed, although the computational approaches employed to
study biomolecules and graphene are quite similar, the models and FFs used for the
description of the physical properties can differ. Today, different compromises in
the allocation of the FFs parameters of graphene exist. Specifically, in the context
of classical all atom molecular dynamics (MD) simulations, the choices used by the
Patra group'!* or similar variants, and the treatment of carbon atoms in graphene
as uncharged Lennard-Jones spheres'*’ are commonly accepted. A description of the
choices of the parameters of graphene in difference FFs has been recently reported.'

Several computational results about graphene-biomolecules systems have been
recently published, focusing on:

1. the adsorption of proteins/peptides on graphene substrates, to elucidate the
structural stability of these systems and the evolution of the secondary and tertiary
structure of the proteins, in the context of substrate self-organization of proteins
into functional architectures for biomedical applications.

2. the interactions of graphene with biomembranes, to assess biological safety/
toxicity of graphene as well as its promising function as a vector of new classes
of antibiotics or pharmaceutical products able to disrupt pathogenic cells. In this
respect, the migration of graphene nanosheets inside the cellular environment is
of particular interest.

3. the computational investigation of DNA detection by graphene nanopores, a
promising class of nanosensors that are less sensitive than biological pores to
various factors such as the temperature and pH.

All these processes span a wide range of time- and length-scales, rendering the
use of multi-scale approaches unavoidable, by alternating the use of classical all atom
MD simulations with Coarse Grained MD (CGMD) simulations. CGMD methods
are based, with respect to all atom MD, on the reduction of the number of degrees of
freedom, the use of shorter-range potential functions and of a larger time-step. This
strategy makes possible the production of simulations with longer time scales and/
or larger size of the system, supporting the fascinating challenge of a combination of
different methods, in which CGMD simulations with medium resolution are combined
with the topological details allowed by all atom MD simulations.

We will focus separately on the first two macro-areas, by discussing the details
of the system studied, the models involved and the main results obtained. The reader
is directed to Schulten works (Sathe et al.’*"152 and Qiu et al.’>) for all the details of
the last topic.

Adsorption of Biomolecules onto Graphene
Pristine graphene substrates

Classical all atom MD simulations have been widely used to investigate the adsorption
of different biomolecules such as proteins or peptides onto graphene. One of the first
efforts is described in Zuo et al.,'>* where the authors studied the adsorption of the
headpiece (HP35) of villin, a large protein broadly used as a model for protein folding,
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onto a graphene layer. The simulations showed unequivocally a rapid adsorption of
HP35 by the substrate with relevant conformational changes in both the secondary and
tertiary structures (Fig. 5). The n/z stacking interactions between aromatic residues
and graphene dominate the protein-graphene interaction differently from other HP35-
curved carbon nanostructures such as single-wall carbon nanotube (SWCNT) and
fullerene (C60) where the interactions are mostly controlled by the aliphatic side chains,
with a lower attitude to forming flat a/z stackings with aromatic residues and with a
resulting lower binding affinity. Given this background, it is clear that the dispersion
interaction between aromatic residues and the nanomaterials depends on the surface
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Fig. 5. (A) Representative structure of HP35 adsorbed onto a graphene layer. HP35 is shown with red

helix and green loop cartoons, graphene as cyan lines. (B) Superposition of the adsorbed HP35 structure

on graphene (red) with its native structure (green) to highlight the structural differences. Modified with

permission from Zuo et al.'** (C) The SI active site of ChT (highlighted in red) is far away from the

surface of pristine graphene. (D) The S1 active site is adsorbed onto GO. Modified with permission form
Sun et al., copyright (2014) American Chemical Society.'™*
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curvature, since the number of carbon atoms of the nanomaterial in contact with a
residue decreases from graphene to the other two systems. These results suggest that
the surface curvature and hardness affect the interaction with proteins.

At a later time, Zhou and collaborators (in Gu et al.)'> performed MD simulations
able to show how blood proteins such as bovine fibrinogen (BFG) can rapidly adsorb
onto the graphene surface to form a biomolecular corona complex. Markedly, in
addition to the aforementioned effect of strong @/ stacking interactions, basic residues,
like arginine, play a relevant role during the process because of the strong dispersion
interactions between the side-chains of these residues and the substrate.

Graphene oxides substrates

Because of its water solubility and functional groups, GO can serve as an ideal
substrate for adsorbing biomolecules without any surface modification. The adhesion
of biomolecules to GO and reduced graphene oxide (rGO) layers has been further
investigated in Chong et al.,’*® to test the different advantages of GO due to the
presence of the oxygen atoms. The interactions of serum proteins with GO nanosheets
were investigated with a large set of experimental techniques (fluorescence, circular
dichroism, atomic force microscopy, surface plasmon resonance) and MD simulations
showing that the adsorption capacities of GO and rGO are higher than those of
SWCNTs with a reduction of cytotoxicity. However, it is important point out that,
while GO and rGO were used in the experiments, pristine graphene was chosen to
simulate the relevant non-oxidized regions (up to ~ 60% for GO and ~ 97% for rGO)
of the surface present on GO nanosheets (the so-called “sp?>-domain”).

The action of GO was investigated more explicitly, representing the substrate with
the Lerf-Klinowski model'*” based on the molecular formula C, O,(OH),(COOH),
to mimic the behavior of a standard oxidation process. Using this approach, two
paradigmatic papers'*®!>® demonstrated that GO displays an enhanced adsorption of
the attached protein.

Firstly, in the work of Sun et al.,’® an atomistic description of the inhibitory
action of GO on the activity of a-chymotrypsin (ChT),'* has been provided based
on the deformation of its binding sites and supporting the hypothesis that GO can be
considered as an ideal artificial receptor for enzyme inhibition. The distinct binding
modalities of ChT to GR and GO substrates is shown in Fig. 5. Secondly, Zeng et al.'?
show the details of the binding of GO to Vpr13-33, a fragment of the viral protein
R (Vpr), that plays a key role in regulating nuclear import of HIV. In this process,
the Vpr13-33 fragment can modify its conformation after the adsorbing process. The
binding energy of the protein domain on GO was obtained using the potential of mean
force (PMF) calculations with umbrella sampling calculations.'®! The self aggregation
of multiple copies of the Vprl3-33 peptide was strongly affected by the adsorption
on GO substrate, with a weaker interaction between two of these peptides, while it is
shown that a stable dimer can be obtained in water or on GR substrate.
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Interactions of Graphene with Biomembranes

The interaction of graphene with biomolecular complexes is crucial to understand its
biological safety and potential toxicity. The computational results displayed in this
section show that graphene can strongly interact with, and induce relevant structural
modifications in, different biological targets. Thus, we have to consider both the
potential toxicity of graphene and its promising function of vector able to disrupt
pathogenic cells.

In 2013, Tu et al.'*2 showed that GR and GO nanosheets (described according to the
Lerf-Klinowski model) induce the degradation of the inner and outer cell membranes of
Escherichia coli. Specifically, MD simulations showed that graphene is able to extract
actively phospholipid molecules from a lipid bilayer and fixing them on its surface,
taking advantage of the dispersion interactions. These results introduce graphene as a
convenient tool able to kill bacteria, and therefore as a suitable substitute of antibiotics.

On the other hand in 2014, Luan et al.'® demonstrated that the hydrophobic
protein-protein interactions, essential to diverse biological functions, can be disrupted
by a graphene nanosheet, inducing the dissociation of the complex with possible
irreversible effects on the cell’s activities.

The comprehension of the mechanisms of the internalization of graphene layers
inside the cellular environment, in particular through the plasma membrane, is crucial.
To this aim, the use of classical all atom-MD still remain limited by its algorithmic
efficiency and the available computing power. Therefore, a controlled reduction of the
complexity of the system is required. Coarse Grained MD (CGMD) simulations!'®* can
be appropriate for this task. Comprehensive studies investigating the above-mentioned
concepts have been carried out by various groups.

Titov et al.!® used CGMD with the Martini force field'® to study the interaction of
small graphene and few-layer graphene (FLG) nanosheets with phospholipid bilayers
formed by 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC membrane).
They demonstrated that graphene sheets could be hosted in the hydrophobic interior
of the membrane, forming stable graphene-lipid structures. In this work, the structure
of pristine graphene is reduced to a triangular lattice of CG particles, where every
three carbons are modeled as a single particle.

Guo and collaborators,'®” by using the CGMD approach of Dissipative Particle
Dynamics (DPD),!¥170 explored the translocation of small graphene nanosheets
across a membrane bilayer and the influence of graphene size and edge on this
process. Using the same approach, they also investigated the membrane interactions
of graphene nanosheets in various oxidation states'”' showing that graphene with a
higher oxidation degree can produce a stronger perturbation of the membrane, and
that this effect increases with the edge length of nanosheet.

Additionally, Li et al.* have explored the cell membrane interaction with graphene
microsheets, using both all atom steered MD (SMD)!”> and CGMD-DPD simulations
in combination with analytical modeling, confocal fluorescence imaging, and electron
microscopy imaging. The results displayed that the entry of graphene microsheets is
initiated at corners or at asperities along the edges. CGMD simulations illustrated
the process of graphene-bilayer interaction, whereas the SMD simulations allowed
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to determine the energy barriers associated with the initial graphene penetration and
the influence of the edge shape on the lipid penetration energy barrier.

In all these studies, however, lipid extraction or membrane damage is not
observed, in contrast to the results of Tu et al. on the bacterial wall.'®> More recently,
computational simulations were used to elucidate whether graphene causes cell
membrane damage.'” All atom MD simulations investigating of the behavior of both
G and GO with respect to a dipalmitoylphosphatidylcholine (DPPC) bilayer revealed
that G quickly entered into the membrane by assuming a position parallel to the
lipid tails, while GO could not enter the membrane in the simulation timescale and
localized at the solvent-membrane interface due to the hydrophilicity of the oxygen-
containing groups. However, considering that GO, when placed onto the membrane,
can enter the cell through endocytosis, stripping of membrane phospholipids to the
GO surface and rupture of the bilayer can occur, resulting in the formation of pores
in the plasma membrane.

Fig. 6. Equilibrated superstructure of a graphene sheet inside the phospholipid bilayer formed by POPC

lipids. Polar heads of the POPC lipids are depicted as green beads, hydrophobic hydrocarbon chains as

thick blue lines; the graphene sheet is shown with brown lines (water molecules not shown; modified with
permission from Titov et al., copyright (2010) American Chemical Society).'®

Conclusions

In the past few years, GRMs have been widely studied and used in a wide range of
technological fields, including biomedical applications. More recently, graphene has
also been adopted in CNS diagnostic and therapeutic tools development, due to its
electrical properties and the promising potential of crossing the BBB.

In this chapter we reviewed the major areas of investigation for graphene and
GRMs utilization in the CNS, from diagnostic to therapeutic usage. Neuro-oncology
may profit form the development of graphene nanosheets and graphene nanoparticles
for tumor-targeted imaging, photothermal therapy, anticancer drug delivery and gene
therapy. New electrical, chemical and optical sensors may have great impact for
neuro-intensive care and neuro-monitoring. Finally, tissue engineering research is
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expected to develop novel brain-implant interfaces based on graphene, to exploit the
material electrical conductivity and enhance cell-cell communication and repair. The
advancement in developing new tools for CNS applications is also taking advantages
from molecular dynamics studies, which are providing extremely precise indications
and predictions on G/cell and G/protein interactions, guiding the researcher to design
more powerful G-based devices.

Nevertheless, despite the fact that initial studies have already demonstrated the
graphene biocompatibility (especially when conjugated with other materials, forming
2D and 3D scaffolds), only few systems were demonstrated to be successful in
in vivo neuro-applications. Future studies, in particular long-term biological effects,
are still required before the neuroscience community can properly take advantage of
the technological applications that such a new and promising material could offer to
CNS biomedical applications.
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CHAPTER 5

Antimicrobial Properties of
Modified Graphene and other
Advanced 2D Material Coated

Surfaces

Anthony J. Slate,'* Nathalie Karaky' and
Kathryn A. Whitehead'*

Introduction

Over recent decades, antimicrobial resistance (AMR) has emerged as an enormous
global issue. The rise in observed AMR bacteria can be attributed to the continuous
overuse of antimicrobial therapies, not limited to healthcare but within a wide range
of areas including in the veterinary services and agriculture.' The problems with the
overuse of antibiotics has been coupled with the lack of new antibiotic therapies. A
number of pharmaceutical companies have abandoned research in the antibiotic field
which has led to a lack of compounds able to effectively treat AMR bacteria.” The
continual over reliance placed upon antibiotics, along with a better infrastructure in
society has led to geographical barriers no longer being an issue. This has resulted in the
unrestricted movement of people, products and their microbial counterparts. Coinciding
with this increase in movement has been the evolution of bacteria, which has allowed
genes coding for antimicrobial resistance to be developed, shared and expressed by a
number of different bacterial species. Once a resistance gene is produced, it is able to
be transferred to other bacteria (both of the same and different genus) by horizontal
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gene transfer, therefore the potential to spread through the bacterial population is high.?
The result has been specific antimicrobial agents becoming ineffective and therefore
impractical against certain bacterial strains.* In light of this, emphasis must be placed on
the development of alternative antimicrobial agents in order to reduce the transmission
of microbial agents and the burden placed upon conventional (antibiotic) therapies.

Antimicrobial resistance is an issue within a wide range of infectious organisms.
The “ESKAPE” pathogens include Enterococcus spp., Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacter spp. These pathogens demonstrate high levels of multidrug resistance,
and are responsible for a substantial percentage of nosocomial infections.’ The
magnitude of this worldwide problem and the impact of AMR on human health,
results in increased costs for the health-care sector. Further, the wider societal impact
of such infections are of key concerns for governments. A report by the World Health
Organisation (WHO) reported than an average of 8.7% of hospital patients had
nosocomial infections. The costs associated with this include an increased length of
stay for infected patients, the increased use of drugs, additional laboratory costs, the
possibility of the need for isolation of the patient and increased morbidity and mortality
rates. Since the issues associated with AMR include a number of areas outside the
health sector, WHO estimated over 10 years ago that this phenomenon would result
in a fall in real gross domestic product (GDP) of 0.4% to 1.6% (which is equivalent to
several billions of today’s dollars).® Being a complex global public health challenge,
no single or simple strategy will suffice to fully contain the emergence and spread of
nosocomial and community acquired infectious organisms that become resistant to
available antimicrobial drugs.

Within nature, cells living freely in bulk solution usually become attached to
a surface, and if retained, can then form a biofilm. A biofilm is a matrix-enclosed
bacterial populations that are attached to a surface or an interface. Biofilms demonstrate
a wide array of resistance mechanisms, including persistent dormant cells, hyper-
mutability, quorum sensing and efflux pumps making them extremely tolerant/resistant
to antibiotics and antimicrobials and thus greater antimicrobial resistance has been
demonstrated in biofilms when compared to planktonic cells.”® Thus, there is a need
for advanced antimicrobial surfaces to be developed. A range of 2D-nanomaterials
that may be exploited is antimicrobial surface coatings, which could be used in areas
with a population that is of increased risk of potential microbial/bacterial transfer,
e.g., nosocomial settings. These include the carbon based materials such as graphite,
graphite oxide, reduced graphite oxide, graphene, graphene oxide and reduced graphene
oxide and non-carbon based materials for example boron nitrite, tungsten diselenide
and molybdenum disulphide.

Carbon-Based Nanomaterials

The graphite and graphene derivatives have specific definitions (Table 1). There
are a number of graphite and graphene derivatives (Table 2) that have been used in
nanoparticulate and 2D form to determine their antimicrobial activity.
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Table 1. Definitions of the graphene/graphite derivatives.

Graphite/graphene type Definition

Graphite In graphite, adjacent graphene layers overlap due to p_ orbitals,
producing bulk graphite.’

Graphite oxide Graphite oxide refers to graphite with functional groups containing
oxygen attached. It is prepared by treating graphite with strong
aqueous oxidizing agents.'’

Reduced graphite oxide Reduced graphite oxide is produced by reducing graphite oxide,
thereby removing attached oxygenated groups, allowing the
honeycomb lattice to be achieved—which restores electrochemical
properties. !

Graphene Graphene sheets comprise of a 2D layer of sp>-hybridized carbon
atoms, arranged in a hexagonal (honeycomb) lattice.’

Graphene oxide Graphene oxide refers to single-atom layers of carbon (graphene) with
functional groups containing oxygen attached. The oxygen groups
allow the molecular to become polar and therefore soluble.'?

Reduced graphene oxide In order to create reduced graphene oxide, graphene oxide can be
reduced, often by thermal mechanisms allowing for the removal of
attached oxygenated groups.'?

Graphite

Graphite is one of the oldest and most widely used of the carbon-based materials.*
Graphite is routinely used as a starting material in the production of a variety of
carbon-based nanomaterials including fullerenes, nanodiamonds, single and multi-
walled nanotubes and the synthesis of graphene.?' Graphite has been used in a
variety of biomedical applications*>** including drug delivery,*3>3¢ photothermal
anticancer activity,?’3%* biosensors, biofunctionalisation,* disease diagnostics*®42
and antimicrobial therapies.*

The antimicrobial activity of graphite has been demonstrated, whereby the
interaction between graphite nanoplatelets and Pseudomonas aeruginosa (which can
cause chronic infections in the lungs of patients with cystic fibrosis) was investigated.
The results of a bacterial cell viability assay, performed after 5 h of incubation with
graphite nanoplatelets, demonstrated a viability loss of up to 69.5%, as opposed to the
control with no graphite nanoplatelets.** Work in our laboratories has demonstrated
that following minimal bactericidal concentration assays using particulate compounds,
when tested against Gram negative Escherichia coli, graphite demonstrated greater
antimicrobial efficacy than graphene and was comparable with the antimicrobial
efficacy of zinc oxide (Fig. 1). However against Gram positive S. aureus, although
graphite again demonstrated greater antimicrobial activity than graphene, its
antimicrobial efficacy was not greater than that of zinc oxide. This may be explained
in part due to the differences in the chemical composition of bacterial cell walls of
Gram negative and Gram positive bacteria.

The use of graphite as an antimicrobial surface coating is in its infancy, however,
early results using carbon thin films have been promising.* In a study whereby carbon
thin films (previously known as graphite) were used as a antimicrobial coatings on
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Fig. 1. Minimal bactericidal concentrations (MBC) of graphite, graphene oxide and zinc oxide

demonstrating that the graphite demonstrates antimicrobial efficacy against E. coli and S. aureus (n = 3).

Note, where error bars are not present there was no variation in standard error. (Work courtesy of Daniel
Brown, MMU, UK).

a polyethylene terephthalate (PET) surface, the results demonstrated that the carbon
thin films reduced bacterial adherence capabilities by 65% and 86% for both S. aureus
and Staphylococcus epidermidis, respectively.*

Shteynle (2012), compared the absorbency and fluid retention of two variants
of nanostructured graphite wound dressings and a variety of “gold standard” wound
dressings. The nanostructured graphite wound dressings demonstrated the greatest
adsorption potential, but no antimicrobial testing was carried out. The nanostructured
graphite wound dressings were able to adsorb the wound exudate due to a variety of
mechanisms including covalent bonding, due to a system of numerous interweaving
fibres that produced a high surface area,*® and a matrix consisting of strong fluoride
oxidisers, resulting in large quantities of free radicals. Furthermore, these oxidisers
added oxygenated species to the surface of the graphite, increasing its hydrophobicity.*’
It has been reported that the absence of excessive wound exudate (i.e., by adsorption),
can reduce the risk of nosocomial/opportunistic infection by making the conditions
for the commensal microflora less than favourable.*® Graphite is proposed to be able
to act as an antimicrobial in a variety of ways, including physiochemical responses
leading to membrane stress, sharp nanosheets which result in disruption of the cell
membrane and via the production of reactive oxygen species, due to the oxidation of
glutathione which acts as a redox mediator in bacterial cells.

Graphite Oxide

Graphite oxide is produced via the oxidation of natural graphite. Characterisation
studies identify graphite oxide as a lamellar solid containing phenolic, carboxyl
and epoxide groups. This makes graphite oxide hydrophilic, with the production of
monolayer colloidal dispersions upon interaction with water.>® Delamination of graphite
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oxide solids often forms the basis for the synthesis of graphite oxide nanomaterials.
Graphite oxide has unique properties, namely enhanced electrochemical activities in
the form of capacitor materials due to the presence of hydroxyl, epoxy and carbonyl
groups.’!523 Graphite oxide is often only ever intended to be used as a by-product in
the synthesis of graphene-based nanosheets produced by the chemical reduction of
exfoliated graphite oxide and the antimicrobial efficacy of graphite oxide has yet to
be fully documented. However, in one study,** the antimicrobial efficacy of graphite
oxide was compared to that of other carbon-based materials (graphite, graphene oxide
and reduced graphene oxide) against E. coli. The results showed that graphene oxide
had the greatest antimicrobial activity (inactivating 69% of bacterial cells after 2 hours
of incubation) followed by reduced graphene oxide, graphite followed by graphite
oxide which inactivated 15% of bacterial cells at the same dispersion concentration.>
Das et al. (2011) synthesised a silver nanoparticle and graphite oxide nanosheet
composite. Using X-ray diffraction and transmission electron microscopy, the results
indicated that the silver nanoparticles decorated the graphite oxide sheets and following
antimicrobial testing of the nanosheets, antibacterial activity was indicated against
E. coli and P. aeruginosa using zone of inhibition assys.” The underlying antimicrobial
mechanism of graphite oxide remains unclear, however its large surface area could
allow for cell wrapping. Cell wrapping can be attributed to the hydrophobicity of
graphene materials, since the graphene sheets are hydrophobic. This can lead to the
phospholipid bilayers of microorganisms (in direct contact with the graphene) to
become inversed, therefore leading to the loss of membrane integrity and cell lysis.>
Other antimicrobial mechanisms for graphite oxide include its oxygen containing
surface functionalities such as carboxylic, carbonyl, hydroxyl and epoxide groups as
well as its increased water solubility which provides a basis for ion or nanoparticle
intercalation, which can in turn have a detrimental effect on bacterial cells.*

Reduced Graphite Oxide

Reduced graphite oxide is often used as a starting product in the production of
graphene. Graphite oxide is reduced by a two-step system, with the first step being
the removal of oxygen groups via the use of sodium tetrahydridoborate followed by
the second step which uses concentrated sulphuric acid to dehydrate and therefore
restore the chemical structure.’” Due to its reported unique electrochemical properties
(as demonstrated by all graphene-based materials), an increasing amount of research
has been recently targeted towards understanding this material, especially with the
application of reduced graphite oxide for use in supercapacitors and batteries.’%
Research into reduced graphite oxide as a standalone antimicrobial material is relatively
novel, and as of yet has not yet been fully elucidated.

In 2011, Dai et al., produced a novel reduced graphite oxide-silver nanocomposite
which showed a synergistic antimicrobial effect. The reduced graphite alone displayed
no apparent antimicrobial effect however, when used in combination with silver ions an
improved synergistic antimicrobial effect was seen.® The authors hypothesized that the
reduced graphite oxide acted as a supporting structure, whilst the silver ions possessed
the overall antimicrobial ability.® This was emphasised by Gerasymchuk et al. (2016)
who carried out antimicrobial testing on a reduced graphite oxide, silver nanoparticle
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and bis(lysinato)zirconium(IV) phthalocyanine complexes.®! The complex was tested
for its antimicrobial efficacy against S. aureus, E. coli and P. aeruginosa. The results
showed a prolonged synergistic antimicrobial effect after near-infrared irradiation,
with a four-fold decrease observed in the Gram-negative strains (P. aeruginosa and
E. coli) viable cells.®! The authors suggested that the complex should be tested as an
antimicrobial surface coating for use in the field of dentistry or as a wound dressing
due to its long lasting properties.®! Therefore, the use of reduced graphite oxide
in combination with another antimicrobial agent could potentially demonstrate a
synergistically antimicrobial effect.

Graphene

Since the discovery and isolation of graphene by Geim and Novoselov in 2004, research
into this material and field has increased exponentially.> Graphene is a one-layer atom
thick sheet of hexagonally arranged carbon. In recent years, graphene has attracted
a lot of interest in a wide variety of industries, due to its unique properties such as
excellent thermal conductivity (up to 5,000 W m™' K™), electrical conductivity, high
electron mobility of up to 200,000 cm? V! s7!, permeability to gases, excellent tensile
strength (42 N m™), and its high surface area (2630 m? g).%* Graphene has a variety
of proposed antimicrobial mechanisms including damage due to physiochemical
interactions (hydrophobicity), or due to physical interactions (size/sharp edges) (Fig. 2).
The lateral size of graphene-materials is essential when determining the antimicrobial
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Fig. 2. Potential mechanisms of antibacterial activity of graphite, graphene and other carbon materials
(Microbial figure courtesy of Dr. Lucia Cabellero, MMU, UK).
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activity; this is because lateral size can influence the adsorption, dispersibility and the
structure, including sharp edges—which are crucial for antimicrobial physiochemical
interactions between the graphene-materials and microorganisms.

Another proposed antimicrobial action suggested to be demonstrated by larger
molecules of graphene materials is cell wrapping.® Dallavalle et al. (2015) investigated
the relationship between graphene material lateral size and antimicrobial mechanisms.%
It was demonstrated that graphene material, less than 5.2 nm in size, had a predominant
physical effect against microorganisms leading to cell lysis by protrusion of cell
membranes, which is in turn attributed to the sharp edges of graphene materials.®
On the other hand, larger graphene molecules (more than 5.2 nm) acted by reducing
the microbial activity/cell viability of bacterial microorganisms through “wrapping”
process, which did not affect the cell’s integrity/shape. This was demonstrated
by measuring the amount of nicotinamide adenine dinucleotide hydrogen and/or
nicotinamide adenine dinucleotide phosphate, in a cellular metabolic assay.*

Large area monolayer graphene foams, have been used as a surface coating of
copper conductors, and demonstrated promising properties against both Staphylococcus
aureus and Escherichia coli. However, when the same bacteria were tested on
a graphene-coated silicon dioxide insulator, although antimicrobial activity was
observed, the morphology of the bacteria remained the same, therefore, charge transfer
may be another mechanism of antimicrobial activity.®® This charge transfer mechanism
was described in further detail by Bykkam et al. (2015) which showed graphene foams
coated with zinc oxide nanoparticles irradiated high photon energy levels, leading to
the transfer of electrons from the valence band to the conduction band of the product
material. This was shown to produce holes in the valence band, which were able to
react with hydroxyl groups and absorbed water to create hydroxyl radicals (—OH).
Electrons trapped in the conduction band by the presence of oxygen were shown to
produce superoxide radical ions (¢O2), whilst hydrogen peroxide was generated by
the combination of the electron pair hole, the production of reactive oxygen species
(ROS) then exhibited a detrimental effect on the bacterial cells.®’

Akhavan and Ghaderi (2010), investigated the antimicrobial activity of graphene
layers against both Gram positive (S. aureus) and Gram negative bacteria (E. coli),
however the results demonstrated a greater antimicrobial effect against S. aureus,
possibly due to lack of an outer membrane.®® However, antimicrobial activity was also
demonstrated when zinc nanoparticles were imbedded into graphene sheets producing
zones of inhibition against Gram negative Salmonella typhi and Gram negative
E. coli.® In one study, a novel graphene based silver/hydroxyapatite/graphene (Ag/
HAP/Gr) composite surface coating was produced by electrophoretic deposition
(EPD), and the antimicrobial efficacy was tested against both S. aureus and E. coli.
The results showed that after one hour bacterial growth had been inhibited by 72.9%
and 68.4%, respectively, and after 24 hours the samples did not contain any viable
cells, thus suggesting that the antimicrobial activity was effective against both
planktonic and biofilm-forming strains of bacteria.” Due to graphene’s low cytotoxic
activity against human cells and excellent bacterial toxicity, it is an ideal candidate
for application with biomaterials. When graphene was used as a surface coating of
poly(N-vinylcarbazole) (PVK), results showed inhibition of up to 80% of biofilm
growth, after 24 hour of incubation with E. coli and Bacillus subtilis, compared
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against a NIH 3T3 (mouse) cell line where over 80% of the cells were viable after
24 hours.” In our laboratories, when 3D graphene foams have been combined with
metal ions, using zone of inhibition assays, antimicrobial activity was demonstrated
to be increased against Gram positive bacteria (Fig. 3). Antibacterial activity was also
demonstrated against the more recalcitrant Gram negative Klebsiella pneumoniae and
Acinetobacter baumannii. Further, our work demonstrated that on a 3D graphene foam
substrate that has been soaked in a gallium compound, the physiological structure of
the bacterial cells becomes altered due to cellular damaged (Fig. 4). Therefore, with
further research, graphene could have the potential to be used as a surface coating for
both equipment (i.e., nosocomial setting) and/or in wound dressings, due to its variety
of antimicrobial mechanisms, including physiochemical interactions such as cell wall
penetration, and cell wrapping depending on the lateral size of the graphene particle.
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Fig. 3. Antimicrobial activity of few layer 3D freestanding graphene foams doped with metals (n = 3).
Antibacterial activity was also demonstrated against the more recalcitrant Gram negative Klebsiella
pneumoniae and Acinetobacter baumannii.
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Fig. 4. (a) Enterococcus faecium cell structure (b) Enterococcus faecium following inoculation onto a
3D graphene/gallium structure (Images courtesy of Anthony Slate and Dr Grace Crowther, MMU, UK).
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Graphene Oxide

Much alike graphene, graphene oxide is a 2D-nanomaterial with promising applications
in a variety of fields including polymer composites, electrochemical appliances
(i.e., electrodes), sensors and biomedical applications® due to its excellent electrical,
thermal and mechanical properties'?. Unlike graphene, graphene oxide is hydrophilic
due to the oxygen containing groups, allowing it to solubilise in water.! Graphene
oxide is a promising material for the development of antimicrobial surface coating,
due to its reported excellent contact-based antimicrobial activity; however the exact
mechanisms are yet to be fully elucidated.!! Graphene oxide is reported to have
demonstrated broad-spectrum antimicrobial activity against both bacteria and fungi,
including resistant strains.!* Graphene oxide has also demonstrated broad spectrum
antiviral activity; it was shown to significantly reduce both pseudorabies virus (PRV)
and porcine epidemic diarrhoea virus (PEDV), leading to a two log reduction of
viral titres.”” This antimicrobial activity has been attributed to the introduction of
oxygen-containing groups present in graphene oxide. It has been shown that altering
the surface properties of graphene oxide, such as the edge planes, can dramatically
improve antimicrobial activity, leading to a marked improvement in both amphipathy
(important for the wrapping mechanism) and physiochemical effects.®®

Since graphene oxide is water-soluble it has properties that allow for high drug
loading and miscibility with polymers, effectively allowing it to be moulded into
any desired shape.'* Bitounis et al. (2013) reported that in a study investigating the
antimicrobial effect of graphene based materials, that graphene oxide demonstrated
the greatest antimicrobial efficacy followed by reduced graphene oxide, and this was
suggested to be due to the production of ROS which led to oxidative stress, leading
to more severe membrane damage and therefore loss of cell membrane integrity.”

A decrease in graphene oxide sheet size (0.65 um? to 0.01 um?), when tested against
E. coli, also demonstrated a direct correlation of increased antimicrobial activity, due
to physiochemical interactions.!! In contrast, when using a suspension assay, the larger
the graphene oxide sheets, the more effective became the antimicrobial activity. This
was suggested to be due to cell entrapment, i.e., wrapping, with complete inactivation
observed with the 0.65 um? graphene oxide sheets after 3 hours of exposure. However
cell inactivation due to the cell entrapment mechanism could be reversed, when
separating the graphene oxide sheets by sonication.!" Graphene oxide nanosheets
have demonstrated strong antimicrobial properties when used in conjunction with
thin-film composites as a surface coating. Graphene oxide nanosheets were irreversible
attached via amide coupling of carboxyl groups present on both graphene oxide and a
polyamide active layer. Microbiological testing of this surface coating against E. coli
showed 65% bacterial inactivation after 1 hour of incubation.” In another study, a
graphene oxide-iron oxide nanoparticle-silver nanoparticle (GO-IONP-Ag) complex
was evaluated as a surface coating. The results showed that the composite was more
effective than silver nanoparticles alone, showing a marked increase in antimicrobial
activity against both Gram-positive (S. aureus) and Gram-negative (E. coli) bacterial
strains. This synergistic ability was thought to be due to light being absorbed by the
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GO demonstrated a synergistic response, resulting in the photo-thermal killing of the
bacteria.” Faria et al. (2014) also used graphene oxide in combination with silver
nanoparticles as a surface coating, which resulted in 100% growth inhibition of
Pseudomonas aeruginosa, with a minimum inhibitory concentration (MIC) ranging
between 2.5-5.0 mg/L.”® Work by Whitehead et al. (2017) has demonstrated that when
silver-graphene oxide (AgGO) or zinc oxide-graphene oxide (ZnOGO) complexes were
tested for their antimicrobial activity against four prominent bacteria which have all
demonstrated increased multidrug resistance (E. coli, Methicillin Resistant S. aureus
(MRSA), Enterococcus faecium and Klebsiella pneumoniae) that AgGO was the most
effective antimicrobial. The addition of Ag enhanced the activity of GO against the
bacteria tested, including the generally recalcitrant K. pneumoniae and Enterococcus
faecium. Zhao et al. (2016) developed a gelatin-functionised graphene oxide coating
which was impregnated onto a nitinol substrate. The results showed both strong
antimicrobial activity against E. coli and excellent biocompatibility.?® Therefore it can
be evidenced that alterations to the graphene oxides surface properties as well as its
characteristic functional groups (leading to the production of ROS) allows graphene
oxide to interact with microorganisms in a dual approach, therefore suggesting an
explanation towards the prolific antimicrobial activity demonstrated.

Reduced Graphene Oxide

In order to obtain reduced graphene oxide (also known as functionalised graphene
or reduced graphene), removal of oxygen-containing groups is vital, with the end
goal of the reduction protocol being to produce graphene-like materials with similar
properties to graphene.” Reduction of graphene oxide can be undertaken by a variety
of mechanisms including, mechanical/thermal exfoliation, epitaxial growth and
chemical vapour deposition.””

Reduced graphene oxide has demonstrated a vast array of potential applications
including electrochemical materials,'> photocatalysis,® industrial lubricants and
corrosion protection.?’ The antimicrobial activity of graphene oxide has yet to be
fully elucidated, however, studies so far have demonstrated positive results with the
potential application of reduced graphene oxide to be used as a viable antimicrobial
agent.” In one study, a biocompatible reduced graphene oxide-silver nano-hybrid
was prepared and tested as an antimicrobial topical agent, i.e., as a surface coating
for dressings and bandages. The results found that excellent cytocompatibility was
observed towards peripheral blood mononuclear cells and mammalian red blood cells
whilst antimicrobial assays against S. aureus, E. coli and Candida albicans showed
synergistic antimicrobial activity compared to reduced graphene oxide and silver
nanoparticles as individual antimicrobial therapies.® This biocompatibility of reduced
graphene oxide has also been described when used in combination with calcium
silicate which plays an important role in bone tissue engineering. The use of a calcium
silicate and reduced graphene oxide composite increased the fracture toughness by
123% without negatively effecting the attachment of human osteoblast cells (hFOB).%*

Synergistic antibacterial activity has been demonstrated between reduced graphene
oxide and boron-doped diamond anodes, with the results showing a reduction of
0.7 log of E. coli after 20 min of incubation with graphene oxide. However, 100%
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inactivation of E. coli growth was demonstrated when reduced graphene oxide was
tested in combination with a three dimensional electrochemical system.” Previous
studies proved that hydroxyl radicals played a pivotal role in boron doped diamond
electrochemical disinfection, and it was hypothesised that the reduced graphene oxide
led to an expansion in the electrode area and therefore generated more hydroxyl
radicals.* Reduced graphene oxide nanosheets doped onto titanium dioxide thin films
showed improved antimicrobial activity against E. coli under solar light radiation
(by 60%) after 0.5 hours. The thin films were demonstrated to be chemically stable
and it was suggested that they could be used as an antimicrobial surface coating for
hospital equipment, thus potentially reducing the transmission of AMR and other
microorganisms.® Evidence suggests that the main mechanism of antimicrobial activity
produced by reduced graphene oxide is due to the production of reactive oxygen
species. This was shown to be the case in one study, where the exposure of graphene
oxide and reduced graphene oxide to P. aeruginosa induced significant amounts of
superoxide radical anions, leading to the loss of cell viability.'®

Non-carbon Based 2D Nanomaterials

Other non-carbon based, 2D-nanomaterials with potential applications in antimicrobial
surface coatings include boron nitrite, tungsten dioxide and molybdenum disulphide.
However, these surfaces have not been investigated in great depth for their
antimicrobial activity.

Boron Nitride

Boron nitride commonly exists in a layered structure of hexagonal honeycombs
comprised of equal amounts of boron and nitrogen atoms. These layers are held together
by van der Waals forces, with the nitrogen atoms directly above the boron atoms.!”
Due to its similarity to graphene, both in terms of structure and properties it is often
referred to as “white graphene”.®® This similarity has been observed by a number of
studies, with one example being the use of boron nitride as a electrochemical dopamine
biosensor.’” In recent years, research with boron nitride has shown antimicrobial
activity related to the 2D-nanomaterial. It was demonstrated that aqueous dispersions
of boron nitride nanotubes exhibited little antimicrobial activity against E. coli and
S. aureus. However, when coated in combination with polyethyleneimine, the boron
nitride nanotubes exhibited a significant synergistic antimicrobial activity against
E. coli and S. aureus, with the authors suggesting the potential application of boron
nitride nanotubes as surface coatings for use in water purification and food packaging
systems.®

Tungsten Diselenide

Another 2D-nanomaterial with great potential is tungsten diselenide (Se,W). When
in crystalline monolayers it is found to act as a promising emitter of light at around
750 nm.® Tungsten diselenide is a two dimensional metal dichalcogenide, with a
semiconducting nature.” These properties allow WSe, to act as a photo-catalyst, leading
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to the production of hydrogen, which result in the generation of ROS which have
the ability to cause damage to a wide array of microorganisms by a variety of
mechanisms.’’? The research into the antimicrobial effect of tungsten diselenide is
in its infancy, however recent studies have demonstrated impressive antimicrobial
efficacy.’*”® One study demonstrated the antimicrobial activity of selenium nanoparticles
when used as a surface coasting in conjunction with polymeric medical devices.* In
another study, tungsten diselenide in combination with single-stranded DNA (ssDNA)
and the antimicrobial efficacy of the WSe,-ssDNA nanosheets was evaluated against
E. coli. The results demonstrated a greater antimicrobial effect compared to the use
of graphene oxide.”” Research into Se,W may show potential for this to be developed
into an alternative antimicrobial surface coating.®

Molybdenum Disulfide

Molybdenum disulphide (MoS,) which is also a two dimensional metal dichalcogenide,
is the principle natural source of molybdenum, and is mainly obtained as a secondary
product from the mining of copper. Anisotropic properties of MoS, which arise due
to its laminar nature (similar to graphite), allow MoS, to be used in a variety of
applications including industrial lubricants catalysts and electrical energy storage
products.'® ’

The antimicrobial efficacy of 2D chemically exfoliated MoS, sheets was evaluated
by Yang et al. (2014) against E. coli. The results demonstrated that an MIC of
2.5 pg/mL was inhibitory to the bacteria and this antimicrobial activity was attributed
to the production of ROS, particularly due to glutathione oxidation which showed a
time and concentration dependent trend. It was speculated that the accumulation of
ROS led to both membrane and oxidative stress, and eventually loss of cell membrane
integrity and death.” It has been further suggested that the MoS, showed a greater
amount of antimicrobial activity towards Gram-positive bacteria.”’*® In agreement
with this, work in our laboratories has demonstrated that molybdenum disulphide
surfaces do have some antimicrobial activity against Gram positive (S. aureus) and
Gram negative (E. coli) biofilms (Table 3).

Biofilm inhibition has also been demonstrated by molybdenum disulphide by
others. In a study, P. aeruginosa biofilms were grown with molybdenum disulphide at
a concentration of 150 pg/mL and the results showed a decrease in the biofilm growth

Table 3. Antimicrobial effect of MoS, surfaces evaluated against biofilms at OD,, (n = 3) (Work courtesy

of Mohsin Amin, MMU, UK).

540

Concentration MoS, Staphylococcus aureus Pseudomonas aeruginosa
0% 1.30+£0.12 1.58 £0.22
5% 1.27+0.23 1.53+£0.20
10% 1.16 £ 0.23 1.53+0.16
15% 1.15+0.15 1.34+0.17
20% 0.93+0.12 1.03 +£0.30
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of'up to 40%, in addition to shrinkage in biofilm depth after treatment.* These results
may prove to be extremely important given the recalcitrant nature of biofilms.

Conclusion

Throughout this chapter, the antimicrobial potential and applications for the use
of 2D-nanomaterials, especially in the case of potential antimicrobial surface
coatings has been discussed. Although research into 2D-nanomaterials as surface
coatings is in its infancy, research in this area is rapidly progressing. However, more
research is needed in order to fully elucidate and characterise all the mechanisms of
antimicrobial activity of such materials. This would allow researchers to be able to
modify the nanomaterials structures/properties in order to make them more potent
and effective as antimicrobial agents. In addition to using these 2D nanomaterials
as stand-alone antimicrobial interventions, there is significant interest in utilising
these 2D nanomaterials in combinations with other molecules, functional groups
and metals. Combinations of such chemical moiecties may result in surfaces that
demonstrate synergistic antimicrobial effects, that may have the potential to reduce the
transmission of nosocomial infections. This in turn may decrease the current burden
which is currently placed upon conventional bacterial treatments such as antibiotics.
The current literature highlights the huge potential these nanomaterials could have in
order to reduce the transmission of antimicrobial resistant bacteria.
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CHAPTER 6

Graphene Devices for
Biomolecule Detection and
Sequencing

Pauline M. G. van Deursen, Hadi Arjmandi-Tash,
Wangyang Fu and Grégory E Schneider*

Introduction
Biomolecular Sequencing

The field of biomolecular sequencing entails finding the sequence of biopolymers
that make up and encode life: amino acid sequences in proteins and nucleic acids in
DNA. Such analyses form a cornerstone of biological engineering and medical care,
and fast and on the spot analysis of biopolymers would greatly benefit many areas
of application: epidemics in remote and underdeveloped areas, point-of-care medical
science, quick determination of the origin of biological substances in customs and
transport, and analysis of genetic modification and post-translocation modification
of proteins.

In conventional sequencing techniques, speed and convenience have never been
prioritized. Fragment analysis; radioactive or fluorescent labeling; purification and
amplification by polymerase chain reaction—all such methods are time consuming
and require dedicated laboratory resources. Next generation sequencing, in particular
single molecular sequencing, seeks to improve on this aspect, widening the availability
of sequencing techniques.
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Single molecule sequencing relies on stringing a biopolymer from head-to-tail
through a nanoscale aperture sensing device. Direct read-out of single molecules lifts
the requirement of amplification or fragmentation. To make this concept reality, a
read-out technique is needed sensitive enough to identify the nanometer-size building
blocks in the chain as it traverses the aperture. The viability of this principle has been
demonstrated using biological pore-forming protein complexes in lipid bilayers and
integrated in nanothin solid state membranes.! Biological nanopores, however, have
a limited lifetime. Nanopores grafted directly in solid state membranes, notably SiN ,
offer an alternative system with superior lifetime to biological pores.>

A drawback of these systems is found in the dimensions of biological and SiN_
nanopores. The channel length of biological nanopores is usually larger than the
thickness of their embedding membranes, such as lipid bilayers or polymeric matrixes.
In solid state nanopores, the channel length equals the thickness of the membrane,
which reaches a lower limit around 10 nm in SiN_membranes. Consequently, multiple
building blocks will reside in the channel at any moment during biopolymer passage
and the signal that arises from such a system is always an average over multiple
polymer building blocks (Fig. 1, left panel).

AT ATATAY ATAY
A VAR AT AT

Fig. 1. DNA situated in a nanopore of conventional nanothin materials (left) and single layer
graphene (right). Graphene, unlike conventional materials, has a thickness of the order of
magnitude of single nucleotide building blocks, permitting single nucleotide read-out resolution.

2D Materials in Sequencing

The rise of 2D materials, and graphene in particular, opens the road to the true potential
of nanopore sequencing. Exploiting the extreme thinness of 2D materials, a spacial
resolution can be reached that will reveal single building blocks and enable direct
read-out of the sequence, as is displayed in the right panel of Fig. 1.

Turning to the actual read-out mechanism, we can distinguish two primary
methods.? The first method employs a nanopore suspended in an electrolyte
environment. An applied potential over the membrane drives a steady state current
through the nanopore. The entrance of a biomolecule into the pore brings about a
drop in the current signal. The second technique uses two aligned sheets of graphene
separated by a continuous nanoscopic gap. As the two sheets are not in physical contact,
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a tunneling current from one to the other can be measured. The magnitude of the
tunneling current will be sensitive to molecules that temporarily occupy the gap. This
chapter will outline the state of art on these techniques, and the developments needed in
order to succeed in biopolymer sequencing with 2D materials. In the following, Section
2 will discuss the latest developments in the field of graphene nanopore technology
whereas Section 3 will highlight the prospects of nanogap sensing.

Before we continue, we note that the focus of this chapter will be on graphene,
only sidestepping to research on other 2D materials such as MoS,. Graphene’s electrical
conductivity and aptitude for chemical modification pose an invitation to creative
solutions to various problems encountered in sensing experiments, including ionic
noise, biomolecule dynamics and stability of the nanopore. It is worth noting that
many mechanical characteristics of graphene—such as those responsible for noise and
spacial resolution—will expectedly apply to other 2D materials in a similar manner, or
can be deduced from graphene. For instance, MoS,, being approximately three times
thicker than graphene, will rationally give a slight loss of read-out resolution, along
with a slight decrease of noise due to mechanical flexibility.

Nanopore Devices
Design and Principles
Ionic current measurement

Nanopore devices consist of a flow-cell with two electrolyte compartments connected
through a single nanopore. The graphene layer with nanopore is usually supported by a
SiN /SiO, support frame, as shown in Fig. 2 (left panel).* The nanopore and electrolyte
compartments are part of a simple electronic circuit as shown in Fig. 2 (right panel).
The read-out mechanism of nanopores relies on the measurement of the ionic current
when a potential is applied over the pore.’ In absence of translocating molecules,
the current response to a given potential is determined solely by the dimensions of
the pore. When large molecules reside within the pore, they give rise to a current

Fig. 2. (Left) Schematic of graphene nanopore supported on a frame of thicker material.

Incorporated in a flow cell setup, the graphene-support ensemble forms the sensing region for

ionic conductivity detection of translocation measurements. (right) The electrical circuit containing
the nanopore ensemble during translocation measurement.
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blockade proportional to the cross section of the molecule in the pore. Therefore, when
charged biomolecules such as DNA or proteins pass the pore—driven by the same
potential that drives the background current—a drop in current will occur, signaling
a translocation event (Fig. 3).

It may be noted at this point that the charge of translocating molecules will make
a contribution to the overall current signal as well. However, this contribution will be
negligible if the surrounding electrolyte is sufficiently concentrated in salts (typically
1 M KClis used). Low electrolyte strength measurements, on the other hand, can give
information on charge distribution of translocation species—but as such experiments
fall beyond the scope of this chapter, we refer the interested reader to the related work.¢

The translocation event

A typical current record of a translocation measurement in a 22 nm @ graphene
nanopore is presented in Fig. 3.7 The left image shows the stable current through the
pore when +200 mV is applied over the pore in the absence of translocating molecules,
i.e., in pure electrolyte. When double stranded DNA is added to the negatively biased
compartment, current drops are observed and referred to as ‘translocation events’.
Information on the length and width of the translocating DNA molecule can be gathered
from, respectively, the duration and magnitude of each current blockade. The right-most
trace in Fig. 3 zooms in on a single current blockade signal. Through the change in
magnitude of the current blockade, the folding state of the translocating DNA strand
can be determined (i.e., head-to-tail, doubly folded, triply folded).

Figure 3 (right) shows that measurements with the graphene-nanopore allow to
detect the variation in molecular dimensions (i.e., folding of DNA). Furthermore,
theoretical works have shown that the size variation of different base pairs in the DNA
chain could be discernable using this technique, allowing base-pair sequence read-out
with graphene. To move from theory to demonstration of this sequencing technique,
two thresholds must be overcome. The first one is straight-forward: the signal-to-noise
ratio of graphene nanopores must be increased, as the size variation of different base
pairs—and its resulting variation in ionic current blockade—is subtle. Secondly, a
biomolecule translocates through graphene nanopores extremely quickly (tens of
nanoseconds per nucleotide). Mainly due to their extremely short channel length,
graphene nanopores transmit 48 kbp DNA strands within milliseconds.” Reduction of

DNA added

N CoEae
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Fig. 3. (Left) Ionic current traces of nanopore measurements, showing the signal in absence of

DNA and in presence of DNA. Downward current spikes signal the translocation of a DNA

strand. (Right) Zooming in on single current spikes reveals information about the structure of
the translocating molecule. Adapted with permission from [7].
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driving potential may slightly prolong translocation, but also reduces the magnitude of
background current therefore also reducing the signal to noise ratio. Viable solutions
will consist of enhancing temporal resolution of measurements, or slowing down the
passage of the translocating molecule.

Noise

Although the introduction of 2D materials in nanopore devices raised high hopes for
achieving biomolecule sequencing, certain limitations still exist. The signal from a
nanopore sculpted in graphene and in SiN_membranes are compared in Fig. 4. With
similar experimental conditions, a graphene nanopore exhibits conductances ~ 14
times higher than SiN_nanopores which have longer channel lengths. This is mainly
aresult of the shorter channel length of graphene nanopores. The higher conduction in
graphene nanopore is accompanied by a higher current fluctuations, i.e., higher noise.
Indeed, similarly, high noise levels have been observed experimentally in nanopores
with various membranes of 2D materials and are considered a general drawback of
2D nanopores.

To tell apart various sources contributing to the total noise, we look at the
power spectral density (PSD). The PDS reveals the frequency dependence of the
current fluctuation. The noise in nanopores exhibits different characteristics at high
(> kHz) and low (< kHz) frequency ranges. The origin of the high frequency noise in
nanopores is found in the capacitive coupling of the cis and trans chambers. In this
viewpoint, the two electrodes applying the transmembrane potential can be regarded
as the parallel plates of a capacitor, separated by the membrane and its nanopore.
Basic physics describes the way in which the capacitor conducts current through the
membrane (i.e., the noise) with high frequencies. In the context of high frequency
noise, the structure of the long channel and 2D nanopores are similar as capacitive
coupling is largely governed by the dielectric properties of the SiN_layer, that is used
both as the membrane in long channel nanopores and as the support for 2D materials

(a) 28
'.fE:‘ 26 graphens
T2 Sinx
ol . . g
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Fig. 4. Noise in nanopores in different materials. Ionic conduction through nanopores of similar

diameters in graphene (d = 8 nm) and SiNx (d = 6 nm, L = 40 nm) membranes. The experiments

were both performed in 1 M KCl, 10 mM Tris (pH 8.1). Numerous translocation events are

visible as sharp current dips in both time traces. The figure is adapted from [4]. Power spectral

density (PSD) calculated from the current-time traces for nanopores sculpted in bare graphene

(d=8nm,V =100 mV), in TiO,-covered graphene (d =7.5nm, V=100 mV) and in SiNx (d =6 nm,
V =120 mV). The figure is adapted from [4].
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in 2D nanopores. Indeed, due to the negligible area of 2D materials compared to the
whole surface of the material in contact with the buffer solution, the 2D material does
not affect the high frequency noise. Thus, 2D and long channel nanopores exhibit
comparable high frequency noise characteristics.

In DNA translocation applications, the signatures of the base pairs lie in the high
frequency regime and can be buried within the capacitive noise. Hence, lowering
this noise is of great interest. Increasing the thickness of the dielectric layer, e.g., by
making SiN /quartz stacking (instead of using conventional SiN /Si) can efficiently
minimize the high frequency noise.?

The characteristics of the experimentally measured low frequency noise in 2D
and long channel nanopores are remarkably different.*!! Low frequency noise in long
channel nanopores follows Hooge’s empirical relation'>!* where the noise amplitude
is inversely proportional to the number of ionic charge carriers:”

Aoci
N

In 2D nanopores, low frequency noise is typically a few orders of magnitude
stronger and does not obey Hooge’s relation.!" While different scenarios have been
examined so far, the origin of the high-amplitude low-frequency noise in 2D nanopores
is not well understood yet. We shall present here a short review on the state of research
in this area.

One possible source of low frequency noise is found in the fluctuations of the
charge carriers deposited close to the pore area. In graphene, the random switching
between the protonation and deprotonation state of the carboxyl groups at the nanopore
rim may cause such fluctuations. If it were in play, the surface charge fluctuations as
well as the low frequency noise would be a function of the pH of the environment.
However, experimental results ruled out this scenario as no strong dependency of the
noise to the pH of the buffer solution was observed."

Another possible cause of low frequency noise is the effect of incomplete wetting
of the hydrophobic graphene in buffer solution.* Hydrophilicity of the graphene
membrane can be improved by rapid oxidation by UV/ozone exposure. The improved
wettability of the membrane, however, did not reduce the noise level. In contrast,
the evaporation of a thin hydrophilic layer of TiO, considerably lowered the noise
(Fig. 4). Similar results were found in thick membranes of multi-stacked graphene
and Al O, layers."

The mechanical instability of the mono-atomically thick membranes was also
considered as a potential source of noise, as vibrations of the membrane may induce
fluctuations in the ion transport. Long channel nanopores sculpted in thick more than
20 nm) solid state membranes are mechanically more stable than few layer 2D materials,
explaining the more prominent low frequency noise in 2D nanopores. Improving the
mechanical strength of the free-standing membrane, e.g., by reinforcing the membrane
by depositing materials, is a control to assess the contribution of this effect. Indeed,
experimental studies have shown trends in lowering the low frequency noise level
while increasing the number of layers of graphene and h-BN membranes.®!' Linking
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the low frequency noise to the mechanical instability of the membrane seems a strong
hypothesis as it can explain the reduced noise level achieved by covering graphene
with TiO,* or in stacked systems.'* Such modifications reinforce the membrane rather
than modify its hydrophobicity. Minimizing the area of the free-standing graphene
(by using smaller openings in the SiN_membrane) would be a conclusive control as
the surface properties of the membrane remain unaffected.' In contrast to multilayer
membranes, the spatial resolution of the nanopore—defined by the thickness of the
membrane—will be preserved.

Fabricating Nanopores
Suspended graphene

Device fabrication starts with the preparation of a free-standing single layer of
graphene. A limited area of suspended graphene is preferred, to prevent current
leakage through inherent defects within the graphene layer, which would obscure the
current signal of the nanopore itself. Therefore, graphene is most often suspended
over micrometer (or smaller) sized openings in SiN_film, which is itself a nanothin
material with typical thickness of 10 to 200 nm. Figure 2 shows a schematic of such
a nanopore system.

The graphene layer is deposited onto the frame by polymer transfer. In this process,
a polymer coating is deposited on graphene as a support layer. Then, graphene (either
exfoliated or grown by chemical vapor deposition) can be lifted from its native substrate
and transferred onto any desired substrate—in this case, the supporting frame. As a
last step, the polymer is dissolved and rinsed off. The supporting polymer layer is
essential in the fabrication of suspended graphene layers, as suspended graphene is
notably more prone to damage than graphene transferred to continuous solid substrates.
One drawback of polymer transfer, however, is the presence of polymer traces even
after rinsing. Although annealing may help, there will always be traces left, increasing
the effective thickness of the graphene layer and therefore decreasing the spacial
resolution of the translocation read-out. Cleaner alternatives to polymer transfer are
being invented, such as biphasic transfer and lipid-clamping.'¢

Techniques to fabricate free-standing graphene have been established in recent
years. The creation of nanopores in suspended graphene is more of a pioneering
field. Existing techniques to create nanoscopic openings in conventional nanothin
materials, such as electron beam sculpting, are being applied to suspended graphene.
The extreme thinness and resulting mutability of graphene challenge us to reach new
levels of precision with these techniques.

Furthermore, unconventional ways of nanopore fabrication dedicated to graphene
in particular are being developed. The following paragraphs will outline several
methods that have been employed to create nanostructures of suspended graphene,
nanopores in particular.
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Single pore formation by focused electron beam

The most controlled method to create nanopores in graphene is electron beam induced
sculpting. Under the influence of the focused electron beam, carbons atoms are knocked
out from the lattice to create apertures. In order to break the graphene lattice, an
energy minimum of 150 keV must be used for the collision to overcome the carbon
knock-out energy (defined by the summed bonding energy of a single carbon atom to
its neighbouring atoms). In a transmission electron microscope (TEM), the electrons
from the beam are accelerated readily to energies above this threshold value, allowing
direct sculpting. The conductive properties of graphene allow outstanding control over
this process, preventing charging effects that often cause loss of accuracy in electron
beam applications. Accordingly, the resolution of sculpting is determined completely
by the area of the focused electron beam. With a field emission gun—the smallest
diameter electron beam source—a sculpting resolution approaching one nanometer
can be readily achieved. Using the scanning mode of a TEM, even single carbon atom
resolution sculpting has been demonstrated.!”

Another viable electron beam sculpting technique employs the focused beam of
a scanning electron microscope. Here, the electron energy typically lies below the
carbon knock-out energy of the graphene lattice. The presence of a oxidative gas in
the vacuum chamber assists in breaking the lattice. A sculpting resolution of 7 nm has
been reported with this technique. '

In addition to the outstanding control over the pore size and shape, electron beam
techniques have the advantage of being made primarily for nanoscopic imaging. When
spread out, the unfocused beam becomes non-damaging to the graphene lattice, and
the sculpted features can be imaged directly after formation.

Conversely, the focused beam may induce unwanted damage, deforming the
hexagonal crystallinity of the graphene lattice close to the focusing spot. A solution
to this problem is found at elevated temperatures of 500—-600°C, where carbon atom
mobility enables a self-repair mechanism that regenerates the hexagonal lattice
structure up to the edge of created pores.'” A TEM image of a nanopore sculpted in
graphene via this technique is shown in Fig. 5.

Fig. 5. TEM image of graphene nanopore drilled under the influence of the TEM focused ion
beam at elevated temperature. Reproduced with permission from [17].
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Pore-isolation in porous 2D materials

A different approach is to not create pores in pristine graphene, but isolate pore-defects
that are often present in graphene. For instance, graphene grown by chemical vapor
deposition (CVD) may show intrinsic nanopores of nanometer and sub-nanometer
size. These pores can be exploited by deposition of graphene onto a SiN_substrate in
which an aperture of 10—-100 nm randomly isolates a single intrinsic pore-defect in the
graphene layer. As the pores are located randomly on the graphene surface, screening
can be done on the basis of the ionic current signal. (More details on pore modelling
can be found in Paragraph 1.3.) In principle, there is no lower limit to the pore size
that can be found with this method. Conductivity measurements have been performed
on pores as small as 2 nm found by statistical isolation.?

Since no dedicated instrumentation is required, this method is more suitable for
upscaling than single pore formation techniques. It offers the possibility to create large
sample sets of specific distributions of pore sizes; a distribution that can be controlled
by fine-tuning the characteristics of the graphene layer. We will mention a number
of methods for acquiring porous 2D membranes and pore-isolation approaches. The
first approach is found in the CVD growth of graphene. While this technique, under
optimal conditions, can render defect-free monocrystalline graphene, sub-optimal
growth parameters result in more defected graphene. Therefore, the growth recipe
(partial pressures of precursor gasses; temperature; heating time) of CVD graphene
enables the control over the porosity of the resulting graphene layer. Another means
of modifying graphene porosity is ultrashort exposure to mild plasma. An important
advantage of plasma treatment is that the chemical nature of the pore edge is controlled
by the plasma gas type, allowing the exclusive formation of hydrogenated, oxygenated,
(etc.) edges.

As an alternative to graphene, other carbon based 2D structures have been
produced. For instance, the self-assembly on a gold surface of carbon-rich thiolates
forms a versatile precursor for 2D membranes of adjustable thickness and porosity.?'*
In this process, the self-assembled monolayer is converted to a cross-linked membrane
under electron beam irradiation. After subsequent heating, the membrane is oxidized
to a pure carbon 2D material. The porosity and thickness of the layer is determined
by the precursor thiolates: bulky polycyclic hydrocarbon precursors leading to large
pores while biphenyl thiols have been reported to result in a layer of graphene-like
quality.®* Evidently, the versatility of the pore-isolation method comes from the strong
influence of the properties of the graphene layer (or any other 2D material). Clever
choice of porous 2D film will enable control over the pore length and size, and even
the chemical nature of the pore wall.

Single pore formation by dielectric breakdown

The method of dielectric breakdown is especially convenient as it is performed in situ
in the flow cell setup used for translocation experiments.? In the dielectric breakdown,
a voltage in the order of 10 V—much higher than measurement voltages—is applied
over the graphene layer suspended in electrolyte. Charge builds up until the graphene
barrier breaks down, forming a pore. This process is self-limiting as the presence of a
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single pore prevents further excessive build-up of charge on the layer. Once formed,
a pore can still be enlarged by continued application of a large potential. Indeed,
since multiple smaller pores will affect the conductance much more substantially, one
can distinguish whether a single pore of the appropriate size is created based on the
conductance measurements as a DNA molecule passes.

The dielectric breakdown process gives control over the single pore area,
although the actual shape of the pore and the exact mechanisms of pore nucleation
and formation remain unknown. Especially given the extremely small amount of
material being removed from the graphene membrane, it is unlikely that direct studies
of reaction products will be feasible to study the mechanisms of nanopore formation.
As a comparison, previously reported controlled dielectric breakdown fabrication
on silicon nitride membranes (10—30 nm) applied constant transmembrane voltage
(up to 20 V). These applied electric fields (0.4—1 V/nm) are close to the dielectric
breakdown strength of low-stress SiN_films, and are able to induce accumulation
of charge traps forming a highly localized conductive path. Physical damage of
the conductive path caused by substantial power dissipation and the resulting
heating effect are responsible for the nanopore formation through the bulky silicon
nitride membranes. The same mechanism cannot describe graphene nanopore
nucleation and formation due to the uniqueness of graphene as a two-dimensional
membrane (~ 0.3 nm in thickness) compared to the bulky silicon nitride membrane
(~ 10-30 nm in thickness). It is speculated that CVD graphene (or even exfoliated
graphene) contains defects, including vacancies and grain boundaries. These defective
carbon atoms are more inclined to dislocate first in a dielectric breakdown process
and may be responsible for nanopore nucleation and growth.

Modeling Ionic Conductivity

As has become clear from the previous paragraphs, modelling the ionic current of a
nanopore is an important means of finding the nanopore size when direct observation
thereof is not available. The length of a pore channel is often a known parameter,
approximately equal to the thickness of the membrane in which the nanopore is made.
The effective diameter is then found from modelling the pore resistance.

The constriction of the nanopore between bulk electrolyte compartments offers
resistance to the ionic current when a voltage is applied. For nanometer sized pores
this resistance is so large that all other resistance in the circuit can be neglected. In
modelling, therefore, it is sufficient to consider the geometry of the constriction met
by the electrolyte charge carriers. A simple, yet effective model describes a cylindrical
pore in terms of diameter d and channel length /.2 The resistance, normalized for
electrolyte conductivity 0, that results from the passage through the channel is given
by the inverse of the channel volume:

1 4]

channel = 2
o, nd

Besides the channel, a significant contribution originates from the space in direct
proximity of the pore opening. This resistance can be understood in terms of ions
moving through the limited space that gives access to the channel, and is therefore
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termed ‘access resistance’. The access resistance, as the channel resistance, is derived
purely from the geometry of the constriction and given here without derivation:

_ L1
access O_e 2d

As the access resistance is met on either side of the pore, this term appears with
a factor two in the formula for the total resistance:

Rzl(i+1)
o, \xd* d

It is implicitly assumed that the current is carried by a continuum of charge
carriers. Therefore, the model breaks down when pore dimensions are scaled down
to the dimensions of charge carriers. Sub-continuum ionic conductivity effects have
indeed been observed in carbon nanotubes and other sub-nanometer scale systems.
In graphene nanopores for translocation purposes, however, the continuum model has
shown to be applicable to establish pore size.’

Tunneling Current for Single Molecule Detection

Throughout the last section, we investigated the performance of 2D nanopores as
biomolecule sensors. While 2D nanopores raise high hopes for realizing portable
and easily accessible biomolecule sequencing devices, the limitations reviewed
in the previous section have obstructed their wide-spread application. As a result,
alternative schemes for high-fidelity detection and analysis of single molecules are
being investigated. One such alternative is found in nanogap devices.?’>!' In a nanogap
device, two electrodes are placed facing each other, separated by a nanoscale gap. Due
to the nanoscopic dimensions of the gap, an electrical potential over the electrodes
will result in a tunneling current through the electrodes and the gap. When molecules
are made to translocate through the gap (Fig. 6a), the current signal will be affected.
Particularly, the magnitude of the current depends on the local electronic structure
and the topology of biomolecules within the gap.3? Portions of long chain molecules
such as polymers, proteins or DNA mark the electronic read-out with specific
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Fig. 6. Tunneling current for biomolecule sensing. (a) Schematic representation of a nanogap

between two electrodes [27]. (b) Simulation of the tunneling current in a nanogap of two different

widths with graphene in-plane electrodes upon translocation of a DNA with the sequence

CGGCGA GTAGCATAAGCGAGTCATGTTGT: The tunneling current exhibits unique and

experimentally detectible levels corresponding to each nucleotides in the nanogap of 1.27 nm.
The current level dramatically drops by increasing the gap up to 1.72 nm [28].
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fingerprints of the monomers constituting the macromolecule. This constitutes the
read-out principle for nanogap sequencing (Fig. 4b). Compared to ionic conductivity in
nanopores, electronic tunneling current measurement offers higher temporal resolution.
Moreover, the tunneling current signal directly probes the chemical composition of
the nucleotides, removing the influence of capacitive coupling of the cis and trans
cells on the measured signal observed in nanopore setups. It is there prospected that
lower levels of high frequency noise will occur.

In practice, various tunneling current setups are being exploited for biomolecular
analysis in various measurement setups, including scanning tunneling microscopy
(STM) and break junction ensembles. 2D materials offer an enticing alternative. In
the following Section, we will first explore the STM and break junction methods, in
order to reveal the advantages of the use of 2D materials and graphene in particular.

Experimental Detection of Single Molecules with Tunneling Current

In STM, a scanning tip is approached to within sub-nanometer distance of a conducting
substrate. The approach is controlled by a feedback loop monitoring the onset of
tunneling current between tip and substrate. The structure of individual DNA molecules
deposited on a conducting substrate has been visualized by mapping the modulations
of'the tunneling current (Fig. 6¢).* The resolution attained was high enough to resolve
and sequence individual nucleotides within short single strands of DNA.

The mechanical break junction is another technique with confirmed capability
of forming nanogap systems. In this method, a mechanical pulling force is
applied to a metallic rod, to subtly break it into two pieces. Piezo elements offer
the precise control needed to create nanoscale gap as small as ~ SA between
the two halves.** Break junctions has been successfully used to probe different
biomolecules. Notably, three nucleotides, namely thymidine monophosphate
(TMP), guanosine monophosphate (GMP) and cytidine monophosphate
(CMP), revealed unique and distinguishable tunneling current signatures
(Fig. 6d).>° Separately, twelve (out of 20) different amino acids and the post-
translational modifications of single peptide molecules have been identified and
discriminated using this method.?'

A drawback of state of the art nanogap methods remains; they rely on the random
presence of the molecules in the gap. The lack of a fluidic channel and a driving force
to guide the biomolecule hampers the length of the molecules to be investigated. For
this reason, the applicability of these methods to full length read-out of DNA molecules
is in doubt. Furthermore, these methods perform best under ultrahigh vacuum and thus
do not lend themselves well for biological specimens. In fact, in an aqueous solution,
parallel conductance channel paths can establish through the buffer, degrading the
measurement resolution. In the following Sections we will show that so-called graphene
in-plane electrodes can overcome such limitations.
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In-plane graphene nanogap electrodes

The use of 2D materials in the design of nanogap sensors was first suggested by
theoretical studies (Fig. 4a).#*7 The implementation of graphene into experimental
devices is still a novel field where many practical hurdles have yet to be overcome, but
it is prospected, that 2D nanogap devices offer the realization of nanogap sequencing
of DNA. As in nanopores, the monoatomic thickness of 2D materials serves as the
working electrodes in nanogaps and permits single nucleotide resolution (Fig. 2a).
Due to its outstanding electrical properties, graphene is particularly advantageous over
other 2D materials. Additionally, the mechanical strength of graphene is enough to
realize freestanding membranes*-*® and to withstand the transmembrane pressure it
may experience in applications. The remainder of this section will analyze the effect
of different experimental features on the performance of 2D nanogaps, and line out
the various experimental approaches that are currently being explored to overcome
these difficulties.

Nanogap width

The current signal is highly sensitive to the width of the gap, as tunneling current
drops exponentially with tunneling path length. Simulations demonstrated that upon
the translocation of a short strand composed of a series of nucleotides through a 2D
nanogap of 1.27 nm, the tunneling current levels up in certain amplitudes unique
for each nucleotide. The tunneling current is in pA range and therefore detectable
with commercially available amplifiers. Increasing the width of the nanogap to
1.72 nm, however, lowers the current by few orders of magnitude and smears the unique
signatures of the nucleotides, dramatically degrading the sensitivity of the nanogap.

Conformational variation of DNA in a nanogap

The orientation of the nucleotides and their position with respect to the electrodes are
the major sources of uncertainty in translocating DNA through a nanogap. Simulation
of the tunneling current®® showed that even in the presence of such uncertainties,
discrimination of the pyrimidine-based (C,T) and purine-based (G,A) nucleotides is
feasible by comparing the transmission probability (the probability that an electron
passes through the potential barrier), owing to the difference in the size of the
nucleotides. Strategies to distinguish between C and T nucleotides and between G
and A nucleotides by comparing the position and the width of the transmission peaks
have also been documented.’

One way of effectively lowering the conformational uncertainties of the gap, is
employing chemical functionalization of graphene edges. Particularly hydrogen bonds
can establish specific interaction between nucleotides and the graphene electrodes with
hydrogenated edges. The main advantages of this approach are the following:3>* (a)
The stabilization of the nucleotides against thermal fluctuations, lowering measurement
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noise/error. (b) The slowing down of DNA translocation; prolonged scanning duration
improves the fidelity of read-out. (¢) The hydrogen-bonded bridges between the
electrodes and nucleotides lower the tunneling potential barrier; resulting in up three
orders of magnitude improvement of the tunneling current.’> We note that similar
momentary anchoring can be achieved using large bias voltages to provide a transverse
electric field exceeding the transmembrane driving potential.**!

Sensitivity of the nanogap

Thermal vibrations of the membrane may decrease the spatial resolution in the devices
composed of free-standing graphene.'>® Sandwiching graphene electrodes with a self-
assembled monolayer or with deposited materials in an elaborate fabrication process
can improve the mechanical stability and preserve the resolution. Notably, it was
found that the surface coverage improves the sensitivity of the device by blocking any
parasitic current that otherwise would establish between the surface of the electrodes
in contact with liquid.

Bilayer Graphene Electrodes

The fabrication of in-plane 2D nanogaps meets important complications, such as
the realization of the precise nanogaps of nanometer width and the alignment of the
nanogap onto a nanofluidic channel to allow the translocation of biomolecules. The
absence of a reproducible fabrication protocol has hampered realization and application
of sensors so far. Bilayer graphene with naturally formed sub-nanometer gaps between
the layers (Fig. 7) allows to by-pass this problem.>” Here, the detection signal is
established between the edges of layers upon tunneling through the DNA building
blocks during their translocation. Simulations demonstrated the viability of this device
for DNA sequencing; the electrical coupling of the layers, however, remains a major
concern. In the actual device, the conductance via the overlaid surfaces of the two
graphene layers can smear the signal established at the edges. Though it is theoretically
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Fig. 7. Tunneling current for DNA sequencing with graphene electrodes.
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predicted that the orientation angle between the layers can be optimized to minimize
the interlayer conductance,’*? intercalating a layer of insulating 2D materials, e.g.,
hexagonal boron nitride, between the graphene layer is a more practical approach.*
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CHAPTER 7

New Advances in 2D
Electrochemistry—Catalysis and
Sensing

Tharangattu N. Narayanan,* Ravi K. Biroju® and
Thazhe Veettil Vineesh®

Introduction

Atomically thin layered (two-dimensional (2D)) materials can be visualized as
extended crystalline planar structures held together by strong in-plane covalent bonds
and weak out-of-plane van der Waals interactions.! Hence, these individual layers
can easily be extracted from their bulk by breaking the van der Waals bonds, with
little damage either to the remaining structure or to the extracted layer. This was first
exemplified for graphene in 2004 where layers of graphene are peeled away from
bulk graphite with an adhesive tape.> These extracted layers are found to be stable,
transferrable to any substrates with relative ease, and also can be free-floated using
suitable substrates. With the discovery that controllable growth of graphene can be
achieved on certain metal surfaces by vapor phase deposition from hydrocarbon
precursors, scalable graphene-based technologies started looking more feasible.!
However, defect free graphene crystal, due to its semi-metallic nature, is not an ideal 2D
material for many applications, say electronics and electrochemical fields.? However,
a large number of other layered crystals spanning the entire spectrum of electronic
properties from superconducting to insulating are available, and their individual layers
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are found to have exotic physico-chemical properties, enabling them for electronic
and electrochemical applications. Presently, this class of layered materials is very
rich, and includes metals (NbSe,),* semimetals (graphene), semiconductors (MoS,),’
insulators (hBN), topological insulators (Bi,Se,),” superconductors (e.g., FeS),*
and layered heterostructures.®!® Further, by exploiting the material properties of the
layers in isolation or by mixing and matching them to create new solid structures
with atomically thin heterojunctions, researchers are now exploring interesting new
physics and interface induced properties.! Engineering properties of materials by their
sequential stacking or assembly provides another unique opportunity with layered
materials to create tailor-made crystals for applications in sensing and catalysis.!'!2

Since every atom in a mono-layered material is exposed to the environment, 2D
materials can be extremely responsive to external stimuli and interactions. Hence, 2D
materials/layers can be used as a sensing platform for the detection of biologically
important molecules. The vital aim of all sensors is single molecular level sensitivity,
but such extreme sensitivity is far from the reach of practical sensors available in
the current market.” The thermal fluctuations of charges and defects in the sensing
platform, leading to increased noise levels, are the root cause for the poor sensitivity
of the existing sensors.'* This can be addressed by the introduction of low electronic
noise systems such as graphene, which has the following exceptional features, making
the signal to noise ratio high: (i) ideal 2D material where the whole volume is available
for interactions with the analyte, (ii) low Johnson—Nyquist noise due to very high
electronic conductivity, (iii) low flicker noises, and (iv) possibilities of high precision
conductivity/impedance measurements with low contact/charge transfer resistances.
Further, it is established that the selectivity in the interaction between 2D materials and
analytes can be brought by introducing non-covalent or reversible covalent chemistry
between them.'® Hence, 2D materials can bring selectivity and sensitivity to the sensor,
making them ideal sensing platforms.

This chapter discusses the importance of 2D crystals (layers) in electrochemistry
(hereafter we have coined it as ‘2D electrochemistry’) and practical guidelines for
the successful use of layered materials in catalysis and sensing. Since ‘catalysis
and sensing’ are too big domains to include in a single chapter, emphasis is given
to electrocatalysis and electrochemical sensing. In electrocatalysis, four important
reactions, namely oxygen evolution reaction (OER), oxygen reduction reaction (ORR),
hydrogen evolution reaction (HER), and hydrogen oxidation reaction (HOR) are
discussed. The inferences obtaining from the 2D electrochemistry of above mentioned
reactions can be extended to other catalytic and sensing reactions.

The initial part of this chapter is dedicated to demonstrate the role of inherent and
induced defects in layered crystals on 2D electrochemistry. Later this discussion has
been extended to artificial 2D crystals (pseudo 2D layers) called van der Waals solids/
stacks. The chapter concludes with a note on the critical measures to be taken in 2D
electrochemistry, and pro and cons of atomic layers in electrochemical applications,
such as catalysis and sensing. Most of the discussions on this chapter are centered on
the conventional layered crystals such as graphite, hexagonal boron nitride (hBN),
transition metal dichalcogenides (TMDCs/TMDs), etc., since these are the well-
explored stable materials in catalysis and sensing. However, unconventional layers such
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as silicene, phosphorene, etc., and anisotropic layered crystals such as ReS , NbSe,,
etc., are not discussed here due to their structural instability (under the exposure of
electric field, humidity, air, etc.), substrate specificity (particularly for the growth),
issues with large scale productivity, lack of enough fundamental understandings, etc.
Also, this discussion does not include some of the crystals like GaSe, TaS,, Bi,Se,,
etc., since these materials are stable in bulk, but once cleaved down to a few layers,
start corroding. Instability of graphene (at high temperatures of around 600 K)'? or
TMDs (at elevated temperatures and also in the presence of moist air) are not taken
into account since most of the electrochemical reactions discussed here are being held
at ambient conditions.

Synthesis of 2D Materials

Unlike the case of other conventional materials used in electrochemistry, the
applicability of a 2D material in electrochemistry highly relies on the method of
synthesis adopted, since the method mostly determines the amount and nature of
defects in the layer (this includes surface/edge states, vacancy defects, point and line
defects, etc.). Numerous physical and chemical methods are reported for the synthesis
of layered materials.'®'® This includes both top-down and bottom-up approaches. Here,
some of the important methods are briefed, and later, the layers developed through these
methods are discussed for their electrocatalytic applications. A schematic of various
methods available for graphene synthesis is shown in Fig. 1,'° and it is to be noted that
many of these techniques are applicable to other conventional layered materials too.

A “Defects are common in G,
- butimportant™

Fig. 1. Various possible reported routes for the synthesis of graphene. Reproduced with permission from
American Chemical Society."
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Mechanical exfoliation

One of the methods to get high quality (defect-free) atomic layer from their bulk stacked
layers is mechanical cleavage and isolation of the layer, as it is first demonstrated
for graphene through the scotch tape pealing of highly oriented pyrolytic graphite
(HOPQ), followed by the washing off of the scotch tape using acetone to isolate the
graphene debris.? Though this method can result in the production of high quality
crystals, the yield of the product (both by weight and area), is very poor and hence it
is not a recommendable method for applications such as catalysis, where significant
amount of material (either by large area coverage or by weight) is required. Further,
since many of the defect-free 2D materials are not electrochemically active, as one
can see from the discussions later in this chapter, mechanically exfoliated crystals
are not explored much for electrocatalysis or sensing. However, they can still serve
as ideal substrates/supports for many other active layers, such as hexagonal boron
nitride (h-BN) or transition metal dichalcogenides (TMDCs), which are also important
in 2D electrochemistry.

Chemical/electrochemical exfoliation

Natural graphite has an interplanar cohesive energy of ~ 42.6 meV per atom for an
interplanar spacing of 3.35 A, and hence it needs an exfoliation energy of 42.6 meV
to dismantle the stacking.! This can be achieved by many means, and a few of the
routes follow chemical intercalation and exfoliation, or electrochemical intercalation
and electric field assisted exfoliation.?® Further, other nanostructures such as
nanotubes, fullerenes, etc., can also be transformed to layered structures with high
aspect ratio (length to breadth)-called nano ribbons (an important candidate in 2D
electrochemistry). For example, in the case of carbon nanotubes, longitudinal unzipping
via external electric field is found to be resulting to the formation of graphene nano
ribbons (GNRs).?!

Chemically derived graphene or reduced graphene oxide or thermally derived
graphene (CDG), where the graphite is oxidative-exfoliated from graphite to form
graphene oxide (GO) followed by the reduction of the oxygen functionalities, is
one of the extensively researched graphene forms (graphene functional derivative)
due to the simplicity of the method and also due to the possibilities of large scale
production (both by weight and volume).!®? However, one of the best electrical
conductivity reported for CDG follows the reduction method mentioned in Fig. 2A. It
is apparent from the figure that the conductivity of the final product (CDG/CCG3) is
three-orders less than that of the theoretical conductivity of pristine graphene.? This
indicates that though CDG schematically looks like a perfect crystal, it contains many
defects (different forms of defects) resulting in a much lower electrical conductivity.
The disordered solid nature of CDG is further verified from the temperature-
dependent resistivity and magneto-resistance measurements (Fig. 2B). Two different
types of transport mechanisms (as mentioned in Fig. 2B; at low temperatures
two-dimensional variable range hopping and at high temperatures Arrhenius-like
behavior) are exhibited by most CDGs, indicating the properties of a disordered
solid. Further, the negative magneto-resistance observed from these systems (as can
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Fig. 2. (A) Chemical and thermal reduction of graphene oxide, (B) and (C) electrical resistivity and
magneto-resistance measurements on reduced graphene oxide films, respectively.?>*

be seen in Fig. 2C) indicates the presence of vacancy induced disorders.** However,
these defects play a salient role in heterogeneous charge transfer kinetics, and hence
in electro-catalysis and sensing. This oxidative exfoliation method can be extended
to other layered crystals such as hBN and MoS, too,*>*° but they are found to be less
effective in comparison to that in graphite.

However, room temperature shear exfoliation of bulk layered crystals to form
large scale exfoliated crystals (less defective crystals) by shearing them in low surface
tension common solvents such as N-methyl-pyrrolidone (NMP) or dimethyl formamide
(DMF) is now becoming a popular protocol for the production of large scale atomic
layers.”” Researchers also speculate this method to be a milestone in 2D research to
reach the technology readiness level 9 (TRL9).%® Plenty of single to a few layered
crystals such as graphene, h-BN, MoS_, WS , MoSe,, NbSe,, TaSe,, NiTe,, MoTe,,
etc., are reported by this method from their bulk crystals.?’ A simple modification, by
increasing the temperature of shear exfoliation, in the original shear exfoliation method
which Coleman et al. (2011) reported, is found to be resulting in edge state manipulation
of layered crystals.* This oxidative cutting of the sheets also renders smaller sheets
or even quantum dots (QDs). This is also an important method for the development
of catalytically active layered materials directly from their bulk crystals, since the
defective/oxidized edges can act as adsorption centers for many radicals/molecules.

Recently, several other chemical methods are also developed to synthesize large
scale 2D layers, such as hydrothermal®' and solvothermal routes.*> Another promising
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method for the synthesis of electrochemically active TMDCs, such as MoS, layers is the
electrochemical exfoliation with the aid of lithium (Li) intercalation.** This technique
is more popular to achieve ‘1T’ phase (octahedral coordination) 2D TMDCs, which
are metallic in nature, and more active in electrochemistry than their stable 2H-phase
(trigonal prismatic coordination).** It is to be noted that the thermodynamic stable
phase of semiconducting TMDCs (STMDs) is ‘2H’, and it is a more favorable phase
to grow during chemical vapor deposition (CVD) having controlled number of layers.
Though chemical or electrochemical routes can result in a large amount of catalytically
active layers, control over defects and disorder is highly difficult in these approaches.

Chemical vapor deposition

CVD is a widely used growth technique to fabricate the thin solid films on the various
substrates from the vapor species through chemical reactions.* In a conventional CVD
reaction, gas precursors are utilized to decompose at relatively higher temperatures
and deposited on to transition metal (TM) catalysts.** In most of the physical vapor
deposition (PVD) processes, the source materials will be solid (powder) and vaporized
on to the substrates by transporting through the inert and ambient carrier gases or
vacuum.’” Among all the approaches, CVD growth of graphene on different TM
catalysts is most promising for large area crystalline growth with controllable layer
thicknesses.'® However, a clean transfer of graphene onto the alien substrates is the
challenge with this growth technique.'® The residues of transition metals such as
polycrystalline nickel (Ni), copper (Cu), etc., used in the CVD based graphene growth
often transferred into these alien substrates along with graphene during the transfer
process.***° This often complicates the studies using CVD grown graphene samples,
particularly when they are used for electrochemical applications—since most of these
TMs can participate in the electrochemical reactions of interest. Further, in graphene
growth, special attention can be given to control the morphology, domain sizes, shapes,
crystal orientations, and lattice defects.***! As one can see later in this chapter, these
factors are important in deciding the electrochemical activities of graphene. Further,
introducing dopant (such as boron, sulfur, nitrogen, fluorine, phosphorus, etc.)
precursors during the CVD growth can be used to modify the graphene honeycomb
with these dopants.*? Multiple dopants can also be incorporated into the graphene
lattice by this method. Hence these routes are very important in engineering graphene
to obtain functional derivatives of graphene having ‘induced defects’.

In case of CVD growth of STMDs, a direct vapor phase reaction of transition
metal oxide and sulfur (S)/selenium (Se) has been widely adopted for the growth of
layers such as MoS,, WS, MoSe,, and WSe,. It was found that shape selective—such
as triangles, hexagons, truncated triangles, three-point stars, six-point stars, synthesis
of TMDs is possible by CVD method with the careful control over the position of the
substrate and precursors.”#44 These edge states and dendrimeric surfaces are highly
beneficial for many electrochemical reactions where it acts as adsorption centers for
radicals/molecules, aiding to an augmented charge transfer mechanism, such as it is
recently demonstrated in lithium polysulfide conversion reaction, which is beneficial
in Li-Sulfur batteries (Fig. 3).
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Fig 3. Schematic illustration of CVD grown TMD nanosheets for Li—S battery, showing confined
deposition of lithium polysulfides at preferential catalytic sites and their conversions during discharge—
charge processing in a catholyte solution. Reproduced with permission from American Chemical Society.*

It is found that TMDs can be modified with TMs such as Fe, Co, Ni, etc., and
also with elements such as Li, Mg, etc.*® The effect of TMs in TMDs is theoretically
also investigated.*” Further, these modifications of TMDs with external elements
can drastically change the structural as well as electrochemical properties, and each
element has different effects on TMDs properties.*®

Carbide-derived carbons include a large group of carbons ranging from extremely
disordered to highly ordered structures.*® Epitaxial growth of graphene/doped
graphene from carbides is another promising route to obtain large amount of pristine/
doped graphene for applications. It is found that silicon carbide or titanium carbide
(amorphous or crystalline) annealing in an inert atmosphere will lead to the sublimation
of silicon/titanium atoms, and the remaining carbon atoms will form graphene on the
semi-insulating substrate. Further, this method has been extended to boron carbide
(B,C) to obtain boron doped graphene.* This boron doped graphene can be easily
separated from B,C using a simple water assisted separation method (utilizing the
hydrophobicity of graphene flakes), and these doped graphene show bifunctional
electrocatalytic activities, which will be discussed in the later section. Recently, doped
graphene development was also achieved from bulk carbides, where these single step
doped graphene are found to be highly important in various applications.”® Recent
reports show that high quality 2D carbides can be synthesized (such as a-Mo,C, WC,
and TaC) using CVD method, and crystalline/amorphous carbides can be converted
to graphene nanosheets with tunable layers by the thermal-chlorination method, even
at relatively low temperatures.*® This method has now been extended to other metals,
such as Cr-, Mo-, Nb-, and V-self-doped graphenes.*® Both doping and number of
layers are important in deciding the electrochemical performance of graphene-like
atomic layers, and control over these parameters is highly beneficial in designing
materials for 2D electrochemistry.
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Synthesis of 2D Stacks/Hybrids—van der Waals Solids

Recent developments on new stacked layers called van der Waals solids invoke the
possibility of new types of quantum heterostructures with atomically sharp interfaces
between 2D layers of dissimilar materials.! Stacking two or more atomic layers of
different compounds in the rich variety of 2D library allows researchers to explore
novel and collective quantum phenomena at the interfaces (various types of layers
available for the combinatorial stacking is schematically shown in Fig. 4!2). The basic
principle of stacking different layers is simple: for example, take a monolayer, put it on
top of another monolayer or few-layered crystal, add another 2D crystal and so on.'?
The resulting stack represents an artificial material assembled in a chosen sequence
as Lego blocks defined with one-atomic-plane accuracy. Here, strong covalent bonds
provide in-plane stability of 2D crystals, whereas relatively weak, van-der-Waals-like
interactions are sufficient to keep the stack together. While making the layer-by-
layer transfer, the twisting angle between two 2D materials is an additional degree
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Fig. 4. Various atomic layers of different types available for the combinatorial stacking.'? Schematic of the
vertical heterostructure electrode development using MoS, and graphene,” (down) electron microscopic
and Raman mapping images of a MoS /WSe, vertical heterostructure.”
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of freedom.! Twisting the layer by layer assembly will result in a new solid. Though
two lattices stacked with an arbitrary twisting angle will not form a periodic lattice
(except at particular discrete angles when they form a periodic, or commensurate
structure), it is found that incommensurate heterostructures can also form large-scale
quasi-periodic moiré¢ patterns and hence, the physical properties of heterostructures
can be tuned by interfacial commensurability. These stacked layers are found to be
exceptional in electrochemistry too. In most of the layered materials, basal plane (defect
free) is inactive towards any electrochemical reactions (the reason is discussed in the
later part of this chapter).*® Hence, huge efforts have been undertaken with limited
success on the vertical alignment of 2D layers to make sure that the entire exposed
area is available for analytes (radicals), to make high sensitive sensors and catalysts.>!
However, it is found that the formation of staked layers and van der Waals solids can
make the basal plane too electrochemically active due to the built-in electric field
between the dissimilar layers.® This has been further established as substrate effects
in 2D electrochemistry.

One of the methods to make stacked solids is the layer-by-layer transfer of
different layers (schematic of multistep transfer process for graphene/MoS, hybrid,
where graphene is grown on metal (Cu) and MoS is grown on Si/SiO,. Further the
development of a graphite patterned polydimethyl siloxane (PDMS) substrate is also
shown in Fig. 4).° This is a multi-step laboursome process, and one such scheme
used for graphene/MoS, van der Waals solid is shown in Fig. 4. For example, MoS /
WS, vertical heterostructure is achieved by sequentially transferring MoS, and WS,
on Si/Si0O, (similar to hBN/graphene structures where hBN is grown on Si/SiO, and
graphene is grown on metals, followed by their sequential transfer).>* However, these
polymer-assisted layer-by-layer transfer routes can introduce organic and inorganic
impurities at the interfaces, along with random relative orientations of two layers,
leading to ill-defined electrical and optical properties (such a transferred microscopic
image of triangle shaped MoS,/WSe, hybrid is shown in Fig. 4. Its Raman imaging
is also shown).*® Layer by layer multi-step growth of different atomic layers is also
attempted to get van der Waals vertical structures. However, the cross-contamination
of different elements in the as-grown MX| heterostructures has frequently been
observed as an obstacle in this method, since all the precursors coexist in the vapor
phase throughout the growth process.>

Self-assembly of graphene and hBN in solution is also found to be an effective
way to develop graphene/hBN van der Waals solids.’**® Though the mechanism
leading to the stacked graphene/hBN solids with the mixing of different weight ratios
of graphene and hBN in low surface tension solvents is not clear, a large amount of
van der Waals solids with tunable opto-electronic properties are found to be formed
by this method.>® Another important feature observed in 2D electrochemistry is the
role of another degree of freedom called stacking sequence. In the van der Waals 2D
electrochemistry, not only the stacked materials, but their stacking sequence is also
found to be important. This effect has been observed in graphene/MoS, and WS/
MoS, van der Waals stacks in HER process.** Hence, the growth process also needs
to be optimized for the best geometry.
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Electrochemistry of 2D Materials

Role of inherent defects

As it has been discussed before, electrochemistry of 2D materials highly depends
on the method of preparation of the layers. For example, when CDGs are prepared
from graphene oxide by different reduction routes, like chemical, thermal, or
electrochemical, it will end up with different number/types of oxygen functionalities.
It should be noted that the heterogeneous electron transfer (HET) rates of various
reactions are influenced by the C/O ratio. This effect is more prominent in the case of
surface sensitive inner sphere redox probes like [Fe(CN) >+, but less effective or
ineffective in the case of outer sphere redox probes, like [Ru(NH,) ]*"**.5

Another influential parameter in 2D electrochemistry is the adsorbed/intercalated
molecules such as water. One of the recent studies demonstrated the role of intercalated
water in electrocatalytically active nitrogen-doped graphitic systems.* In that study,
graphite is oxidized to form GO sheets. These GO sheets have intercalated water
molecules while exposed to the air due to their hydroscopic nature. To make these
sheets effective catalyst (GO is an insulator and not an effective electrocatalyst),
oxygen functionalities are reduced and doped with the heteroatom (nitrogen) to form
nitrogen-doped graphene sheets, and further their ORR activity in acidic medium
is tested using rotating disc electrode measurements. It is found that the removal
of water molecules affects the nanosheets’ morphology and macroscopic structure,
hence affecting the catalytic activity of layers. Further, it can be concluded that the
replacement of trapped water with ether is giving higher electrocatalytic activity
towards the ORR compared to other solvents.

Electronic structures of perfect and defective graphene determine its resultant
electrocatalytic activities. Another factor in graphene synthesis is the presence of
inherent defects, such as point and line defect (Fig. 5 shows different types of defects
which exist in graphene). Some of these inherent defects can introduce low energy
fluctuations, such as spin and charge density in graphene (carbon atoms with high
spin or charge density are most likely to be catalytically active sites, and there is no
spin density on pure graphene), which in turn will affect the HET rate. It is found that
many of these point and line defects will not contribute to electrochemical reactions
such as ORR (due to the absence of spin density like pure/perfect graphene), but
defects such as pentagon rings at the zigzag edge, or line defects (grain boundaries)
consisting of pentagon—pentagon—octagon, or pentagon—heptagon chains also at the
edges, show the electrocatalytic capability towards ORR.® Spin and charge density
distributions determine the adsorption centers for radicals and further electron transfer
(HET) to/from these radicals to the working electrode. It is also found that both four-
electrons and two-electrons ORR pathways can occur on these defective graphenes
simultaneously, and the reaction energy barriers of the four-electron transfer pathway
on defective graphene clusters are comparable to that of platinum, a benchmarked
catalyst for ORR.® This in turn motivates scientists towards the development of defect
controlled metal free graphene systems, which can replace platinum in ORR, though
it can be quite challenging.
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Fig. 5. The possible defects (point and line) in graphene.*

Unlike graphene, TMDs are found to possess distinctive inherent electroactivities,
but their catalytic effects towards various reactions, say HER, are found to be strongly
dependent on the chemical exfoliation route and metal-to-chalcogen composition.®!
Despite its inherent activity, large variations in activeness are observed depending on
the exfoliation procedure. The TMDs with metal edge or chalcogen edge also vary in
their activities.”? These variations in the activities are dependent on the electrochemical
reactions concerned and the radicals of interests, since the metal edge/chalcogen
edge will act like adsorption centers for radicals, and in many of the electrochemical
reactions adsorption is the reaction rate determining step.®' Further, some of the
exfoliation agents such as n-butyllithium are found to be aiding the phase transition
to more catalytically active 1T polymorph (though this phase is less stable), due to
electron transfer from the C-Li bond in n-butyllithium®. However, with methyllithium
as an exfoliating agent, inherent electrocatalytic activities of TMDs are found to be
deteriorated due to the coverage of methyl radicals after exfoliation.5

The catalytic activities of TMDs can also be affected by the valence chalcogen
impurities or metal oxide presence.® For example, the presence of valence sulfide
impurities, such as MoS, and WS, and their oxide counterparts, such as MoO,, MoO,
and WO,, WO, can contribute to the enhanced catalytic activities towards hydronium
reduction to hydrogen in case of MoS, and WS,.** Therefore, it is highly possible
that the differences in the reported reaction onset potentials and current densities can
be due to the presence of above mentioned inherent catalytic impurities due to the
synthesis procedure.

Another factor affecting the catalytic performance of 2D layers is the number of
layers present (though there is a study which states that atomic thickness and structure
are insignificant in electron transfer process and electrochemical response will not vary
much from single to a few layered graphene,* the layer thickness will determine the
active surface area, edge exposure, easiness of charge transfer with the electrode, and
hence for all practical electrochemistry it can affect the electrochemical response). For
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example, the HET rates of single and bi-layer graphene in potassium ferricyanide redox
probe is studied, and it is found that the standard HET rate constant estimated is higher
for monolayer graphene flakes.®” In another study, the layer dependent electrocatalysis
of MoS, towards HER is found to be decreased (in terms of current density) by a factor
of ~ 4.47 (current density) for the addition of every layer.®®

Role of induced defects
Dopants

In the case of graphene, it is well known that it has abundant free m electrons, and they
hold promise to act as catalysts for reactions that require electrons, such as the ORR.
However, these m electrons are too inert to be directly employed for ORR, and activation
is essential prior to their use. The most straightforward method to activate the sp? carbon
is to put more electrons into the 7 cloud, and this has been achieved by doping sp*carbon
materials with electron-rich or electron deficient atoms.* In the case of electron-rich
atoms like nitrogen (N), the extra electrons contributed by N increase the electron
density and raise the highest occupied molecular orbital (HOMO) energy level of the
sp* carbons, facilitating the ORR. Nitrogen can be accommodated in three different
geometries within the graphene lattice, namely, graphitic, pyiridinic, and pyrrolic. The
electrochemical performance of all these three geometries are not same. For example,
the electrocatalytic activity of nitrogen doped graphene is found to be dependent on the
graphitic N content, which determines the limiting current density, while the pyiridinic
N contributes to the major part of capacitance increment in N-doped graphene. It is
important to note that it is quite challenging to keep one type of nitrogen geometry in
N-doped graphene system during growth (various types of nitrogen environment can
be identified from the X-ray photoelectron spectroscopy (XPS) analysis).” Further,
it is found that the delocalized & electrons can also be perturbed by conjugation with
vacant orbitals, i.e., doping with electron-deficient elements such as boron (B).”* The
vacant 2p orbital of B conjugates with the carbon 7 system to extract electrons. These
electrons become active because of the low electronegativity of B, and therefore can
be used in the ORR. The dopants can significantly bring spin and charge density to
the graphene than the inherent defects, and the effect of dopants also depends on their
distribution within the graphene.” It is also found that doping with multiple elements
can enhance most of the electrochemical activities, since large scale spin and charge
density can be brought in to graphene by multiple dopants of different characters.
Modification/doping with elements like Pt, Co, Fe, Ni, Cu, etc., is possible in
the case of TMDs too, and some of these doping favor the catalytic activity towards
certain reactions.?””® The edge states of TMDs determine their catalytic activity. For
example, in the case of MoS,, Mo-edge has been found to be active for HER, while the
S-edge is inert. However, it is found that the incorporation of transition metal atoms
(Fe, Co, Ni, or Cu) at the S-edge site can make it become HER active.” The transition
metals doped MoS, show an increase in exchange current densities by at least two-fold
higher than their undoped/pristine ones. Hence, it has been established that improving
the electrocatalytic efficiency by incorporating promoters into particular atomic sites
is possible in TMDCs. The hydrogen adsorption free energy, AG,,, is found to be an
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accurate descriptor for determining the HER activity of a material, where the optimal
HER catalyst will be thermo-neutral, AG,, ~ 0 eV. Density functional theory (DFT)
calculations can accurately predict the AG,, of a given structure,*’ and the calculated
AG,, values for various doped MoS, systems are shown in Fig. 6 (hydrogen atoms
bound at the most thermoneutral site are rounded in red, the other hydrogen atoms are
bound too strongly (far away from thermoneutral) and can be considered poisoned
at the edge). Further, it is theoretically established that the preferential doping of the
S-edge is a general phenomenon arising from the relative stabilities of the Mo-edge
and the S-edge MoS,, where the Mo-edge is generally more stable. Moreover, Co
can only be doped at the S-edge, whereas Ni can be doped both edges. It can be seen
from Fig. 6 that the doped S-edges have |AG, | values closer to thermo-neutral than the
pristine MoS, S edge, indicating improved activity of the S-edge. In the cases of MoS,
doped with Fe and Co, there is even improvement in |[AG,| values over the pristine
Mo-edge by at least 0.02 eV. Hence it can be concluded that doping with Co, Fe, Ni,
and Cu increases the S-edge activity to make it comparable or better than the pristine
Mo-edge MoS,. The AG,, of the doped Mo-edges are all further rising from thermo-
neutral than the pristine Mo-edge, indicating that Mo-edged MoS, are deactivated
while doping. But in the case of Ni doped MoS_, the Mo-edges are found to be still
active. In Fe, Co, and Cu doping, the Mo-edge is expected to be unaffected while the
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results from the AG, indicate that HER should be activated on the S-edge, making it
comparable to pristine Mo-edged MoS, (which is inherently active).

It is also found that the HER activity of inert MoS, surface can be triggered via
Pt-single-atom metals replacing ‘Mo’ atoms in MoS..” Here, the doped metal atoms
can tune the adsorption behavior of H atoms on the neighboring S sites, resulting in a
significantly enhanced HER activity on the MoS, surface. More importantly, in such
a case, the reactants or harsh environments do not directly contact the metal dopants
due to protection from the tri-layered sandwich structure of MoS, which thereby
increases the catalytic stability and anti-poison ability. Hence, such an approach opens
the possibility for developing 2D layered catalysts with long term performance, and
also avoiding issues such as poisoning, those normally observed in the benchmarked
metal based catalysts.”

However, electrochemical properties of 2D materials can often be misinterpreted
due to the presence of impurities too. These impurities often originate from the starting
materials used to fabricate or from the substrates which they grow. These impurities
are wide-ranging, from electrochemically inactive SiO, to electrocatalytic transition
metals, such as Ni, Fe, and Co, and most of the time it is very hard to completely get
rid of them from the system. For example, metal impurities can remain in graphene
despite strong oxidative treatment of graphite with concentrated sulfuric and nitric
acids, as well as subsequent thermal or ultra-sonication/chemical exfoliation/reduction
treatments. The CVD grown graphene transfer procedure also introduces metallic
impurities which can alter the graphene electrochemical properties. In particular, Fe
metal impurities could be introduced by the usage of FeCl, or Fe(NO,), as etching
solutions to dissolve the metal substrate prior to the graphene transfer.” Hence, one
should be extremely careful in interpreting the data from 2D electrochemistry, and
also 2D materials need to be characterized for residual impurities in parts per million
level (using techniques such as Inductively Coupled Plasma—Atomic Emission
Spectroscopy (ICP-AES) or atomic resolution electron microscopy) and care must
be taken to avoid the electrochemical interference effects from these impurities (for
example, metal sites can be blocked by cyanide poisoning).”

Role of substrates in 2D electrochemistry

The substrate used to support the working electrode/active catalyst is often considered
to be idle (than as a electron source or sink) in conventional electrochemistry.’”
However, it is found that the substrate has a crucial role in 2D electrochemistry. For
example, it is found that the stronger binding between MoS, and substrate can make
the hydrogen adsorption weaker, hence affecting the HER activity of MoS,.* The
hydrogen adsorption properties of MoS, supported on various substrates, such as gold,
graphene, and another MoS , are studied. AG , for the Mo edged MoS, on graphene or
gold is significantly higher than that of the freestanding Mo-edged MoS_, suggesting
that further improvements in designing appropriate substrates are required to decrease
AG,, to make it close to thermo-neutral value.”” The synergistic effects observed from
the substrate include that from the plasmon-enhanced strong visible light photocatalysis
from defect engineered CVD grown graphene and gold substrate, and electrochemical
activities of hBN when deposited on gold substrate, otherwise inactive hBN.” It has
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also been established that the underlying substrate and its defects can influence the
spin and charge density distributions in 2D layers, similar to the effect of heteroatom
doping in graphene.*

The success story of in-plane engineering of atomic layers with dopants motivates
the development of out of plane stacks of these in-plane bond saturated layers resulting
in van der Waals solids. This has been identified as a strategic route for the development
of new functional atomic layers/solids with controllable properties. For example, DFT
studies show that the existence of graphene layer below the MoS, has a noticeable
influence on the charge density distribution of MoS,.*° The built-in electric field in
MoS, -graphene hybrid forms an excessive negative charge density in the structure,
which eventually enhances the HER process. Moreover, this sandwich structure can
also make the basal plane of MoS, close to the thermo-neutral, enabling the basal
plane of MoS, too to be active towards the HER. Further, the high optical transparency
(visible region) and electronic conductivity of graphene can provide efficient current
injection into the MoS, layers—augmenting the photo-electrocatalysis.** The structural
defects occurring during the transfer of layers such as ripples, wrinkles, etc., can also
help the catalysis process due to effects from graphene plasmonics and strain induced
catalysis. The wrinkling and rippling are prominent while transferring graphene (other
layers) to soft substrates/templates. The top graphene structure on TMDs (graphene/
TMD stack) can protect them from further corroding, and hence this will also help to
get a long term stable activities from these catalysts.?

Another factor, recently emerged as an important parameter in the designing of
photo-electrocatalytic surfaces, is the stacking sequence.’>3* According to the theoretical
predictions which are correlating with experimental data, the photoexcited electrons
and holes in such vertical heterostructures prefer to stay at different layers.>* This means
that stacking order of various layers with respect to the current collecting electrode
is important in catalysis. For example, in graphene/MoS, vertical heterostructures
in HER, graphene on top of MoS , where MoS, in direct contact with the current
collector (electrode), is found to have high exchange current density in HER reaction
than MoS, on top of graphene, where graphene is in contact with the electrode.> A
similar observation has been made in WS /MoS_/Au stacks, where MoS /WS /Au (in
dark) is found to be more active in HER than WS /MoS /Au.** The conduction band
minimum position of WS is higher than that of MoS,, which impedes the electron
transfer from MoS, to WS, in WS /MoS /Au, and hence reduces the H, evolution. In
the reverse structure, electron transfer from WS, to MoS, facilitates the H, reaction.
However, upon illumination, in MoS /WS /Au, the photoexcited electrons from WS,
will be injected into MoS, via the stepwise band alignment and contribute to the
reduction of H"ions, while the holes at the WS, can be neutralized by the electrons
from the electrode. While in WS /MoS_/Au structure, the photoexcited electrons in
WS, are transferred to MoS,, resulting in a decrease in the electrons at the WS, hence
impeding the evolution of H,.**

Similar work function difference can be explained the reason for the stacking
sequence dependent HER performance of graphene/MoS, van der Waals solids too.
However, it is found that more than work function difference is happening in these
solids where AG, is also getting modified with the stacking sequencing (these studies
are not complete, and initial studies show very promising aspects of stacking sequence
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in electrocatalysis). One thing that needs to be emphasized is that the interface induced
effects of staking are limited to adjacent layers, and hence many layered stacked
solids may not observe promising effects like single layered stacks (say single layered
graphene-MoS, will have higher effect than tri-layered MoS,—graphene stacks).

Lack of highly crystalline TMDs based heterostructures and the elastic deformation
of layers during the layer-by-layer transfer and post transfer treatment processes hinder
the development of van der Waals solids based high performance electrocatalysts and
optoelectronic devices. Further, high quality crystals are also important in avoiding
the recombination of photocarriers generated during the light exposure, leading to a
high current and low over potential for the photo-electrochemical reactions of interest.

Four important electrochemical reactions, namely ORR, OER, HER, and
HOR, which are relevant in electrochemical energy conversion, but are kinetically
sluggish (need catalyst to undergo the reaction except HOR, where kinetics is faster)
are intensely pursued with the 2D electrochemistry.” Graphene and its functional
derivatives are extensively studied for all the four reactions mentioned above.®
However, TMDs are mostly studied for electrocatalytic and photo-electrocatalytic
HER, and though a few reports exist on their other electrocatalytic activities too, their
activities are much inferior to the benchmarked systems in the concerned reaction.®!
The next section briefly accounts important reports on these four reactions with metal
free 2D electrochemistry.

Being a very important reaction for fuel cells and metal-air batteries, ORR is
intensively studied with graphene systems. N-doped graphene (N-graphene) is the
most widely studied dopant in graphene engineering.®? N is next to C in the periodic
table of elements, and its electronegativity (3.04) is higher than that of C (2.55). The
introduction of N into graphene sheets can modify its local electronic structures.
The N heteroatom can be introduced directly during the graphene growth, by a CVD
method using NH, and CH, as the N and C sources® or via a solvothermal process
using lithium nitride and tetrachloromethane.®* Alternatively, N can be doped through
the post treatment of graphene or GO, such as hydrazine reduction,* thermal annealing
in ammonia,* and the arc-discharge method.®* It has been well established that the
incorporation of N atoms into the graphene matrix can lead to three main types of
N formats, including graphitic N with direct substitution structure, and pyiridinic N
and pyrrolic N structures.®” Graphitic N corresponds to the doping of N atom into a
hexagonal ring. Pyiridinic and pyrrolic N donate one and two 7 electrons to the ©
system, forming sp? and sp* hybridized bonds, respectively.’® N-graphene was first
reported as a valuable catalyst for ORR in 2010* and then showed that N-doped
graphene can act as a metal free catalyst in ORR, competing with benchmarked Pt.
Later various attempts were made to incorporate nitrogen in graphene and a very
high ORR activity through a four electron transfer process in oxygen saturated
0.1 M KOH electrolyte, comparable or even better than commercial Pt/C (Pt loading:
4.85 mg cm™) electrodes is also obtained. However, in another work it is found that
N-graphene developed via a solvothermal method showed four electron oxygen
reduction pathway in alkaline solution, and two electron reduction in acidic solution.®
Nitrogen doped graphene with varying nitrogen content is also developed and studied
for the ORR activity.” It is found that up to certain levels of nitrogen doping, the activity
is enhanced successively, but after that it decreases (Fig. 7A). Another interesting
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factor observed was the stability of the nitrogen doped graphene (NG) over potential
cycling, where it is found to be giving a constant performance even after 10000 cycles
(Fig. 7B). However, the activity of Pt/C is found to be sluggish after 5000 cycles
(Fig. 7C).
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Fig. 7. (A) ORR performance of nitrogen doped graphene with varying nitrogen amount, in alkaline
medium, (B) cyclic stability of optimum amount nitrogen containing graphene, and (C) ORR cycling
stability of Pt/C (benchmarked catalysts).”

After the introduction of N-doped graphene as an electrocatalyst for ORR,
other dopants like B, P, S, F, etc., are also tested towards ORR.”' Although, the
electronegativity of B is less (electronegativity-2.04) than that of C (electronegativity-
2.55), B-graphene also shows good ORR activity. DFT calculations show that B doping
can induce local high spin density on the basal plane owing to its strong electron
withdrawing capability, which plays a key role in facilitating the adsorption of oxygen
and OOH, thereby facilitating the ORR compared to pristine graphene.® P-doped
graphene also showed outstanding ORR activity as well as excellent selectivity and
stability, which endow its great potential as an efficient metal-free electrocatalyst.*?
Further, S could be introduced into graphene sheets in the form of thiophene-like S.%
In this case too, excellent catalytic activities towards ORR are observed, demonstrating
S-graphene to be an excellent metal-free catalyst with high stability and selectivity.

Halogenated graphene is another rapidly growing graphene derivative. It is well
known that halogens possess higher reactivity than group Illa—VIa elements. As
halogen-doping transforms sp? carbon bonding to the sp state, it results in the drastic
distortions in the geometric and electronic structures of graphene. For example, facile
and scalable synthesis of edge-halogenated graphene nanoplatelets (XGnPs) and its
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efficacy as a metal-free electrocatalysts for oxygen reduction reaction is reported.
The resultant XGnPs are also tested as cathode electrodes of fuel cells, and revealed
remarkable electrocatalytic activities towards ORR with high tolerance to methanol
crossover/CO poisoning effects and longer-term stability than those of the pristine
graphene and commercial Pt/C catalysts.*

Graphene doped with more than one type of dopant elements having different
electronegativity can create a unique electronic structure and it might bring synergistic
effects. The electronegativity values of B and N are 2.04 and 3.4, which are lower and
higher than that of C element (2.55), respectively. First principle calculations suggest
that B and N co-doped graphene (BN-graphene) can be a good catalyst for the ORR.*
The catalytic performance of BN-graphene (the introduction of both boron and nitrogen
precursors during the graphene growth often end up with the patches (domains) of
hBN and graphene) is also studied both experimentally and theoretically. The results
show higher cathode current with better potential for BN-graphene system compared
to the individually (B and N) doped graphene, indicating a more efficient and facile
ORR process on the co-doped graphene. The S and N dual-doped graphene has also
shown increased ORR activity in NaOH electrolyte.” In another work, boric acid and
phosphoric acid are used to introduce B and P into N-graphene, obtaining BN-graphene
and P and N dual-doped graphene (PN-graphene),”” and both of them exhibited very
good ORR activity. In general it can be concluded that with the optimum amount of
dopant, doped graphene can compete in ORR performance with benchmarked systems
such as Pt (Pt/C) (Fig. 8 showing the ORR performance of boron doped graphene
(BG), nitrogen doped graphene (NG), fluorine doped graphene (FG)). However, the
co-doping can even enhance the ORR performance where it can even beat benchmarked
metals in performance (Fig. 8B) showing nitrogen and fluorine doped graphene has
better current density than Pt/C).

The type of dopants, amount of dopants, and their distribution are important in
deciding the catalytic activities (ORR), since they determine the spin and charge density
of the doped graphene. It has also been observed that residual oxygen functionalities
have little role in deciding the spin and charge density of heteroatoms doped graphene,
and hence even doped CDGs having residual oxygen functionalities can perform well
in ORR.
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Fig. 8. Linear sweep voltamograms of various active catalysts towards ORR reaction. The effect of
doping and co-doping of graphene is exemplified.*?
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Water splitting is a promising route for hydrogen production without the formation
of greenhouse gases along with oxygen.”® The cathodic half-cell reaction in water
electrolysis process is HER, while the anodic reaction is OER. As promising metal-
free catalysts, almost all types of carbon materials show certain activity toward HER
including activated CNT,” graphene doped with heteroatoms,'® and functionalized
fullerenes.'”' One featured example is the chemically coupled C,N,~N doped graphene
hybrid, which showed a comparable activity with most popular MoS, material in acid
solutions, in agreement with both calculated AG,; and measured exchange current
density (j ). It is found that through the chemical coupling of g-C,N, and N-graphene
sheet, there is a synergistic effect between C,N, (too strong adsorption) and N-graphene
(too weak adsorption) to create a proper adsorption of hydrogen on hybrid’s surface
close to that of Pt, which results in favorable HER activity. The studies of metal-free
catalysts for OER have just started to be investigated and shown to be competitive. The
currently available OER 2D metal-free catalysts are analogous to those developed for
ORR, namely single/double doped heteroatoms with graphene'* and C,N,~graphene.'**
Most of these materials can be obtained with high surface area to achieve apparently
very high anodic current densities.

HOR is another important reaction, particularly important in fuel cells.! Different
types of carbon materials have been used as catalyst supports for HOR,' but only a
few studies have been reported about the graphene-supported catalysts for HOR. In
HOR, the CO tolerance is the important parameter determining the efficiency of the
catalyst. Graphene nanosheets showed a high CO tolerance performance in HOR.
Pt clusters supported on graphene nanosheets (Pt/GNs) showed much higher CO
tolerance performance in the HOR than the Pt clusters dispersed on carbon black (Pt/
CB). It was found that in pure H, atmosphere, Pt/GNs, Pt/CB, and PtRu/CB showed
similar electrocatalytic activities for the HOR despite the difference in the types of
carbon material used.!”’

Atomic Layers in Sensing

There are two critical aspects of 2D materials based sensor systems: (i) surface to
volume ratio of the 2D substrate, and (ii) the electronic transfer characteristics of
the material.>! For sensors having similar overall size, the surface to volume ratio
determines the number of analytes that are in contact with the electrode and the
efficiency of the electronic interactions between analyte and the substrate directly
affect the measurement. Hence the large surface area coupled with high mobility and
conductivity are beneficial advantages of graphene like 2D materials for electronic
and electrochemical biosensors. Various types of small molecule sensors are
investigated with 2D materials as active sensing platform, namely, glucose sensors, %1%
neurotransmitter sensors,''? pathogenic cell detection sensors,'!! protein markers,'? etc.,
are a few names apart from various nucleic acid sensors.'"* The electrochemical sensing
platforms are realized based on any of the following properties, say electrochemical
activity of the analyte (oxidation/reduction current of the analyte with 2D materials as
working electrodes using standard two/three electrode electrochemistry) or impedance
variation upon successive addition of the analytes (using electrochemical impedance
spectroscopy and variation in the charge transfer resistance) or by enzymatic sensing
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where the enzymes are mobilized over the 2D electrode and electron transfer from
or to the 2D materials is monitored or amperometric sensing or solution gated—field
effect transistor (FET) based sensors (which operates at low voltages (it is important
in bioanalyte sensing) and the changes in the drain-source current with gate voltage
(in enzymatic sensing gate will be modified with the enzyme and the electrochemical
reactions happening at the gate will be reflected in drain-source current) can be used
for sensing) or electronic (FET)/electrochemical sensing integrated to a microfluidic
sensing platforms.>! In all the above mentioned electrochemical biosensing platforms,
carbon based materials are considered to be ideal electrode materials due to their wide
anodic potential range, low residual current, chemical inertness, easy availability,
and reduced cost.!”® They are mechanically robust, exhibit fast response and can
be easily fabricated in different configurations and sizes. Further, carbon materials
such as graphene based electrodes can overcome the issues related with CNTs based
benchmarked sensors (residual metal impurities are inherent in CNTs due to their
role in CNT growth) where signal interference due to the presence of metals can be
avoided by providing graphitic metal free edges with high surface area.!*

Large surface area and ease of functionalization bring the opportunity to bind
biomolecules to 2D layer surfaces via covalent and non-covalent bonding.!"® This
property of 2D layers has been utilized in biomedical applications, such as controlled
drug delivery, targeted imaging, biosensors, immunosensors, etc. The fluctuations in
the electronic structure of the atomic layers caused by this binding can be transformed
(role of a transducer) to electronic or electrochemical signal. However, understanding
the bonding between the basic biomolecule, say protein, and the atomic layer will play
a significant role in the development of sensors and biomarkers using 2D materials.!'®
In this context, it is found that graphene interacts with the hydrophobic components of
biomolecules and it alters their conformation and disrupts the biological activities.!'” In
proteins, these conformational changes can completely denature them upon adsorption
on graphene surface, and hence graphene-biomolecule interface should be taken
seriously (the loss of specific function of Concanavalin, a protein, by a nonspecific
binding with singlelayer graphene and its functioning after a specific binding are
schematized in Fig. 9).

Studying their interactions in presence of other molecules such as water will help to
unravel the interface phenomena, where these molecules can largely affect the binding
and structure of biomolecules over atomic layers.!'® The conformational changes of
the adsorbed protein may depend on various other factors, such as orientation of
graphene, number of layers, and energetics of the equilibrium between folded and
denatured states. Further, water molecules can play a crucial role in the assembly of
proteins on a solid substrate by regulating the interactions between binding partners
and conformations of proteins. Hence, graphene-protein assembly can be affected by
the non-covalent interactions and heterogeneous and dynamic hydration environments.
However, the properties and structure of water regulated graphene/other 2D materials-
protein interfaces are not well characterized or explored till date. A direct contact of
graphene with protein may be potentially hazardous and lead to unfolding of protein.
However, a close contact between protein and graphene is necessary for obtaining a
direct electron transfer from the enzyme active site.
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Fig. 9. The loss of specific function of Concanavalin, a protein, by a nonspecific binding with single
layer graphene and its functioning after a specific binding. Reproduced with permission from American
Chemical Society.'”

For example, the molecular dynamic (MD) studies of interaction between
graphene and an important enzyme glucose oxidase (GOx) were recently conducted,
due to its importance in the development of glucometers and point of care devices for
high sensitive glucose detection.’"!" The GOx catalyzes the oxidation of glucose to
D-glucono-d-lactone and hydrogen peroxide. It has one very tightly, non-covalently
bound, flavine adenine dinucleotide cofactor per monomer, and a homodimer with
molecular mass of 130-320 kDa (depending on the extent of glycosylation).’! The
MD simulations revealed that a very tight wrapping of the enzyme is possible, but it
generates structural changes in the protein, including partial impairment of its catalytic
function because of relocation of catalytic residues and cofactor. The role of different
shapes of graphene in graphene-enzyme interaction is also studied, and quantified
their ability to wrap the enzyme (glucose oxidase dimer). Such an encapsulation leads
to the achievement of a high surface contact with graphene enabling direct electron
transfer. However, the preservation of structure and function of enzyme are challenging
and they depends on the enzyme shape and location of the substrate binding pocket.

This is true for other layered materials too. Though MoS, has been proven as a
potential material for various bio-sensing applications,” interactions between MoS,
and bio-molecules are complicated. In one of the theoretical studies, MoS, is found
to be exhibiting van der Waals interactions with a model protein, villin headpiece
(HP35), acommonly used protein for folding studies.!'® These interactions resulted in
to a robust denaturation of HP35, with protein secondary structure severely destroyed
within a few 100 nm simulations. Here also it is found that the water molecules play
a key role in the adsorption and denaturation process. However, these issues can be
addressed by suitably modifying the interactions between MoS, and biomolecules.
It is predicted that one such change can be brought by surface modification of MoS,
via oxygen functionalities.

TMD atomic layers such as MoS, have advantages over graphene in sensing due
to the following two reasons: pristine surfaces lead to excellent electrostatic control,
and the presence of a finite band gap helps in suppressing the leakage currents (for
example, it has shown that in a typical MoS -FET biosensor can lead to ultra-high
sensitivity, which can surpass that of FET biosensors based on graphene by more than
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74-fold).!"¢ These factors in combination are influential in increasing the sensitivity
and reducing the minimum detection limit of the TMD based FET biosensors, as it
is shown for MoS _-FET biosensors. In MoS -FET, the excellent electrostatics permit
ultra-low voltage and low off state-leakage (and hence low power) operation that is
highly desirable for hand-held, battery operated biosensors.!!® Further, it is established
through theoretical analysis that MoS | is greatly advantageous for biosensor device
scaling without compromising its sensitivity.""* Most of the TMDs such as MoS, are also
mechanically robust. Hence these features make TMDs highly promising materials for
next generation label-free FET biosensors, where electrochemical reactions along with
field effect principle of FET can be utilized for high sensitivity. Apart from proteins,
2D surfaces are studied for the electrochemical detection of various electrochemically
active neurotransmitters such as dopamine (DA), serotonin (ST), etc., t00.'?° In these
sensors, the sensitivity and reliability of graphene based electrodes in comparison to
single-wall CNTs (SWCNTs) are found to be better, and graphene exhibits better signal-
to-noise ratio and stability than SWCNTs for electrochemical detection.'?! Further,
simultaneous multi-analyte detection, say, DA, ascorbic (AA) acid and ST, is also
reported with graphene based electrochemical sensors making them ideal for ‘in vivo’
applications. DFT based studies on the effects of external electric field, heteroatoms
and defects on graphene in the interactions with DA show that their interactions can be
tuned externally, leading to the development of biosensors based on doped graphene
(Fig. 10)."" Selective binding of amino acids to heteroatoms doped graphene is also
theoretically proven via ab initio calculations.!"”

It is found that DA is attached on the surface of graphene via physisorption, and
the cohesive strength varies in various graphenes’ as the cohesive energy pursues
the following order: B-doped > N-doped > vacancy defect > Thrower—Stone—Wales
defect."” It is found that the boron-doped graphene exhibits valence states with DA
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Fig. 10. The interactions of boron doped and nitrogen doped graphene with dopamine and the effect of
electric field on this interactions. Reproduced with permission from American Chemical Society.'"’
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molecules and this system shows the strongest cohesive energy. Further, when an
electric field is applied, there is a shift observed in the valence states near the Fermi
level producing a decrease in the molecule—layer interactions (this is prominent in
B-doped graphene-DA, while the effect of electric field is insensitive in N-doped
graphene-DA and apparently less in defective graphene-DA interactions).!” All
these studies show that defective or selectively doped graphene can act as potential
candidates in the development of high sensitive neurotransmitter sensors. However, it
is also important to emphasize that the nature and amount of defects, number of atomic
layers, etc., matter while using 2D layers in sensing, similar to that in electrocatalysis.
Introducing selectivity to a sensor is the bottleneck in atomic layers based sensing.
Apart from the selective covalent functionalization of 2D backbones for selectivity
towards an analyte, bringing electrostatic interactions via doping is found to be
an effective route towards selectivity. For example, high sensitive ammonia (both
unionized (breathe ammonia) and ionized (blood)) detection is important in healthcare
and medicine.!® DFT studies show that ammonia (unionized) has little interactions with
graphene, while doped graphene such as fluorographene, can interact with ammonia
through hydrogen bonding interactions (fluorine-hydrogen interactions, Fig. 11).1

A " B [ B

Fig. 11. Electrostatic potential plots for (A) graphene-ammonia and (B) FG-ammonia."

This high sensitivity of fluorographene towards ammonia has been experimentally
also proven via impedance measurements. However, the amount of fluorine in graphene
also matters in the designing of fluorographene based ammonia sensor, since a large
amount of fluorine can make graphene an insulator (C,F has a bandgap ~ 3.4 eV)."
Theoretically also it is found that ammonia cannot be stabilized on large fluorine
containing graphene surface.'® Hence, the amount of dopants is also a critical parameter
in designing high sensitive sensor platforms using graphene. Effect of van der Waals
solids in 2D electrochemical sensing is not explored much, but will have plenty of
opportunity if it can bring selectivity and sensitivity to the sensing platform. The use
of atomic layers in biosensing, particularly for in vivo applications, demands their
bio-compatibility too—a field still nascent in 2D materials based biosensors.

Important Notes for Experimental 2D Electrochemistry

* The immobilization/transfer of 2D materials on different conventional carbon
substrates can give different electrochemical activities, depending on their surface
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roughness. Hence, surface roughness of the current collector also matters in the
electrochemical performance of 2D materials.

It is important to note that the current density should be optimized by
electrochemical surface areca instead of geometrical surface area to avoid
(minimize) the contribution from the non-faradaic currents, which can lead to
wrong interpretation in the onset potential of a reaction.

The substrate (underlying supporting electrode/current collector) matters in 2D
electrochemistry, and hence the synergistic effects from the current collector
(substrate) should be taken care.'??

Surface coverage of a 2D crystals is another important factor, since the area of a
2D crystal is limited to the size of the temperature zone (CVD growth) or size of
the bulk crystal (in chemical/liquid exfoliation method).'? Hence, the number of
edge sites exposed can be varied with the same 2D layer having different lateral
sizes. Further, in van der Waals heterostructures, the stacking sequence of different
layers is also found to be playing a significant role in 2D electrochemistry.>!2*
Effects from residual impurities (metallic/non metallic) and surfactants should
be taken care of. Similar to metallic/non-metallic impurities in 2D crystals (as
discussed before—they mostly come during the synthesis or transfer processes of
atomic layers), surfactants can also play a significant role in 2D electrochemistry.
Surfactants mediated exfoliation of defect-free 2D materials is becoming a
benchmarked method, and it has been recently found that surfactants can have
detrimental effects on the electrocatalytic activities compared to that of surfactant
free 2D crystals.'?
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CHAPTER 8

2D Metal-free Photocatalyst
for Hydrogen Generation from
Water Splitting

Xue Jiang,? Peng Wang® and Jijun Zhao*

Introduction

The depletion of fossil fuels and the serious environmental problems associated with
their combustion motivate us to search for alternative sources of sustainable, cheap,
and clean energy. One such promising energy carrier is hydrogen. As an ultimate
source of clean energy, hydrogen production via photocatalytic water splitting under
visible-light radiation offers a viable strategy for solving energy and environmental
problems simultaneously.

HZO(I)M)HZ(g)+%OZ(g) (AG = 237kJ | mol) (1.1)

Water splitting photocatalysts are materials that can photocatalyze the water
splitting reaction (Eqn. 1.1) under certain condition. According to Eqn. 1.1, the only
production of water oxidation and reduction are oxygen and hydrogen. The latter one
promises clean energy carrier with high energy density. However, this reaction is an
“uphill” type reaction, which needs the standard Gibbs free energy change of 237 kJ/
mol or 1.23 eV. Figure 1 shows a schematic diagram of water splitting into H, and
O, over photocatalytic reaction.' They include light absorption of the semiconductor
photocatalyst, generation of the excited charges, recombination of the excited charges,
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Fig. 1. Schematic energy diagram and mechanism of photocatalytic water splitting.'

separation of excited charges, migration of the charges, trapping of excited charges,
and transfer of excited charges to water or other molecules. All of these processes
will directly affect the total amount of hydrogen generation from the semiconductor
photocatalyst system.

Taking into account the basic mechanism and processes of photocatalytic water
splitting, there are many keys to developing a suitable high-efficiency semiconductor
for the visible light driven photocatalytic splitting of water into H, and O,: (1) the
band gap must exceed the free energy of water splitting of 1.23 eV, and be smaller
than about 3 eV for effective utilization of the maximum portion of the solar visible
light; (2) the water oxidation (H,0/0,) and reduction (H'/H,) potentials must lie
between conduction band minimum (CBM) and valence band maximum (VBM); (3)
a small exciton binding energy facilitates the splitting of excitons into free charge
carriers; (4) the surface area, porosity or reactive facets should be large enough for
high reactivities;?> (5) good motilities of charge carriers; (6) Recombination of the
photogenerated electron and hole waste energy in the form of heat or light.57 In
addition to all these issues, low cost, abundant and environmentally-friendly materials
are necessary for sustainable energy production.

Since the discovery of the first photocatalytic water splitting system on TiO,
electrodes by Fujishima and Honda in 1972,® a wide range of semiconducting materials
have been explored to function as photocatalysts for hydrogen production, which have
be reported in the previous reviews.’ > Generally, there are three overall deficiencies of
current reported water splitting photocatalytic materials: (1) Most of them are based on
transition metal oxides, nitrides, and carbides with d°, d'°, or f° configurations, along
with group VA or VIA ions as counter-anion components.’ High cost and dissolved
metal ions of the photocatalyst materials actually hinder the wide applications of
photocatalysis. In the drive towards green and sustainable chemistry, photocatalysts
without metal elements have been highly anticipated for hydrogen production; (2)
Most of water splitting photocatalytic materials have a band gap larger than 2.7 eV
(450 nm), which is too high for achieving the viable electrochemical level under
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solar illumination. (3) Most of them suffer from low quantum efficiency in the visible
range, with solar-to-hydrogen conversion efficiencies less than 0.1%. Therefore, the
key issue of hydrogen production is to develop new photocatalysts with nontoxic or
precious metals, lower band gap, and higher efficiency.

Due to the limited thickness, tunable electronic properties, high mobility, and
large surface area, two dimensional (2D) metal-free materials are very promising
candidates for developing appropriate photocatalysts mentioned above. They stand
out with many advantages: (1) Metal free overcome the limitation of high cost and
low stability of metal elements; (2) Limited thickness minimize the migration distance
for the generated electrons and holes, thus enhancing the photocatalytic performance
by reducing the possibility of electron-hole recombination;' (3) Tunable electronic
properties determine the vital points in semiconductor photocatalysts: ideal band gap
and the energy level of the conduction and valence bands; (4) High mobility of charge
carriers improved e-h pairs separation; (5) Photocatalysts with large specific surface
area will be good for the adsorption and dissociation of the water molecular. These
systems are prominently represented by light-weight elementary semiconductors and
carbon-based materials, including graphite-like carbon nitride (g-C,N,), graphene oxide
(GO), organic materials, phosphorene, and so on. They have shown good performance
in both the reduction and oxidation reaction. For example, Liu et al.'* very recently
reported a quantum efficiency of 16% for the carbon nanodot-2D carbon nitride
nanocomposite, which meets the requirement of the DOE price target for H, generation.

This chapter summarizes the recent progress on the design and fabrication of 2D
metal-free photocatalysts for hydrogen production from water splitting under visible
light. As shown in Fig. 2, a number of representative metal-free photocatalytic materials
will be addressed, including elemental semiconductor phosphorene, g-C,|N,, graphene
oxide, B-C-N hybrid sheets, 2D organic materials, and so on. On the other hand, the
universal origin of photocatalytic mechanism and the modification of existing 2D
metal-free photocatalysts to improve their photocatalytic activity by various strategies
will be also discussed. We aim to give comprehensive references for the scientists
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Fig. 2. (a) 2D metal free photocatalysts and (b) Strategies for tailoring the properties of 2D metal free
photocatalysts for H, production from photocatalytic water splitting.
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in the related fields or the graduate students who want to know photocatalysts for
hydrogen generation.

Two Dimensional Metal-free Photocatalytic Materials

Graphite carbon nitride as a photocatalyst

Polymer graphitic carbon nitride is a layered material similar to graphene, which is
composed of only C, N, and H. The discovery of graphitic carbon nitride could be
traced back to 1834, when polymeric melon was reported by Liebig.'s Subsequently,
there are several phases of carbon nitride that have been found by scientists. As the
most stable allotrope, graphite carbon nitride (g-C,N,) has attracted much attention.
Generally, C, N, and H can form two configurations of g-C.N, reported in the
previous literatures,'® that is s-triazine-based gt-C,N, and s-heptazine-based gh-C N,
(Fig. 3a). Both of them are formed by N-bridged triazine or heptazine with strong
C-N bonds. However, the difference building blocks of gt-C,N, and gh-C,N, will
consequently bring out diverse electronic and optical properties. The heptazine-based
gh-C,N, was demonstrated to be a semiconductor with a direct medium band gap
of 2.7 eV from the ultraviolet—visible spectrum and density-functional-theory band
structure in 2009 (Fig. 3b and Fig. 3c).’ Besides the large band gap, the reduction
and oxidation levels for H,O just locate inside the valence and conduction band of
g-C,N,, which are suitable for hydrogen evolution. For the triazine-based g-C,N,, the
band gap is deduced to be 1.6-2.0 eV from UV/Vis measurements and DFT results
(Fig. 3d and Fig. 3e) later in 2014."” Due to the better stability and easier processibility,
heptazine-based gh-C,N, is investigated in more detail in the previous work. Hence,
g-C.N, usually refers to the heptazine-based graphite carbon nitride.

Due to its special geometry configuration and electronic structure, Wang et al.
pioneer investigated the photocatalytic activity of native g-C,N, under visible light in
2009.5'® Under different thermal condensation conditions, they first prepared a series
of g-C,N, by heating cyanimide to temperatures between 673 and 873 K. They have
diverse geometry, electronic, and optical properties. For the material condensed at
823 K, an in-planar repeat period of 0.681 nm in the crystal is evidenced from the X-ray
powder diffraction (XRD) pattern. Then, using the powder formed g-C,N, prepared,
they were surprised to find that steady H, evolution from water under visible light
could be achieved with triethanolamine as a sacrifice agent, even without noble metal
as co catalyst. Moreover, they also observed Pt loading on g-C,N, was very helpful in
enhancing the photocatalytic activity, which would result in the quantum efficiency
(QE) of approximately 0.1% at 420—460 nm. Although the hydrogen production activity
of g-C,N, was low in this paper, this finding opened a new pathway to searching for
promising photocatalytic water splitting materials among countless 2D metal free
materials family.

Since being disclosed as a promising metal free photocatalyst, a tremendous
amount of research and strategies were devoted to improve the hydrogen evolution
rate of g-C,N,. So far, the efficiency of native g-C,N, was improved step by step
from 0.1% to 50.7%," which is closely meeting the requirement of the DOE price
target for H, generation. For example, sulfur-doped g-C,N, with a unique electronic
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Fig. 3. (a) Two graphitic carbon nitrides discussed in literature based on s-triazine and s-heptazine

building units.'® (b, ¢) Ultraviolet—visible diffuse reflectance spectrum of the polymeric carbon nitride

and DFT calculated band structure for gh-C\N,.* (d, e) UV/Vis diffuse-reflectance spectrum and DFT
calculated band structure for gt-C,N,."”

structure showed a photoreactivity of H, production about 8 times higher than pure
C,N, under incident wavelength from 300 to 420 nm.* By introducing mesoporosity
(67 nm-373 nm) into pristine g-C,N,, Wang et al.* (2012) observed that the efficiency
of hydrogen evolution from the photochemical reduction of water could be improved
by 8.3 times. After that, Schwinghammer et al. (2013) reported poly(triazine imide)
(PTI/Li*Cl), a g-C N, structure based on triazine building blocks.* Using 4-amino-
2,6-dihydroxypyrimidine as a dopant, a carbon- and oxygen-enriched PTI was
obtained, and the QE for hydrogen generation reached as high as 3.4%. Doping
with aromatic motifs was also used to enhance the catalytic activity of heptazine-
based graphite carbon nitride. Selecting four typical organic agents, barbituric acid
(BA), 2-aminobenzonitrile (ABN), 2-aminothiophene-3-carbonitrile (ATCN), and



2D Metal-free Photocatalyst for Hydrogen Generation from Water Splitting 153

diaminomaleonitrile (DAMN) as co-monomer, Zheng et al. (2014) prepared g-C\N,
modified by aromatic hetero-structures by a simple one-pot chemical condensation of
urea.? It is found that hetero-molecules can act as the chromophore center to harvest
photons and efficiently reduce the charge transfer resistance. Owing to the red-shifted
optical absorption and improved charge transporting, the photocatalytic H, evolution
rate is significantly improved. The apparent quantum efficiency (AQE) of an optimized
Pt and ATCN modified g-C N, is determined to be about 8.8% at 420 nm.

Recently, the quantum efficiency was further elevated to a much higher level.
Martin et al.>* (2014) synthesized a structure-controlled g-C N, with low-cost urea as
a precursor. The material showed reproducible and excellently stable catalytic activity
for H, evolution, resulting in a QE of 26.5% at 400 nm. From XPS analysis and time
dependent DFT simulations, a protonation mechanism was suggested to explain
the extraordinary photocatalytic activity. Liu et al.' reported that a combination of
carbon nanodot and carbon nitride could constitute a high performance composite
photocatalyst for water splitting via a stepwise two-electron/two-electron process, and
the QE could reach up to 16% under light irradiation of wavelength A =420 + 20 nm.
Similarly, by implanting metal cobalt hydroxide nanoparticles on g-C,N, as a co-catalyst,
Li et al.>* (2016) found that the strong interaction could enhance the transfer rate of
the photogenerated electron to reduce the carrier recombination. The light harvesting
can be effectively improved after co-sensitized by Eosin Y and Rose Bengal dyes.
And the achieved AQE for H, evolution reached 29.6% and 27.3% at 520 nm and
550 nm, respectively. Very recently, Lin et al.' (2016) reported a record-breaking
AQE of 50.7% at 405 nm, which is the highest reported value of QE for hydrogen
production by graphite carbon nitride-based photocatalysts. Preheated melamine was
used as a precursor to synthesize crystalline tri-s-triazine based (heptazine-based)
semiconductors. The characterization indicated that this synthetic method could
improve the crystallinity of the sample and enhance the photo generated charge
carrier mobility, as well as increase the surface area. When triethanolamine was used
as a sacrificial agent, with addition of phosphate to mimic natural photosynthetic
environment, the AQE of the biomimetic photocatalytic hydrogen evolution system
was determined to be 50.7% at 405 nm.

Graphene oxide as a photocatalyst

Graphene oxide (GO) is a monolayer of graphite oxide, which can be obtained
by exfoliating graphite oxide into layered sheets through sonicating, thermal, and
mechanical stirring.”> Even though GO has been known for over 150 years, it has
recently attracted resurgent interests since it is an important material to massively
produce graphene with low cost, and has easy processibility and compatibility with
various substrates.?® A number of spectroscopic techniques and theoretical simulation
have been carried out to determine the atomic structure of GO.?>?’ GO are composed
of two primary regions: (1) the hydrophobic  conjugated sp? domains, and (2) the
sp* domains with hydrophilic oxygen-containing functional group. A structural model
with carbonxylic acid at the edges, and epoxides and hydroxyls orderly arranged in a
chained manner is widely accepted to be thermodynamically stable for GO.?
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The fundamental physical properties of GO are closely related to the coverage,
ratio, and arrangement of the functional groups. Typically, GO is insulating due to
the large portion of sp? hybridized carbon atoms bonded with the oxygen-containing
groups, which results in a sheet resistance of ~ 102 Qsq ™! or higher.”® However, after
reduction, the sheet resistance of reduced GO can be degraded by several orders of
magnitude, hence transforming the material into a semiconductor, or even into a
graphene-like semimetal.>® For example, Guo et al.’! (2012) demonstrated that oxygen
contents of GO in the reduced region could be tailored by changing the laser power.
Thus, the band gap of reduced GO was precisely modulated from 0.9 eV to 2.4 eV.
On the other hand, Ito et al.3? (2008) studied the GO with only epoxide groups using
first-principles calculations. They found that as O/C ratio increase from 0 to 50%,
the band gap increases significantly from 0 to 3.39 eV. A large range of 0—4.0 eV by
varying the coverage of oxygen-containing groups is also supported by Liu et al.’s
(2012) density functional theory simulations.** As shown in Fig. 4, the band gaps
between the conduction band minimum (CBM) and valence band maximum (VBM)
of the ordered GO structures with coverage of 20, 40, and 50% are 1.22, 1.92, and
2.06 eV, respectively, while for the disordered GO structures are 1.77,0.80, and 0.53 eV,
showing a clear increasing with coverage. In addition, the electronic property of GO can
be affected by ratio of the OH and O functional groups. As the OH:O ratio increases,
the band gap increases accordingly due to enhanced degree of sp? hybridization.?

The tunable band gap also leads to the tunable optical property of graphene oxide.
Li et al.** (2008) found the absorption peak of the GO dispersion at 231 nm gradually
red shifts to 270 nm, and the absorption region increases with reaction time. Moreover,
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Johari and Shenoy® (2011) investigated the effects of different functional groups on
the optical properties of GO structures by performing DFT calculations. A series of
GO structures with different coverage and functional groups (epoxy, hydroxyl, and
carbonyl) are constructed and studied. According to the calculated electron energy
loss spectra (EELS), the concentration of epoxy and hydroxyl functional groups
varies from 25 to 75%, and the 7 + ¢ plasmon peak shows a clear blue shift of about
1.0-3.0 eV. Mathkar et al.** (2012) suggested that the optical gap of GO can be tuned
from 3.5 eV down to 1.0 eV with a concurrent increase of C/O ratio.

The tunable band gap and optical properties make GO materials are highly active
at visible spectrum. Moreover, GO has mobility of charge carriers of 10 cm?/Vs and
conductivity of 10000 S/m, which are also sufficiently large to migrate the electrons fast
toward surface for efficient photocatalytic application. As a result, GO materials could
be potential candidates for photocatalytic applications. Indeed, such application have
been supported by many experimental and theory research groups. Yeh et al.’” (2010)
proved the photocatalytic H, evolution activity of GO with a band gap of 2.4-4.3 eV
for the first time. Electro-chemical analysis along with the Mott-Schottky equation
illustrated that GO exhibited stable H, generation from an aqueous methanol solution
or pure water, even in the absence of Pt cocatalyst under mercury light irradiation
(Fig. 5). The quantum efficiencies of hydrogen production were calculated to be 2.7%
and 0.010% for the mercury lamp and visible-light irradiations from the methanol
solution.

After that, Yeh et al.3® (2011) have further investigated the photocatalytic activity
of GO with various oxidation levels. An inverse relationship between the amount of
H, evolution and the population of the oxygen-containing groups on the GO sheets
have been build. They concluded that GO with higher oxidation degree had a larger
band gap and limited absorption of light, thus exhibiting a lower photocatalytic
activity than the GO with lower oxidation degree. In addition, Matsumoto et al.*
(2011) have reported the photoreactions to generate H, from an aqueous suspension
of GO nanosheets under UV irradiation. Their findings have also shown that the GO
with an appropriate reduction level can serve as a photocatalyst for H, production.

Considering the p-type conductivity hinders hole transfer for water oxidation
and suppresses O, evolution, Yeh et al.*” (2013) have further introduced amino and
amide groups to GO surface. Their results demonstrated that the ammonia-modified
GO exhibits n-type conductivity, and simultaneously catalyzes H, and O, evolution.
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Fig. 5. Schematic energy-level diagram of GO relative to the levels for H, and O, generation from water.
The top-of valence energy level was obtained using density functional theory “for GO with 12.5% O
coverage.’’
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For further study of the overall photocatalyst of GO, Yeh et al.! (2014) synthesized
nitrogen-doped graphene oxide quantum dots (NGO-QDs) as the catalyst to fulfill the
evolution of H, and O, at a molar ratio of approximately 2:1. This could be explained
that p-n diodes configuration of NGO-QDs resulted in an internal Z-Scheme charge
transfer for effective reaction at the QD interface. For this reason, visible light
irradiation on the NGO-QDs bring about simultaneous H, and O, evolution from
pure water.

To explain these experimental observations about GO as promising visible
light driven photocatalyst materials and to clarify the optimal composition of GO
for higher photocatalytic activity, Jiang et al.** (2013) have studied the electron
properties responsible for photocatalytic water splitting using density functional
theory calculations, especially on the effect of epoxy and hydroxyl functionalization
on the work function, band gap, CBM/VBM position, and optical absorption spectra.
The structures adopted in their research were followed by the stable GO structures
with different OH:O ratio and coverage, which is confirmed by previous theoretical
studies.®* The epoxy and hydroxyl groups aggregate along armchair direction and
form stable one-dimensional chain configurations on the basal plane.

With the coverage increasing, they have observed band gap of epoxy and/or
hydroxyl functionalized graphene sheets are indeed continuously tunable from metallic
to insulating. Meanwhile, the work function of GO increases with coverage rate, which
is primarily due to hybridization between carbon atoms and functional species, as
well as formation of hydrogen bonds. By varying the coverage and relative ratio of
the epoxy and hydroxyl group, both the band gap and work function of the GO can
meet the requirements of the photocatalyst. More importantly, they have aligned the
redox energy levels of GOs with respect to the water oxidation/reduction potential
levels, and simulated the optical absorption spectra, which are displayed in Fig. 6a and
Fig. 6b. Their results show that the electronic structures of GO materials with 40-50%
(33-67%) coverage and OH:O ratio of 2:1 (1:1) are suitable for both reduction and
oxidation reactions for water splitting. Among these systems, the GO composition
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with 50% coverage and OH:O (1:1) ratio can be a very promising material for visible
light driven photocatalysts.*

2D covalent organic frameworks as photocatalyst

2D covalent organic frameworks (2D-COF) are a class of porous crystalline materials
constructed by linking organic secondary building blocks with covalent bonds to
produce predetermined structures, which feature high surface areas, excellent thermal
stability, and extremely low density. 2D-COF differ from 2D polymers with intrinsic
microporosities due to their crystalline nature. Generally, the approaches to obtain
2D-COF can be summarized as solvothermal, ionothermal, and microwave methods.*
Methods for growing COFs onto crystalline metal surfaces via the sublimation of
building units have also been developed.*¢

Based on those synthesized methods described above, lots of high qualitied
2D-COF materials have been successfully prepared under optimal reaction conditions.*
Generally, they can be classified into three categories: boron-containing, triazine-
based, and imine-based COFs. For example, Co6té et al.*’ ingeniously constructed
the first 2D COF materials, namely 2D COF-1, which belongs to one type of boron-
containing COFs and was synthesized through the self-condensation reaction of
1,4-benzenediboronic acid. It exhibits a layered staggered structure with surface
area of 711 m?g™! and an average pore size of 0.7 nm. The other example of boron-
containing COFs is 2D HHTP-DPB COF, which has also been successfully obtained
by the co-condensation of 2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) and
4,40-diphenylbutadiynebis (boronic acid).*® It possesses the pore size of 4.7 nm.
Triazine-based COFs (CTFs) were first developed by Thomas’ group,** which are
based on the cyclotrimerisation of nitride building units in the presence of ZnCl,.
Cyclotrimerisation of 1,4-dicyanobenzene (DCB) affords the representative CTF-1
material with a BET surface area of 791 m?g! and a pore size of 1.2 nm. The imine-
based 2D COFs have been synthesized by Wang et al.* via the co-condensation of
1,3,5-triformylbenzene and 1,4-diaminobenzene in a pioneering manner. COF-LZU1
possesses a 2D eclipsed structure with the layer distance of 3.7 A.%

Motivated by synthesizing the high crystallized 2D COFs, the optical and
electrical properties have been further investigated. Generally, 2D COFs have been
predicted to be insulating or semiconducting. For example, Jiang et al.>! found their
synthesized 2D TP-COF is highly luminescent with a capacity of harvesting photons
from ultraviolet to visible regions, while PPy-COF is electrically conductive, revealing
photoconductivity with a quick response to light irradiation. In addition, Lotsch’s
group? have developed the hydrazone-based COF (TFPT-COF), which is featuring
mesopores of 3.8 nm in diameter. They estimated its optical band gap of roughly 2.8
eV from the absorption edge based on the Kubelka-munk function. Theoretically,
Lukose et al.® have investigated the electronic properties of a set of reported and
hypothetical 2D COFs using density functional based tight-binding (DFTB) method,
including COF-1, COF-2, COF-1M, COF-2M, COF-3M, PPy-COF, COF-5, COF-
10, COF-8, COF-6, TP-COF, COF-4M, COF-5M, COF-6M, COF-7M, TP COF-1M,
COF-8M, COF-9M, COF-10M, COF-11M, TP, and COF-2M. Their band gaps are
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not only confirmed by the previous experimental results, but also found to be in the
range of 1.7-4.0 eV.

Interestingly, the electronic and optical properties might be tailored by the
chemical properties of the building blocks, the unit of linkers, and the topology of
networks. The monomer dependent band gaps originate from the concept of reticular
chemistry.>*5 That is, the band gap of 2D-COFs is determined by the smallest HOMO-
LUMO gap of the constituting molecules. For example, phthalocyanine molecules
have strong absorption capacities of visible light. The planar nt-electronic macrocycles
make them fascinating building units for constructing functional 2D COF materials.
Using a Lewis acid-catalysed protocol, Spitler and Dichtel*® (2010) synthesized an
eclipsed 2D COF (Pc-PBBA-COF) containing metal-free phthalocyanine groups.
Phthalocyanine-based Pc-PBBA-COF only shows a slight blue shift with the absorption
maxima comparable to the phthalocyanine tetra (acetonide) powder, and shows an
absorption band of most of the solar spectrum.

The optical gap could be also determined by the choice of monomers. Porphyrins
play a central role in virtually all natural photosynthesis processes due to the large
photoabsorption coefficient, and rather efficiently convert solar into electric energy
under visible light.>”"* Bearing this in mind, Jiang et al.®* synthesized a series of
2D porphyrin COFs with different porphyrin derivatives using three component
condensation systems, namely CuP-DHPh COF, H2P-DHPh COF, and NiP-DHPh
COF. All those 2D porphyrin COFs are still semiconductors with a rather similar band
gap of 1.36, 1.31, and 1.54 eV, respectively.

The linker unit size is another important factor that affects the electronic properties
of 2D COFs. Due to the quantum confinement effect, the band gap of the unit becomes
smaller as the size of the linked units increases. For example, the geometry of TP-COF,
having the same building blocks as COF-5, is formed by incorporating a PDBA unit
in place of PBBA linker into COF-5 structures. TP-COF and COF-5 have a relatively
modest difference in the electronic character. The VBM of the PDBA unit in TP-COF
shifts to higher energy by about 0.8 eV, in contrast to that of the PBBA in COF-5, and
the CBM shifts to lower energy by about 0.2 eV.%!

A recent study by Sakaushi and co-workers® used first principles calculations
and electrochemistry to confirm the density of states of triazine-based frameworks,
which proved the topology induced band gap tuning effects. In that work, the
electronic structure of CTF-1 and the CTF synthesized using TCPB were measured
by electrochemical methods and compared with the results of first-principles
calculations. As CTFs are composed of triazine rings as electron acceptors (A) have
an electron affinity of +0.46 eV, and benzene rings as electron donors (D) have an
electron affinity of —1.15 eV, the electronic structures of CTFs depend on the ratio of
the different aromatic rings. The band gap of CTF-1 and CTF-TCPB are 2.7 eV and
1.1 eV, corresponding to ratio of triazing and benzene rings of 1:4 and 1:5.% In
addition, Shenoy et al.*®® have observed the interlayer coupling effect for 2D DA-COF
based on density functional theory calculations. They found that the direct band gap
(1.73 eV) in monolayer will shift to an indirect band gap (0.25 eV) in the multiple
layers.

Those results suggest that one can start to control the electronic properties and
optical properties of 2D-COFs in a wider range by judicial selection of composition
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structures, monomers, and functional groups. Besides the tunable optical and electronic
properties, the effective charge separation have also enhanced due to © stacking
structure of 2D-COFs, which provide defined pathways for charge carrier transport.
Yaghi et al.® have reported the integration of porphyrins into covalent organic
frameworks (COFs), and have successively synthesized two porphyrin units based
COFs (COF366 and COF66), which were determined to be hole conducting with
motilities as high as 8.1 and 3.0 cm?V-'s™!. They have also found that the lifetimes of
the charged species for both COFs are ~ 80 us or even longer, in spite of the higher
mobility of the charge carriers, which is the primary factor in the promotion of the
effective charge carrier separation. Recently, a synthesized 2D DA-COF with donor and
acceptor functional groups segregated in the basal plane has been experimentally® and
theoretically®* demonstrated to possess excellent carrier mobility. The mobility along
vertical direction is 0.04 and 0.01 cm? V-!s™! for electrons and holes, respectively. The
effective mass of the carrier is also very high in plane of the DA-COF. The electron
effective mass of monolayer DA-COF is 0.523 m , which is higher than the traditional
semiconductors of Si (0.2 me) and GaAs (0.067 me), while the holes’ effective
mass of carriers in DA-COF is 21.225 m , which is two order magnetite higher than
0.16 m_of Si and 0.082 m_of GaAs.

All these advantages addressed above are implied by the 2D-COF to have the
potential to be a new star metal free photocatalysts. Incorporating triazine units into
2D-COF systems successfully is the first step towards such photocatalyst applications,
which correlate with efficient hydrogen evolution as the triazing nitrogen, with its
free electron pair and electron poor character, which may act as the active site.’ In
addition, the triazine rings also offer the 2D-COF high chemical and thermal stability,
which is preferred for photocatalysis.

Indeed, most 2D organocatalysts found so far are triazine-incorporated COF. The
representative ones are the covalent triazine frameworks (CTF-0, CTF-1, and CTF-2),
which have been synthesized experimentally**¢-% and firstly theorized to investigate
as a new class of photocatalytically active 2D COF for light-driven water splitting
by Jiang et al.” (2015). Some key physical properties that determine photocatalytic
activity, including the electronic band structure, work function, CBM/VBM position,
and optical absorption spectra, have been evaluated for 2D-CTFs using first-principles
calculations. Taking CTF-0 as a starting point, the calculated band gap is 2.49 eV at
PBE level and 3.32 eV with HSE06 hybrid functional (Fig. 7a). The partial density
of states (PDOS) is shown in Fig. 7b. Almost all conducting states in the vicinity of
the Fermi level originate from triazine nitrogen atoms. The band edge alignment of
CTF-0 calculated with HSE06 functional is presented in Fig. 7c, which indicates that
the CBM is 1.408 eV more negative than the reduction potential of H/H, and VBM
is 0.682 eV more positive than the oxidation level of O,/H,O. The optical absorption
spectra of CTF-0 further demonstrate that they meet the criteria for efficient visible-
light absorption (Fig. 7d).

The band gap of 2D-CTFs can be enhanced via tailoring nitrogen concentration,
which is 2.49 eV for CTF-0,2.42 eV for CTF-1, and 2.07 eV for CTF-2, corresponding
to the nitride content of 20%, 14.3%, and 10%, respectively. Moreover, the band gap
reduces from 2.49 eV to 2.28 eV with increasing number of layers monotonically
(N = 1-6). To evaluate the photocatalytic capability, the energy levels of CTF-0,
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Fig. 7. (a) Calculated band dispersion and (b) projected density of states of CTF-0 with HSE06 methods,
the valence band maximum is set to zero. (¢) Band alignments of CTF-0 with respect to the standard water
redox potentials. (d) Optical absorption of CTF-0.%

CTF-1, CTF-2, and multilayer CTF-0s with respect to the water oxidation/reduction
potential levels are shown in Fig. 8a and Fig. 8b. Both band alignments indicate that
tuning nitrogen concentration and stacking 2D-CTFs are effective means to improve the
flow of the carrier and reduce the band gap, which reveal the great potential of CTF-0,
CTF-1, CTF-2, which are a new generation of efficient visible light photocatalysts.

Inspired by this theoretical work, other 2D COFs containing triazine rings that
act as photocatalysts for splitting of water have been studied experimentally. Bi et
al.®® (2015) have found the absorption edge of CTF-T1 located at about 422 nm,
corresponding to a band gap 0f2.94 eV, based on the Kubelka-Munk function (Fig. 9a).
For comparison, the time course of H, evolution from water by CTF-T1 and g-C,N,
under visible light irradiation are shown in Fig. 9b. One can clearly see the amount
of H, production of CTF-T1 are comparable to the g-C,N,.
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Fig. 9. (a) UV-vis diffuse reflectance spectrum and photoluminescence spectra with 360 nm light
excitation at 298 K. (b) Time course of H, evolution from water by CTF-T1 and g-C,N, under visible
light irradiation (A > 420 nm). (c) Wavelength dependent H, evolution from water by CTF-T1. (d) Time
course of O, evolution from water by RuO, loaded CTF-T1 under visible light irradiation (A > 420 nm).®*

As shown in Fig. 9c, the H, evolution rate decreased along with the increasing
wavelength of incident light, which matched well with light absorption in the optical
spectrum (Fig. 9a). The quantum efficiency of H, evolving half reaction for CTF-T1
at 400-440 nm is about 2.4%. The other O, evolving half reaction for CTF-T1 also
occurred using RuO, assistance (Fig. 9d). However, the activity of H, evolution is much
smaller than that of H, evolving. Stegbauer et al.** (2014) also reported a hydrazine-
based 2D-COF (TFPT) to produce hydrogen from water without signs of degradation
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when illuminated with visible light. Using aqueous triethanolamine solution as a
sacrificial donor, the amount of hydrogen evolved in the first five hours was as high
as 1970 umolh'g™, corresponding to a quantum efficiency of 2.2%, while maximum
quantum efficiency of up to 3.9% was obtained for individual batches. However, no
O, could be detected regrettably. In addition, Lotsch and coworker® found highly
photoactive phenyl-triazine oligomers (PTO), which have a higher crystallinity as
compared to CTF-1 obtained by lower temperature. The most active PTO samples
efficiently and stably reduce water to hydrogen with an average rate of 1076 + 278
umolh g under simulated sunlight illumination, which is competitive with the best
carbon nitride-based and purely organic photocatalysts.

2D COFs for photocatalytic hydrogen production beyond triazine rings have been
firstly suggested by Jiang et al.’s theoretical work.” To design two dimensional (2D)
organocatalysts, they constructed a series of covalent organic framework (COF) using
bottom-up strategies, i.e., molecular selection, tunable linkage, and functionalization.
First-principles calculations are performed to confirm their photocatalytic activity
under visible light. Two of our constructed 2D COFs models (COF-B1 and COF-C3)
are identified as sufficiently efficient organocatalyst for visible light water splitting.
COF-B1 consists of boroxine rings and diazoniums linkage, while COF-C3 is
constructed by the same diazoniums linkage and substitutes amine and cyano
functionalized benzene ring. Their theoretical prediction provides essential insights
into synthesizing more high-efficiency 2D-COF photocatalysts among the countless
2D polymers with other building blocks.

Other 2D metal free photocatalysts

In addition to the above mentioned three types of 2D materials, other newly predicted
2D materials, such as C)N,”' BCN,” Si pentagonal monolayer p-SiX (X = B, C,
and N),” elementary phosphorene,™ as well as their derivatives, have also shown
great potential for visible-light photocatalysis application. For example, the thinnest
layered 2D crystal named C,N, with uniform holes and nitrogen atoms, have been
simply synthesized via bottom up wet chemical reaction” (Fig. 10a). Its optical band
gap is about 1.96 eV. After that, Yang’s group”' performed first principles calculation
to investigate monolayer and multilayer C N as a potential photocatalyst for
water splitting. Both the monolayer and multilayer C,N have a direct band gap (1.84—
2.47 eV) and good visible light adsorption (Fig. 10b and 10c). The band alignments
of monolayer and multilayer C N with respect to the water redox levels show that the
layered C N are satisfied for the overall water splitting (Fig. 10d). More importantly,
unlike g-C,N, with many localized band edges in band structure which is considered
to be the reason for its low quantum efficiency, the valence and conduction bands
for monolayer C,N are well dispersed, and no localized states are present to act as
recombination centers for the photogenerated electron hole pairs. Hence, we can infer
the lifetime of the photogenerated charge carriers in monolayer C )N will be longer,
which is very important to obtain a better photocatalytic efficiency than pristine g-C,N,.

Another example shown here is a new family of Si-based pentagonal monolayers
p-SiX (X =B, C, and N), which is constructed on the basis of the okayamalite structure
by means of first principle calculation.” Electronic structures by HSE06 hybrid
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Fig. 10. (a) Top view and side view of the atomic structure of monolayer C,N; (b) Band structures of
monolayer C,N calculated by HSEO06; (c) Optical spectra for few layer C,N; (d) band edge position of
monolayer and multilayer C,N. The dashed lines are water redox potential.”!

functional show that one of them, p-SiC, is a semiconductor with a band gap of 2.35
eV. For p-SiC, the electron mobility at the CBM along x direction is about 2.5 x 10?
cm?V-1s7!, while the hole mobility at the VBM is 1.9 x 10°* cm*V-'s™ and 1.3 x 10°
cm?V-1s7! for two different degenerate edges at the VBM. This carrier mobility can be
compared to, or may even be higher than that of many other 2D semiconductors, such as
MoS,, phosphorene and 2D organic materials. The big difference between high carrier
mobilities of electron and hole will decrease the recombination of photogenerated
electron-hole pairs greatly. More meaningfully, their results indicated that both band
gap and band edges of p-SiC can meet the requirement of the reduction and oxidation
levels in water splitting. All those results reflected that p-SiC can be a potential
photocatalyst for water splitting beyond g-C,N, or other traditional photocatalysts
with high carrier mobility and low recombination rate.

The last fascinating example shown here is monoelementary 2D phosphorene,
which has also been observed as a class of efficient photocatalyst, due to its unexpected
optoelectronic properties and high carrier mobility. Sa et al.™ first unraveled it to be a
photocatalyst in the application of water splitting hydrogen production in 2014. Its good
stability in liquid water, suitable band gap (1.54—1.82 ¢V), and band edge alignments
demonstrated its ability in hydrogen and oxygen production. At the same time, they
have also found the water splitting process on phosphorene is energy favorable, and the
water oxidation and reduction process will take place on different sides of phosphorene
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separately. Moreover, Zhou et al.”® have also proposed its ability of photocatalytic
solar water splitting are still retained even if it’s cut to zero dimensional quantum
dots. The quantum dots the consider yield band gap of 1.36-2.52 ¢V and 2.14-2.85
eV for black and blue phosphorus quantum dots.

Strategies for Photocatalytic Performance Improvement

Based on the main process of photocatalytic water splitting, the H, or O, gas evolution
rate of a photocatalyst depends on its ability of light harvesting, charge separation, and
charge utilization. Recently, there have been many strategies proposed to improve the
efficiency of light harvesting, charge separation, and charge utilization for the 2D metal
free photocatalysts. For example, the band gap structure and band offset of some 2D
semiconductors can be modified by elemental doping, chemical functionalization, and
mechanical loading, which tune light adsorption and charge utilization property of the
photocatalyst. Heterojunction and composition design of 2D metal free materials with
other components have also been demonstrated as efficient ways to enhance charge
carrier transportation and separation. Photocatalytic activity could also be improved
by pH value of the solutions, which are beneficial for enhancing charge utilization by
shifting the standard oxidation potential.

Doping of 2D metal free materials

Doping refers to the introduction of foreign elements into the lattice of the host
materials. Based on the roles of the foreign elements (donors or acceptors), it is
classified into N type doping and P type doping. Experimentally, it can be fulfilled easily
by a pre-treatment of precursors or post-treatment of the as-prepared 2D materials.
For designing high performance 2D metal free photocatalysts for light harvesting, no
metal doping with boron,” carbon,” sulfur,*” nitride,* and phosphorus®—*? have been
investigated to tailor the chemical properties, band structure, and the charge carrier
transport.®> With suitable dopants, doping has been proved to be a powerful method
to improve the activity of photocatalysis driven by visible light.

For instance, the element sulfur is known as a useful dopant which can efficiently
improve the photocatalytic activity of both g-C,N, and 2D COFs.*” For solving the
low quantity of hydrogen evolution of porous carbon nitride materials, Cheng et al.*
have prepared the homogeneous sulfur-doped g-C,N,. The S-doping effect on the
electronic structure of g-C,N, has been characterized by the UV-visible absorption
spectra, which is displayed in Fig. 11a. One can see that the intrinsic absorption edge
of C,N, has a blue shift upon sulfur doping. The band gaps of C,N, and C,\N, S
determined are 2.73 and 2.85 eV. At the same time, in contrast to C,N,, the doped
C,N, S demonstrated a VB maximum up-shifted from 2.12 to 1.79 €V, as well as the
VB itself being widened (Fig. 11b). This suggested that the doping has indeed induced
a simultaneous upward shift of the CB minimum by 0.45 ¢V (Fig. 11¢). The elevated
CB minimum and a widened VB resulted in sulfur doped graphitic C,N, displaying
a photorreactivity of H, evolution 7.2 and 8 times higher than pure C,N, under 300
and 420 nm, respectively.
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compared to that of C)N,.*

Lietal.” (2016) have also observed that the photocatalytic activity of 2D covalent
triazine-based frameworks (CTFs) can be efficiently improved using such facile sulfur-
doping approach. The sulfur-doped CTFs show superior photocatalytic activity and
stability in hydrogen evolution from water under visible light irradiation, which is
5 times higher than that of the pristine CTFs and g-C,N,. The significantly improved
catalytic efficiency was attributed to sulfur-doping in the frameworks, which results
in enhanced adsorption of visible light, reduced recombination of free charge carriers,
and rapid separation and transportation of photogenerated electron—holes.

In fact, both S-doped g-C,N, and 2D COFs show n-type conductivity, which benefit
the hydrogen and oxygen evolution. The n-type conductivity has also been observed
in the other no metal element doped systems, including phosphorus-doped graphitic
carbon nitride,?'*? nitrogen doped graphene,®’ and so on. Those investigations further
confirmed the n-type doping effect in promoting the photocatalytic activity. The p-type
effect has been studied by Wang et al.”” They found that the boron doping in g-CN
can lead to the band gap changing from 2.88 to 2.83 eV. The obtained B-doped g-CN
monolayer photocatalyze hydrogen evolution from a protic solution under visible light
irradiation, and show a much higher activity than that of the pure g-CN catalyst.”’

Chemical functionalization

In addition to elemental doping, the chemical functionalization also plays an
important role in improving the photocatalytic efficiency of 2D metal free materials.
Functionalization is the addition of functional groups onto a material by chemical
synthesis methods. In principle, the functionalization does not change the internal
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structures of materials. However, the introduction of organic functional groups may
be n doped or p doped and band gap between the CBM and VBM can be tuned in a
wide range. Therefore, it could be beneficial for the enhancement of photocatalytic
H, production performance under visible light. Among countless functional groups,
hydrogenation, fluorination, oxidation, hydroxylation, cyanidation, amination, and
together on 2D metal free materials are feasible to obtain potential visible light
driven photocatalysts, which have been confirmed by many experimental’’#$4%7 and
theoretical works.*>70.88

As a typical example, the effect of oxidation, hydroxylation, and amination have
been widely observed on graphene oxide photocatalyst by tailoring its electronic
structure. GO exhibits p-type conductivity or n-type conductivity when graphene
covalently bonds to an electron accepting oxygen functionalities or electron donating
nitrogen functionalities.** As oxygen bonds on graphene, the valence band changes
from the 7 orbital of graphene to 0, orbital, leading to a larger band gap for a high
oxygen coverage rate of GO, from semimetal to insulator, while the conduction band
of GO is mainly formed by the anti-bonding n* orbital. Moreover, the effect of those
functional groups can convert sp? hybridized carbons into sp* hybridizations and then
tune the band gap from mid-ultraviolet to near infrared region (0.5-5.5 eV). Therefore,
graphene oxide with OH, O, and NH, functional groups exhibited a suitable band gap
for becoming an excellent photocatalytic H, production activity under visible light
irradiation.’” #1885 In fact, the other chemical functionalizations of graphene oxide,
such as carboxylic acid functionalization with chloroacetic acid,* and triphenylamie
functionalization with 4-benzaldehyde®” was also applied to enhance photocatalytic
H, production.

Hydrogenation is another common way to design new 2D metal-free photocatalysts.
Based on the first principles calculations, Yang’s group * predicted semihydrogenated
BN is a potential metal-free visible light driven photocatalyst for water splitting. The
band gap of bare graphitic BN sheet is calculated to be an insulator with a band gap
of 5.56 eV. It is largely reduced to 2.24 eV after semihydrogenation (Fig. 12a), which
corresponds to an absorption in the yellow-green region of the visible spectrum. At the
same time, the position of the reduction level and oxidation potential revealed that the
oxidation and reduction process is energetically favored with a relatively low driving
force (Fig. 12a). Moreover, one can see from Fig. 12b, the probability distribution of
VB and CB is well separated spatially: the former is localized in the left part of the
supercell, whereas the latter is mainly in the right part. It leads to a low probability of
recombination and avoids a big decrease in photocatalytic activity.

Cyanidation and amination on 2D COF could also act as a good candidate for
water splitting. To design 2D organocatalysts, Jiang et al.”’ constructed a series of
covalent organic framework (COF) with different functional groups. First-principles
calculations were performed to confirm their photocatalytic activity under visible
light. They found that one of the 2D COF with cyano/amine functional groups have
a band gap of 2.09 eV at HSEO06 functional level, which is suitable for visible light



2D Metal-free Photocatalyst for Hydrogen Generation from Water Splitting 167

(b)

Fig. 12. (a) The band structure of sh-BN with HSE06 functional. The position of the reduction level for
H* to H, and the oxidation potential of H,O to O, is indicated by the blue dashed line. The Fermi level is
set to zero. (b) The charge distribution of VB (lower) and CB (upper) with isovalue 0.03 /A3 %

absorption. The redox potentials of H,O are both located in between the band gap,
which indicates that it is a good candidate for water splitting.

Strain

The general concept of strain is from the theory of elasticity. It is a tensorial quantity
and defined by the amount of deformation under the application of an external force.
Based on the deformation direction of 2D materials, the strain can be divided into
uniaxial strain, biaxial, shear, and out plane strain. In experiments, in plane strain
usually originates from surface stress or lattice mismatch with the substrate,® while
out plane strain can be realized by pushing or compressing the single layer in a tailor
made sandwich configuration.”

Recently, the effects of strain have been widely investigated, especially on 2D
nanoscale materials. For example, by applying compressive or tensile biaxial strain on
bilayer and monolayer MoS,, the electronic properties are predicted to change from
semiconducting to metallic.! The strain induced electronic structure modifications
of bilayer WSe, has also been studied by Javey’s group, 92 a indirect to direct band
gap transition has been observed by DFT simulation, which explains the results of
PL emission enhancement in experiments. By first principles calculation, Yang et
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al.”® showed anisotropic free carrier mobility of phosphorene can be controlled by
strain. With the appropriate biaxial or uniaxial strain (4—6%), they rotate the preferred
conducting direction of phosphorene by 90°. The mechanism of such band gap
reduction, indirect to direct band gap transition, and conducting pattern change was
attributed to strain-induced symmetry breaking, which result in shifting in the energy
levels of conduction and balance band or removal of degeneracy.

Generally, the 2D single layer materials can sustain high mechanical strain.
Graphene and phosphorene can hold the uniaxial strain up to 25%°% and 30%,%
respectively. Such big strain provided enough space to modify the band gap, band
offset, and charge separation path. Therefore, applying mechanical strain is also a useful
method to improve the photocatalytic properties of 2D metal-free semiconductors.

For example, the potential application of phosphorene as a photocatalyst under
strain have been assessed by density functional theory calculations.” The compression
strains will reduce the band gap far from the visible light, showing no benefit to the
photocatalysis properties. The band gap variation under tensile strain along a and
b axes have been shown in the Fig. 13a. Both the band gaps first increase with the
increasing strain and then decrease. Their peaks are 1.76 and 1.82 ¢V, respectively.
The optical spectra of phosphorene having maximum band gap along the a and b axes
have been plotted in the Fig. 13b. One can see that the absorption of phosphorene under
strain in the visible light region is more noticeable than the strain free phosphorene.
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Fig. 13. (a) The band gap of phosphorene as a function of the uniaxial strain; (b) Optical spectra for
phosphorene under strain free, 7% tensile strain along the a axis and under 5% tensile strain along the b
axis. The solid vertical lines show the wavelength range of visible light.”

Moreover, the driving force of the splitting of water molecular on phosphorene have
also been evaluated. Appropriate tensile strains further increase the driving force of
the splitting of water.

2D metal free composite photocatalyts

Although the ability of visible light absorption have been improved by applying
elemental doping, chemical functionalization, strain and stacking on photocatalysts, the
high recombination rate between the photo-generated electrons and holes still restrict
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the hydrogen production activity. Cocatalysts, the light harvesting semiconductors
loading with appropriate materials, have always been adopted to solve this problem. As
famous candidates, the noble metals Pt, Pd, and Au are commonly used as cocatalysts
due to their improved photocatalytic performance.'® However, as Pt, Pd, and Au are
rare and expensive, their use is restricted for practical applications. To tackle this noble
metal related cocatalyst issue from water splitting, much attention has been focused on
designing 2D metal free material based composites to replace noble metals due to the
superior electrical mobility and large specific surface area. To date, large numbers of
efficient 2D metal free composites for photocatalytic water splitting are synthesized,
including 2D-0D composites and 2D-2D heterojuctions.

Kang et al.'* from Soochow University have reported the design and fabrication
of metal-free carbon nanodots and carbon nitride nanocomposite, and demonstrated
their impressive performance for photocatalytic solar water splitting. First, the
incorporation of carbon nanodots into the C,N, matrix leads to an increase in the
ultraviolet visible absorption over the entire wavelength range investigation. The
optical band gap of carbon nanodots is 2.77 eV, which is almost identical to that of
pure C,N,. Second, they show carbon nanodots and carbon nitride nanocomposite
can split water into H, and O, with QEs of 16% for A =420 + 20 nm and 6.3% for A
= 580 + 15 nm. At the same time, overall solar energy conversion efficiency is 2.0,
which is one order of magnitude larger than that of any previously reported stable
water splitting photocatalyst. The other high quantum efficiency cases are GO and
CdS quantum dots hybrid systems,”® whose H, production rate and quantum efficiency
is 1824 umolh'g ! and 23.4% at 420 nm, respectively, which is much better than Pt-
CdS quantum dots photocatalysts. In addition, GO/3C-SiC QDs,” g-C,N /CdS QDs
% and g-C,N /polypyrrol ** binary composites have also been investigated. All these
2D-0D composites show a higher photocatalytic H, evolution as compared to their
bare semiconductor. For GO/3C-SiC QDs system, the rate of H, production reaches
to 95 uL/h with 1 wt% GO content, which is 1.3 times larger compared to the case in
pure SiC nanoparticle under visible light, while the H, evolution rate of the optimal
g-C.N, and CdS quantum dots composites was 17.27 umolh'g"" under visible light
irradiation, which is 9 times that of pure g-C,N,. More promisingly, a very low mass
organic molecule (polypyrrole) loading result in the hydrogen production was 50
times higher than pure g-C,N,.

Compared to 0D/2D heterostructures, the 2D/2D heterostructures possess
relatively better coupling hetero-interfaces, which provide more abundant surface
active sites and facilitate the transfer and separation of photogenerated electron and hole
pairs, thus contributing to higher photocatalytic performance. Overall, there are three
typical categories, including semiconductor-graphene heterojunction, semiconductor-
semiconductor heterojunction, and isotype heterojunction.

For instance, Xiang etal.'” (2011) hybridized the two star 2D materials, g-C,N, and
graphene through an impregnation chemical reduction route. The successful formation
of 2D-2D layered junctions between them led to a very efficient interfacial charge
separation, which enabled the spatial accumulation of photoinduced electrons and
holes on the sides of graphene and g-C,N , respectively (Fig. 14a). Consequently, with
optimizing the interface effect at the amount of 1.0 wt% graphene, the photocatalytic
H, production rate is 451 umolh™'g"!, which is 3.7 times more than that of pure g-C,N,.
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Fig. 14. (a) Schematic illustration of photocatalytic H, production over graphene and g-C,N, composites.'”
(b) Energy band diagram of red phosphor and g-C,N, heterojunction and schematic illustration of electron-
hole separation process after excitation.!!

The mechanism of such enhancement in g-C,N /graphene hybrid structure was due
to the ability of graphene sheets to act as conductive channels to efficiently separate
the photogenerated charge carriers.

2D semiconductor and 2D semiconductor heterojunction also lead to considerable
improvement on the photocatalytic activity for H, production. Yuan et al.'" (2013)
reported a composite photocatalyst by coupling red phosphor and g-C,N, together.
For the pure red phosphor and pure g-C,N,, the activity for H, production is
22 umolh'g™" and 340 pmolh'g", respectively. However, the H, evolution rate is
about 310 umolh™'g" when loading of 5 wt% g-C,N,. The photocatalytic activity
can be further enhanced to 1000 pmolh'g" for H, evolution by loading of 30 wt%
g-C,N,. The mechanism of enhanced photocatalytic activity could be attributed to
the effective interfacial charge transfer between red phosphor and g-C,N, across
the heterojunction, as illustrated in Fig. 14b. On the one hand, the photoinduced
electrons on g-C,N, surface could transfer to red phosphor through the interfaces
since the CB edge of g-C,N, is more negative than that of red phosphor. On the other
hand, the photoexcited holes on the red phosphor surfaces move towards g-C,N, due
to the difference in valence band edge. Such effective separation of photogenerated
charge carrier thus enhances the photocatalytic activity. Similar semiconductors and
semiconductor heterostructures have also been observed in black-red phosphorus!'®?
and g-C)N, and g-C, )N H, hybrid systems.'®

Another novel isotype heterojunction was first found in g-C,N, and sulfur mediated
g-C,N, binary system, which were synthesized using thiourea and urea as precursors.'**
The g-C N /g-C,N, isotype heterojunction formation originated from g-C,N,, prepared
using thiourea, show higher VB and CB positrons than urea. Such difference in band
structure will cause the redistribution of the photoinduced electrons and holes, and
reduce the energy wasteful electron and hole recombination. As a result, this g-C,N,/
sulfur mediated g-C,N, heterojunction shows an enhanced H, evolution activity over
its corresponding host substrates.

Chemical bias

While all the strategies for improving photocatalytic efficiency mentioned above
are still focused on tuning electronic properties of the photocatalysts, electrolyte
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Fig. 15. Energy alignment of phosphorene at ambient condition, 5% and 7% strain, respectively. The
black and green dashed lines are water redox potentials at vacuum level and pH = 8.0 solution.”™

modification is also a feasible method. Adjusting the pH value of the electrolyte can
tune the alignment of the energy levels between the 2D materials. The pH dependent
reduction potential and oxidation potential are.!®

red _
EHVH2 =—4.44¢eV + pH x0.059 (1.2)
Eg .0 =—5.67eV + pH x0.059 (1.3)

Here, —4.44 eV and —5.67 eV are the standard water reduction and oxidation
potential at the vacuum level. According to the formula 1.2 and 1.3, the increasing
pH shifts both the energy levels of H/H, and O,/H,O potentials upward, which will
make some unactive materials be possible photocatalysts or enhance the ability of
charge carrier utilization. Phosphorene is an example of a 2D material benefitting
from the pH modification.™ For the phosphorene with strain and at ambient condition
(Fig. 15), CBMs of all the phosphorene locate more negative than the redox potential
of H'/H,, but the VBMs of all the phosphorene are not occupied by more positive than
the redox potential of O,/H,O. That is to say, phosphorene is not suitable for water
splitting under vacuum condition. However, the oxidation potential as well as the
reduction potential will shift upward 0.472 eV in Fig. 15 in pH = 8.0 solutions. One
can see phosphorene shows a favorable band position for water splitting for all the
cases we have shown. Hence, the chemical bias engineering (pH) can also improve
the photocatalysis properties by enhance the ability of charge carrier utilization.

Summary and Perspectives

Two dimensional metal free photocatalytic materials are promising functional materials
for the potential solution to the energy and environmental problems. In this chapter, 2D
metal free materials such as elemental semiconductor phosphorene, g-C,N,, graphene
oxide, B-C-N hybrid sheets, 2D organic materials, Si-based materials, etc. for H,
production over photocatalytic water splitting were comprehensively overviewed. A
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systematic understanding of their electronic and optical properties in determining the
ability of photocatalysts for H, production from photocatalytic water splitting was
summarized. The strategies for tailoring the properties of 2D metal free photocatalytic
materials for H, production from photocatalytic water splitting were also discussed
in several aspects, including doping effect, chemical functionalization, mechanical
loading, interface engineering, and external condition (pH value of solution).

Although considerable progress has been achieved, the studies in this field are still
at the primary stage, and further developments are required. First, exploration of new
metal free materials in the form of 2D nanosheets is greatly necessary. Although many
semiconductors have been identified as suitable toward solar water splitting, not many
of them are realized as 2D metal free materials. Based on the results of this chapter,
we believe that there are more high-efficiency 2D metal free photocatalysts among
countless unknown 2D materials. In addition, a better relationship between physical
and chemical properties and photocatalytic activity should be correlated, which is
beneficial for the purposeful design of high performance 2D metal free photocatalysts.
This relies not only on advanced material characterization techniques, but also on
rigorous theoretical simulation. New synthesis methods have to be developed for
preparing high quality 2D metal free materials with high purity, compositions, and
defects. High computation based on density functional theory have to be used for
screening potential photocatalytic materials, which have been demonstrated as a
fast, reliable, efficient and economical method. Second, developing new 2D metal
free semiconductor and nanomaterials hybrid systems with synergic benefits from
individuals is also of great significance. A rational design of combining 2D metal
free semiconductor and nanomaterials will further optimize the performance of
hydrogen production. Third, the new modification approach towards improvement
of photocatalytic actively of 2D metal free photocatalysts is highly encouraged. For
example, the influence of layer number, defects, morphology composition, electrical,
and magnetic fields on the photocatalytic performance has rarely been investigated.
Such modification will favor not only the adjustment of redox potential, but also the
enhancement of light harvesting. Fourth, most previous findings about 2D metal free
materials mainly observed the photocatalytic H, production from the reduction of
water, while O, production from the oxidation of water is still an issue. 2D metal free
photocatalysts with efficiency for simultaneous H, production and O, production is
highly anticipated. Lastly, the mechanisms of photocatalytic enhancement of 2D metal
free under many approaches are partly unclear. Therefore, more studies are still needed
to improve the general understanding of enhancement mechanism.

Nevertheless, semiconductor photocatalysts research will continue to thrive
because of the new opportunities provided by two dimensional metal free materials,
which will require extensive efforts from experimental and theoretical scientists
and researchers all over the world. It is expected in the future that the artificial
photosynthesis devices can be well designed and materialize. We also hope that
relevant exploration about photocatalytic water splitting will be expanded to solving
other environmental and energy-related issues, such as photocatalytic CO, reduction
and organic pollutant removal.
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CHAPTER 9

Transition Metal Dichalcogenides
in Energy Applications

Xinyu Cheng, "+ Meng Sun,>* Haiming Xie>* and Jinghong Li'*

Introduction

With the explosion of global population and the huge consumption of the traditional
fossil fuels, sustainable and eco-friendly energy sources are in urgent need in the new
century. For the sake of the welfare of our offspring, people should spare no effort
to harvest renewable energies by virtue of various high-efficient electrochemical
energy applications. Recently, the promising energy devices such as supercapacitors,
lithium-ion batteries, microbial fuel cells (MFCs), proton exchange membrane
fuel cells (PEMFCs), direct methanol fuel cells (DMFCs), and solar cells, have
made great strides in terms of developing active and durable electrode materials,
improving the efficiency of electron transfer, and decreasing the energy barrier of
complex electrocatalytic reactions.'™ For example, the progress on the high-density
compacted energy storage devices, such as hybrid electric vehicles, large electrical
equipment, and renewable energy power plants have played prominent roles in solving
the inefficiency of energy storage. Besides that, the typical electrocatalytic reaction,
including the hydrogen evolution reaction (HER), the oxygen evolution reaction (OER)
originated from water splitting process, and the oxygen reduction reaction (ORR),
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naturally also exhibits important performance in maximizing energy density when
they are utilized for fuel cell applications. Although noble metal Pt-based catalysts
still occupy the largest market shares of large-scale production of electrode materials
for fuel cell and battery industrializations, its exorbitant prices and scarcity limit its
application. Therefore, the development of comparable candidates with earth-rich
elemental component and preferable structural characteristics will exhibit desirable
catalytic activity and architectural design, necessarily facilitating the replacement of
novel materials and advanced structures.

Dimensionality of nanomaterials has great effect on their electrochemical
behaviors, as well as the composition and atom arrangement. For example, zero-
dimensional structures, such as nanoparticles and quantum dots, possess the largest
surface arca and lowest surface energy, exhibiting excellent activity and stability.
Moreover, one-dimensional (1D) structures, like nanotubes and nanowires, pave the
way in constructing micro-devices, such as fiber-shaped supercapacitors or microbial
fuel cells.® Besides that, two-dimensional (2D) structures expose more surface area,
while three-dimensional (3D) structures, as the combination of 1D and 2D construction,
enable superior electron transfer efficiency via spatial construction. It is noted that the
2D materials provide superficial structures and advantages, promisingly facilitating
effective active sites for catalytic reactions. They can also form net structures with
larger active surface area and open pore structures through stacking, enhancing
mass adsorption and transfer on the surface. Profiting from these superiorities, the
2D structure of nanomaterials have gotten extensive application, especially in the
promising electrocatalytic energy conversion. For example, 2D layered hetero-doped
graphene and transition metal dichalcogenide (TMD) nanosheets can both serve as
active and sustainable electrocatalysts for ORR, HER, and OER.”® Hence, it is of
importance and significance to understand the structural characteristics, architectural
features, and properties of 2D nanomaterials.

Graphene has aroused great interest all over the world due to its specific mono-
layer of sp? bonding carbon atoms network structure.’ Similarly, the graphene-like
layered materials, such as TMDs, have recently jumped into the view of scientists
due to their excellent electric and heat conductivity, strong mechanical strength,
ultra-high carrier mobility, and large specific surface area.”!' The graphene-like
TMDs, which can be represented as MX_, attract most of the attention because of
their 2D morphology, versatile physicochemical properties, and potential applications
as appropriate semiconductors for its sizable bandgaps and large quantities.'>!* The
2D layered graphene bears the brunt of the desirable electrode material with high
conductivity and large surface area, which greatly facilitates the charge separation
and transfer in photoelectrochemical conversion.!*!* The layered TMDs have been
proved to hold superior theoretical capacitance with the highest capacity of MoS,
reaching 1131 mA h g' at the current density of 50 mA g! to store energy effectively
through reversible redox reaction. Meanwhile, the various active sites on TMDs
enhance the catalytic activity in water splitting and oxygen reduction reaction.'>!¢ For
instance, the monolayer MoS, reported by Zhang group'” (2014) exhibited low Tafel
slope of ~ 73 mV decade™! in HER, while Xie and co-workers!® fabricated single-
unit-cell orthorhombic CoSe, sheets as OER catalysts with a low overpotential of
0.27 V. Song group' applied oxygen-doped MoS, catalyst in ORR, which displayed
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onset and half-wave potentials of 0.94 and 0.80 V, respectively, overtaking the
electrocatalytic performance of Pt/C. It can be seen that the morphologies of TMDs
with multidimensional assemblies prominently enrich the patterns of charge storage
and optimize the mechanism of electron transportation. Therefore, understanding the
rational structure design of these TMDs is quite imperative.

A large number of books focus on introduction on graphene because of its leading
role in ultrathin 2D materials. In this chapter, to avoid repetition, we largely limit our
discussion and just focus on graphene-like 2D TMD materials. As known, structures,
properties, and synthetic methods are the key factors in fabricating materials with
excellent performance to be applied into target area. Therefore, the basic understanding
and corresponding electrochemical energy applications are briefly introduced. In the
first section of this chapter, the fundamental characterizations of those materials are
described, including electronic structures and intrinsic properties. Then, the assortments
of their synthetic methods are summarized. Moreover, we discuss different applications
of those mentioned electrode materials in supercapacitors, lithium-ion batteries, and
electrocatalytic reactions. Finally, the challenges and future perspectives facing TMDs
are featured on the basis of its current development.

Structures and Properties of Graphene-like 2D Layered
Transition Metal Dichalcogenides

Since graphene was explored, its unique structure has attracted great attention from
the public. Graphene is a single layer of graphite, so some compounds that have
similar structures to graphite, such as laminar TMDs, could be exfoliated to form
single-layered structures. In 2010, Rao group? defined those compounds with layered
structures as “graphite-like” compounds, and the mono- or few-layered structure
obtained from those compounds as “graphene-like” structures. Different structures
contribute to various applications of TMDs. For example, HfS, is an absolute insulator,
but MoS_, WS, WTe,, and TiSe, serve as semiconductor materials. NbS, and VSe,
possess best conductivity, potentially substituting metal elements used in electronic
devices. NbS, and TaS, exhibit unique properties such as superconductivity, charge
density wave (a periodic distortion of the crystal lattice), and Mott transition (metal
to non-metal transition).?!

Structures of Graphene-like 2D Layered Transition Metal
Dichalcogenides

TMDs can be described with the formula MX, where M represents transition metal
of group IV-X, and X is a chalcogenide (S, Se, or Te). The structure of layered
TMDs is different from that of graphene, because the layered TMDs are composed
of three layers of atoms (X-M-X), which means two hexagonal chalcogen planes are
separated by one transition-metal plane. Mono-layered TMDs exhibit two combination
modes of transition metal atoms and chalcogenides, which refer to trigonal prismatic
and octahedral Mo coordination, respectively.®*' 1T MoS, represents octahedral
coordination, while 2H and 3R MoS, represent trigonal prismatic coordination. In
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most cases, one of two modes is stable for MX_, but in fact, in MoS,, two phases exist
at the same time due to the lattice match at the interface.'> The 2H type is more stable
in nature with two layers per unit (Fig. 1). When heating, the shift of one sulfur layer
results in an ABC stacking sequence (1 T type). The d-orbital electrons of transition
metal and its surrounding coordination have great influence on the electronic properties
of graphene-like TMDs. If the orbitals are fully filled (e.g., M = Mo, W), the materials
exhibit semiconductor behavior which corresponds to 2H type, while it shows metallic
properties when the d-orbitals are partially occupied (e.g., M = Nb, Re), which refers
to 1T type.!3222

OMo ©S 2HMoS; @ Mo @S IT-MoS,

Fig. 1. The 2H and 1T phase of MoS,, and the diagrammatic representation of the phase incorporation
of the 1T phase of 2H-MoS, nanosheets. [Reprinted with permission from Ref. 8, Zhang et al. Energy
Environ. Sci., 2016, 9, 1190, Copyright @ The Royal Society of Chemistry (2016)].

Properties of Graphene-like 2D Layered Transition Metal
Dichalcogenides

Layered TMDs have great electronic, mechanical, thermal, and optical properties.
Taking MoS, for example, the room-temperature carrier motilities is of 100 cm* V!
S-! and Young’s modulus was ~ 0.27 TPa.'*

Electronic Properties TMDs can be categorized into absolute insulators, semiconductors,
semi-metals, and metals. The bandgap structure of layered TMD materials is based
on the number of the layers. When the bulk materials transform to multi- or single-
layered materials, their electronic properties will be significantly changed. For example,
MoS, is a typical kind of semiconductor material, bulk MoS, material has indirect
bandgaps, while its single-layered form has direct ones.?* Kuc group® (2011) reported
that quantum confinement in layered d-electron dichalcogenides resulted in tuning the
electronic structure. The bandgap structures of WS, and MoS, are shown in Fig. 2.
When the number of the layers decrease, the indirect bandgap structures of WS, and
MoS, achieve transformation to direct ones. However, NbS, and ReS, are metallic
whose electronic performance has nothing to do with the number of the layers. Single-
layered MoSe, and MoTe, also exhibited transformation of bandgap structures from
indirect to direct style, with the bandgap energies of 1.44 and 1.07 eV, respectively.

Mechanical Properties 2D TMD is a kind of flexible thin material, which has great
potential to be utilized as mechanical materials. Kis and co-workers?” measured the
stiffness and breaking strength of single-layered MoS, exfoliated from bulk materials,
with the in-plane stiffness and Young’s modulus reaching 180 = 60 N m! and
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Fig. 2. Band structures of bulk MoS, and WS,. The corresponding monolayer was calculated at the DFT/

PBE level. The horizontal dashed lines indicate the Fermi level. The arrows indicate the fundamental

band gap (direct or indirect) for a given system. The top of valence band (blue/dark gray) and bottom of

conduction band (green/light gray) are highlighted. [Reprinted with permission from Ref. 26, Kuc et al.,
Phys. Rev. B., 2011 83, 245213, Copyright (@ American Physical Society (2011)].

270 + 60 GPa. Li*® (2012) used first-principle calculation to predict ideal tensile
strength of ultrathin MoS, sheets with Young’s modulus reaching 250 GPa, which
is in agreement with the previous experimental results. The excellent mechanical
performance of layered TMDs promotes their application in flexible electronic devices
or as reinforcing elements in composites.

Thermal Properties TMDs exhibit excellent thermal stability, which will not readily be
decomposed at higher temperature. They facilitate outstanding thermal conductivity.
Varshney and co-workers? (2010) used molecular dynamics simulations to investigate
the anisotropic nature of thermal transport in MoS,. The anisotropic factor of MoS,
along two directions reached ~ 4 in the value of thermal conductivity. Liang group*®
used first-principles calculations to investigate the vibrational properties and intrinsic
thermal electronic properties of layered MoS, and WSe,. It was found that with the
thickness of the thin-layered material increases, its thermal conductance will gradually
approach to that of the bulk material.
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Optical Properties Bandgap structures of the material influence absorption and
emission of photons, which will eventually have great effect on their optical properties.
When bulk TMDs with indirect bandgaps transfer to layered form with direct bandgaps,
their optical properties change, especially in the change of photoluminescence,
electroluminescence, absorption spectrum, vibrational spectrum, and photovoltaic
effect. The 2D single-layered TMDs with direct bandgap structure have better
performance in light utilization because photons with greater energy than the bandgap
energy can be easily absorbed or emitted.?' The photoluminescence quantum yield of
2D layered structures increases 1 x 10* fold than that of bulk ones. 2D layered TMDs
also have excellent light sensitivity, for example, the light sensitivity of mono-layered
MosS, reaches 7.5 mA W'. Based on the excellent optical properties, MoS, has been
explored to be used as photoelectric detectors, photo sensors, and other advanced
photochemical devices and holds great potential to be further utilized in large-scale
practice. Besides, single-layered MoS, and SnS, have great advantages in flexible
transparent LED devices.

Synthesis of Graphene-like 2D Layered Transition Metal
Dichalcogenides

Preparation of 2D layered TMDs with ideal structures and properties is as important
as exploring potential applications of those materials. The synthetic methods for 2D
TMDs can be categorized into two parts, including top-down methods and bottom-up
approaches. Top-down methods refer to the exfoliation methods and laser thinning
techniques, while bottom-up approaches cover chemical vapor deposition (CVD)
and wet chemical synthesis (hydro/solvothermal methods). In this chapter, we just
focus on the exfoliation method, CVD method, and hydro/solvothermal method in
synthesizing 2D layered TMDs.

Exfoliation Method

Mechanical Exfoliation Mechanical exfoliation is the most traditional method to
produce 2D layered materials. The detailed process could be described as facilitating
layered materials rubbed against Si/SiO, substrate, and then transforming them
onto target substrate. In 2005, Novoselov group® applied this method to produce
single-layered TMDs from their bulk material. Single-layered crystallites and atomic-
resolution images of NbSe, and MoS, are respectively shown in Fig. 3. 2D layered
TMDs obtained in this way have little lattice imperfections and remain stable for a
long time, which is suitable for fundamental studies about physical properties of those
materials.’®> Lee and co-workers* (2010) investigated the frictional characteristics
of MoS, and NbSe, nanosheets exfoliated from their bulk material. However, this
method takes a long time, and the output of 2D materials is too low to satisfy
large-scale application.

Lithium Intercalation and Exfoliation Zhang group developed an electrochemical
Li-intercalation and exfoliation method to produce multiple kinds of TMDs.** In a
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Fig. 3. Single-layered crystallites of (a) NbSe, and (b) MoS, characterized by atomic-resolution images.
(c) Unfiltered scanning tunneling microscopy image of the crystal lattice in the NbSe, monolayer on top of
an oxidized Si wafer. (d) HRTEM image of a double-layered MoS,. [Reprinted with permission from Ref.
32, Novoselov et al., PNAS., 2005, 102, 10451. 2005 Copyright @ National Academy of Sciences (2005)].

lithium-ion battery configuration, the layered bulk material served as the cathode, such
as MoS , while the anode was lithium foil. In the charging process, lithium ions were
intercalated between layers of bulk materials to form LixMoS,, while in the discharging
process, lithium ions reacted with electrolyte (water or ethanol) to form hydrogen,
resulting in the exfoliation of layered MoS, (Fig. 4). Apart from MoS,, Zhang group
also prepared other metal dichalcogenide nanosheets (NbSe,, WSe,, SbSe,, BiTe,, TiS,,
and TaS,) by optimizing cut-off voltage and discharge current.’**” The reaction route
could be detected by discharging curves. Although lithium-intercalation exfoliation
takes little time, it might change the electronic properties of the layered TMDs, which
leads to limitations in their applications.

Liquid Exfoliation The basic principle of liquid exfoliation is that target TMD bulk
compounds are immersed in specific solvents, where TMDs could be efficiently
dispersed and dissolved. Then bulk compounds can be transformed into individual
flakes by sonication. It is indicated that the exfoliation enthalpy is minimized when
the surface energy of the layered material matches that of the solvent, which facilitates
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Fig. 4. Electrochemical lithiation process for the 2D layered bulk nanosheet. [Reprinted with permission
from Ref. 35, Zeng et al., Angew. Chem. Int. Ed., 2011, 50, 11093, Copyright @ Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim (2011)].
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the exfoliation process.'?> Coleman group®® (2011) proved that 2D layered TMD
compounds such as MoS , WS, MoSe,, MoTe,, TaSe,, NbSe,, NiTe,, Bi, Te, could be
dispersed in common solvents and deposited as individual layers. For example, MoS,
and WS, could be well dispersed in N-methyl-pyrrolidone (NMP) and exfoliated as
single- or few-layered 2D flakes, as shown in Fig. 5. Liquid exfoliation could meet the
requirement for mass production because of its convenience and low cost, however, it
may be difficult to choose appropriate solvents. Common solvents, such as water and
ethanol are considered poor solvents for the exfoliation of 2D materials. Therefore,
finding unusual solvents or preparing mixed ones will be the solution,* which brings
great trouble to scientists. Moreover, some factors such as solvent concentration, pH,
and electrical conductivity might greatly affect the purity of the exfoliated samples.

(i)
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Fig. 5. (a) Photograph of the dispersion of MoS, (in N-methyl-pyrrolidone (NMP)) and WS,

(in N-methyl-pyrrolidone (NMP)). (b) Photograph of freestanding films of MoS,, and WS, (thickness

~ 50 mm). (c) The SEM image of the surface of the MoS, film. (d) He ion microscope image of the

edge of the WS, film. [Reprinted with permission from Ref. 38, Coleman et al., Science, 2011, 331, 568,
Copyright @ 2011 American Association for the Advancement of Science (2011)].

CVD Method

The CVD method, utilizing the reaction of metal and sulfur source, is more efficient in
fabricating mono- or few-layered TMDs on certain substrates (Si/SiO,).** Ultrathin 2D
materials prepared in this way have high purity and crystal quality with controllable
thickness and sizes. In the case of MoS,, Li and co-workers* (2012) first proposed
that annealing (NH,),MoS, could result in mono-layered MoS, film directly. As is
shown in Fig. 6a, the whole process included dip-coating (NH,),MoS, on Si/SiO, foils,
followed by annealing at 500°C, and then sulfurization under sulfur vapor at 1000°C
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to form MoS, nanosheets with large area and high crystallinity on the substrate, which
could be readily transformed to other substrates. Besides, Lou and co-workers* put a
SiO, substrate with molybdenum film deposited on it and pure sulfur powder on the
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Fig. 6. (a) Schematic illustration of the two-step thermolysis process for the synthesis of MoS, thin
layers on the insulating substrate. The precursor (NH,),MoS, was dip-coated on SiO,/Si or sapphire
substrates followed by the two-step annealing process. The as-grown MoS, film can be transferred onto
other arbitrary substrates. (b) Introducing sulfur on the Mo thin film that was pre-deposited on the SiO,
substrate. (c) MoS, films that are directly grown on the SiO, substrate. (d) SiO, substrate (left) and peeled-
off few-layered MoS, (right, indicated by the arrow). [Reprinted with permission from Ref. 40, Liu et al.,
Nano Lett., 2012, 12, 1538, Copyright (@ American Chemical Society (2012)] [Reprinted with permission
from Ref. 41, Lou et al. Small, 2012, 8, 966, Copyright @ Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim (2012)].
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center and edge of the furnace, respectively. In the nitrogen atmosphere, the reactants
were heated at 500°C and kept at 750°C for ten minutes, then cooled naturally to room
temperature to obtain 2D MoS, (Fig. 6b—d). Except for molybdenum itself, heating
molybdenum oxide and sulfur powder at high temperature could form 2D MoS,.** As
for other 2D TMDs, MoSe,,** WS _,*4 WSe ,*#* and ReS,*-* could be synthesized
by changing the precursor, temperature, and substrates. In general, CVD method is
the most effective way to produce massive and highly crystalline 2D TMDs because
high-temperature annealing enhances the crystallinity of the material. Also, this method
makes it easier to control the sizes and physical properties of the product.

Hydro/Solvothermal Synthesis

Hydro/solvothermal synthesis indicates preparing 2D layered materials through
chemical reactions in water or organic solvents in sealed vessels at high temperature
and pressure. Xie group made great contribution in developing this method. For
example, Xie and co-workers (2013) used hexaammonium heptamolybdate tetrahydrate
((NH,);Mo.0,,-4H,0) and excess thiourea to fabricate defect-rich 2D layered MoS,
through hydrothermal method.>' They also adopted similar hydrothermal method at
200°C to synthesize oxygen-incorporated MoS, with enlarged interlayer spacing.
Matte’s group?*** reported many ways to synthesize layered WS, WSe , and MoSe,
by hydrothermal process. For example, MoSe, and WSe, could be obtained by
dissolving molybdic acid (or tungstic acid) and selenium metal in aqueous solution
and enabling them to react under hydrothermal condition. Apart from hydrothermal
method, solvothermal method is also largely utilized to synthesize 2D layered TMDs.
For example, Gao and co-workers™ (2015) prepared MoS -coated CoSe, in a sealed
N, N-dimethylformamide (DMF)/hydrazine solvothermal system at 200°C for 10
hours (Fig. 7). The hydro/solvothermal method is simple with scalable yield and low
cost. Products synthesized in this way have high qualities and controllable sizes, but
it is difficult to ensure whether single-layered materials are obtained. Besides, the
mechanism of the hydro/solvothermal is unsure, so it is hard to apply the same method
in other synthesis processes.

A DMF + N_H,H,0
St . .
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CoSe, MBa+iMNHMeS,

Fig. 7. Schematic illustration of the preparation of MoS,/CoSe, hybrid: solvothermal synthesis with
CoSe,/DETA nanobelts as substrates for preparation of MoS /CoSe, hybrid. [Reprinted with permission
from Ref. 53, Gao et al. Nat Comm., 2015, 6, 5982, Copyright @ Macmillan Publishers Limited (2015)].
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Graphene-like 2D Layered Transition Metal
Dichalcogenides in Electrochemical Energy Utilization

Supercapacitors

Supercapacitors play a crucial role among multiple energy storage devices with their
excellent performance in energy and power densities, fast charge-discharge rate,
and good stability. Supercapacitors can be categorized into three types, including
electric double-layer supercapacitors (EDLCs), faradic pseudocapacitors, and hybrid
supercapacitors. EDLCs store energy through charge accumulation at the interface of
electrode and electrolyte, whose capacitance comes from physical processes, while the
capacitance of faradic pseudocapacitors arises from fast and reversible redox reactions
at the electrode/electrolyte interfaces. The hybrid supercapacitor is composed of a
battery-type faradic cathode and a double-layer-type anode, which takes advantage of
both two electrodes to widen working potential window of the whole device.!

TMDs are more likely to be applied in pseudocapacitors. As is already known,
the emergence of pseudocapacitance comes from ion intercalation, such as the
intercalation of lithium ions into Nb,O..** The sandwich S-M-S structure of TMDs
provides enough accommodation for ion intercalation. Moreover, transition metal
atoms have multiple valance states, enabling them to achieve pseudocapacitance
through fast and reversible redox reactions. Chhowalla’s group™ showed that single-
layered 1T MoS, could be exfoliated and restacked to form electrode materials for
supercapacitors without additives (Fig. 8). The restacked layered MoS, provided
enough space for ion intercalation, which exhibited high volumetric capacitance of
~ 400 to 700 F cm™ in different aqueous solutions, with the capacitance value of
650 F cm™ in H,SO, aqueous electrolyte. While the 1T MoS, was in organic electrolyte,
it was suitable in high-voltage operation (3.5 V), and showed high volumetric energy
and power densities with great cycling abilities for over 5000 cycles. The excellent
performance of 1T MoS, is attributed to high electrical conductivity, hydrophilicity, and
multiple channels in nanosheets for ions intercalation.*® This pioneering work opens
up the way for the utilization of 2D MoS, in supercapacitors. Afterwards, Yang and
co-workers®’ developed a micro-supercapacitor based on MoS, films. The electrode
was fabricated by spray painting of MoS, on SiO, chip and then laser patterning. The
whole device manifested great energy storage abilities with the areal capacitance of
8 mF cm? and superior cycling performance. Zhu and co-workers®® synthesized 2D
multi-layered water-coupled metallic MoS, (M-MoS,-H,0) electrode with a large
amount of nanotubes, which exhibited a high capacitance of 380 F g™ at the scan rate
of 5 mV s and still retained 105 F g at 10 V s7!. The symmetric supercapacitance
based on this electrode reached high specific capacitance of 249 F g! at
50 mVs™'. Apart from MoS,, other 2D TMDs also serve as efficient electrode material
for supercapacitors. Xie and co-workers® presented an ammonia-assisted method to
exfoliate VS, nanosheets with high conductivity. The 150 nm in-plane supercapacitor
composed of VS, electrodes achieved high areal capacitance of 4760 puF cm™ and
exhibited great cycling performance for over 1000 cycles. Arul and co-workers® (2016)
fabricated NiSe, electrode with the specific capacitance of 75 F g ' and good cycling
stability for 94% capacitance retention after 5000 cycles at | mA cm™>.
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Fig. 8. (a, b) Photographs of electrodes consisting of a thick film of chemically exfoliated 1T MoS,

prepared by vacuum filtration and transferred onto (a) rigid glass and (b) a flexible polyimide substrate.

(c) High-magnification image of restacked MoS, nanosheets. (d) Evolution of the volumetric capacitance

of the 1T phase MoS, electrodes with scan rate for different electrolytes and 1-um- and 5-pm-thick films.

The concentration of the cations in the electrolyte solutions was fixed at 1 M. (e) Electrochemical behavior

of 1T phase MoS, electrodes in organic electrolytes. [Reprinted with permission from Ref. 55, Acerce et
al. Nat. Nano., 2015, 10, 313, Copyright @ Macmillan Publishers Limited (2015)].

Except for layered TMDs themselves, their composite with carbon materials or
conducting polymers all have wide applications in supercapacitors. Carbon materials
such as activated carbon, carbon nanotubes, and graphene are widely applied in
EDLCs because of their high conductivity and large surface area. Among them,
graphene stands out for its unique properties and excellent performance to serve as
the electrode material of supercapacitors. TMD/graphene composite takes advantage
of both pseudocapacitance of TMDs and double-layer capacitance of graphene. Leite
and co-workers®' deposited layered MoS, on reduced graphene oxide by microwave
with the first layer of MoS, bonded with oxygen of reduced graphene oxide. The MoS /
graphene hybrid material exhibited specific capacitance of 128, 265, and 148 F g!
for materials with low, medium, and high concentrations of MoS, layers respectively,
and the energy density of this hybrid material with low concentration of MoS, layers
reached up to 64 Wh kg!. As for compositing with conductive polymers, polyaniline
(PANI), polythiophene (PTH), and polypyrrole (PPy) are generously applied.®*> Yan
and co-workers® reported a mild way to produce massive MoS_ @PANI architectures,
enhancing the interaction between clectrolyte and electrode materials, and reducing
the diffusion distance of ions and electrons, enabling the composite to show excellent
electrochemical properties. Besides, Tang and co-workers® (2015) synthesized 2D
mono-layered MoS /PPy ultrathin films hybrids as the electrode for supercapacitors.
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The high performance of the device was due to large surface area of PPy ultrathin
films and strong interface interaction between PPy and MoS,, facilitating efficient
charge storage and transport of electrons and electrolytes.

Lithium-Ion Batteries

Among the various energy storage devices, lithium-ion batteries play an important
role because of their high specific energy and long cycle life, which can be used as
commercial portable devices. Most rechargeable lithium-ion batteries are composed
of a LiCoO, cathode and a graphite anode with a theoretical energy density of
387 Wh kg 1.% In the charging process, lithium ions are embedded into the graphene
layer to form LiC,, while in the discharging process, they are desorbed from the
electrode materials.* The key factor in improving the performance of lithium-ion battery
is to design and fabricate novel electrode materials with high lithium-storage abilities.

TMDs, with their layered structures, have become strong candidates as anodes
for lithium-ion batteries, since lithium ions could be inserted in and extracted from the
space between layers of TMDs during the charge and discharge process without causing
great structure deterioration. Cheon and co-workers® fabricated 2D WS, nanosheets
by rolling out of 1D W O, nanorods by carbon disulfide in hot hexadecylamine
solution (Fig. 9). The 2D morphology of WS, nanosheets resulted in a larger surface
area and provided more space for ions to intercalate than that of the bulk material. The
2D WS, electrode for lithium-ion batteries exhibited the first reversible capacity of
377 mAh g and great cycling performance for 30 cycles, which was much higher
than that of bulk WS,. Guo and co-workers®” reported MoS, with enlarged spacing
between layers by exfoliation and restacking. The MoS, electrode exhibited large
capacity of 800 mAh g and excellent cycling stability even at high charge current
density, which could serve as promising anode materials for lithium ions batteries.
Increasing the surface area and enlarging the space between layers in 2D materials
would be widely utilized strategies for enhancing ions intercalation capability, which
could largely improve the electrochemical performance of lithium ions batteries.

As for TMD composites, Zhao and co-workers® proposed a 2D MoS, /2D
single-layered mesoporous-carbon composite material for high-performance
lithium-ion batteries. The sufficient mesopores on this composite could serve as an
excellent pathway for lithium-ion transportation and accommodate its intercalation
and deintercalation, contributing to the capacitive performance of the material. At
the current density of 1000 mA g, the electrode with sandwich-like structures
(mesoporous carbon/MoS,/mesoporous carbon) manifested high reversible capacity of
over 1400 mAh g'. Furthermore, it still retained a reversible capacity of 400 mAh g ' at
an ultrahigh current density of 10 A g™! for over 300 cycles. Hybridizing with graphene
is also a good choice to construct high-performance electrodes for 2D MoS %7 ReS ™
and other layered TMDs. For instance, Fu and co-workers’ made ReS, nanosheets
grow vertically on graphene. The uniform distribution of ReS, on graphene and the
weak interaction between ReS, layers resulted in excellent performance for lithium-
ion batteries. The novel structure offered more space for lithium-ion intercalation
and the intimate contact between ReS, and graphene, which facilitated fast electron
transfer. The ReS /graphene composite electrode showed excellent cycling stability,
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and at the low current density of 100 mA g, the electrode exhibited a capacitance of
500 mAh g in the first eight cycles and the capacity was still over 200 mAh g' after
500 cycles even at the high current density of 1000 mA g

Electrocatalysis

To relieve the intense energy situation, electrocatalytic HER is regarded as a promising
solution because the production of hydrogen could largely reduce the consumption
of fossil fuels. Until now, Pt has outperformed as the most effective catalyst in HER.
However, the high cost and small quantities of Pt make it urgent to find substitutions.
2D layered TMDs have been found to be the strongest candidates as substitutes for Pt
in HER due to their low cost, large abundance, and excellent catalytic performance.

The mechanism of HER can be interpreted by Tafel analysis based on the Volmer-
Heyrovsky and Volmer-Tafel mechanisms.

Volmer reaction indicates the adoption of H" on the interface of electrode,
In acidic condition: H,0%(aq) +e 2 H* + H,0(])
In alkaline condition: H,O(I) + e~ 2 H* + OH (aq)

The volmer reaction can be followed by Heyrovsky reaction, which demonstrates the
next-step reduction of H*,

In acidic condition: H* +H,0"(aq) + e 2 H,(g) + H,0(1)

In alkaline condition: H* +H,O(1) + e 2 H,(g) + OH (aq)

or Tafel reaction:
In both acidic and alkaline condition: H* + H* 2 H,(g)

where H* refers to a hydrogen atom bounded to an active site. In all reactions, binding
of the H* to the catalyst surface is paramount. The binding energy with extra low or
high value limits the adsorption or desorption reaction during catalytic process. The
rate-limiting step in the HER process can be identified as Volmer, Heyrovsky, or Tafel
reactions with Tafel slopes of 120, 40, and 30 mV dec', respectively. 77

Tafel plots derived from polarization curves are utilized in the study of catalytic
performance of HER. The Tafel equation is shown as follows:

n

j=—j,e (1.1

1n(—j>:1n(jo)—(%)n (12)

where j is the current density, j, is the exchange current density, 1 is the overpotential
which indicates the increased potential beyond the reversible potential of the half-
cell reaction, b refers to Tafel slope. The smaller value of Tafel slope manifests faster
electron transfer rate, indicating better electrocatalytic HER activity of the materials.

Theoretical studies based on DFT calculations indicate that the edges of 2D TMDs
serve as active sites for HER. The atomic sites on edges of MoS, nanosheets have
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unsaturated coordination and dangling bonds, which are key factors in HER. Also,
both computational and experimental studies prove that layered TMDs outperform
bulk TMDs and other HER catalysts, because countless active edge sites with high
catalytic activities can be found on layered TMDs.%?! Therefore, increasing the number
of edge sites is crucial in enhancing catalytic activities of layered TMDs. Xie group®!
(2013) fabricated MoS, with defect-rich structure by thiourea. On the one hand, excess
thiourea served as reducing agent to reduce Mo(VI) to Mo(IV), on the other hand, it
could stabilize MoS, nanosheets by separating them. Due to the defect-rich structure
of ultrathin MoS, nanosheets, more edge sites were exposed on the surface, which
resulted in excellent catalytic performance with the HER onset overpotential of just
120 mV and the Tafel slope value of 50 mV decade™' (Fig. 10). Chen and co-workers”
developed 2D TaS, nanosheets with ultra-small pores by oxygen-plasma etching
method. The exposed active sites along those pores largely increased the catalytic
activities towards HER. Compared to pristine TaS , TaS, treated by oxygen plasma
for 10 minutes showed better catalytic performance with the onset potential value of
200 mV and the Tafel slope value of 135 mV decade™. Gao and co-workers™ (2015)
fabricated MoS /CoSe, hybrid as HER catalyst by in situ growth of 2D layered MoS,
nanosheets on the surface of CoSe,. The hybrid catalyst exhibited onset potential of
—11 mV, Tafel slope of 36 mV decade ' and high exchange current density in H SO,
electrolyte. The good catalytic performance can be interpreted by increased catalytic
sites between MoS, and CoSe, together with their electrocatalytic synergistic effects.
Besides, a large number of studies of surfactant in 2D-MoS, nanomaterials have been
conducted. Generally, surfactants are known to stabilize mono-layered 2D MoS,
nanosheets and expose more active catalytic sites, which enhance the catalytic activity
of the 2D MoS, nanomaterials. However, Craig E. Banks and co-workers®* manifested
that the surfactant (sodium cholate, SC) has detrimental effect on the HER activity
of 2D-MoS,. It can be attributed to a weaker catalytic performance of 2D-MoS -SC
than the pristine 2D MoS, with higher onset potential of 0.19 V and the Tafel slope
of 47 mV dec'. The study critically highlighted a significant role of surfactant for
2D-MoS, fabrication for HER.

Apart from the quantity of active sites, scientists are dedicated to exploring ways
of enhancing the electric conductively of the materials because electric conductivity
also plays a decisive role in catalytic performance. The electric conductivity of
MoS, can be improved through compositing with conducting compounds. Dai and
co-workers® reported MoS, particles grown on graphene. The catalytic performance
of this hybrid material was considerably higher than that of MoS, alone with small
onset potential and Tafel slope of about 100 mV and 41 mV decade™' respectively. Shin
and co-workers® synthesized WS /graphene composite nanosheets through one-pot
hydrothermal method at low temperature. Due to the strong interactions between WS,
and graphene, the charge transfer rate was greatly enhanced with improved catalytic
activities of HER. The WS /graphene catalysts exhibited onset potential ranging from
—150 ~-200 mV with Tafel slope of 58 mV decade™'. It is also worth mentioning that
Craig E. Banks and co-workers™ fabricated 2D MoS, modified carbon-based electrodes,
such as pyrolytic graphite (EPPG), glassy carbon (GC), boron-doped diamond (BDD)
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and screen-printed graphite electrode (SPE). The coverage of MoS, increased the
catalytic activity of those supporting carbon-based electrodes within certain limits.
The HER onset potentials of the modified EPPG, GC, SPE and BDD electrodes have
reduced by 0.33, 0.57, 0.29 and 0.31 V compared with their unmodified electrodes,
which revealed the increased catalytic activity of the hybrids over HER. Craig E.
Banks and co-workers” also synthesized 2D-MoSe, incorporated screen-printed
electrodes (MoSe -SPEs) for HER. The optimal mass ratio of the electrode should
be 10% 2D-MoSe, to 90% carbon ink. The as-fabricated electrode exhibited low
onset potential (460 mV) and appropriate Tafel value (47 mV dec™), both of which
contributed to a better catalytic performance than that of the unmodified SPEs (onset
potential —-880 mV and Tafel value 120 mV dec™'). The modified electrode displayed
excellent stability due to a highly overlapped polarization curve of HER with the initial
scan after 1000 cycles. These 2D modified electrodes hold great potential to be used
in real practice as ideal HER alternatives for commercial Pt/C.

Conclusion and Prospective

In this chapter, we summarize the basic understanding of the layered 2D TMDs in terms
of the structures, properties, synthetic methods, and applications in electrochemical
energy. As for 2D layered TMDs, the multiple valence states and edge sites contribute
a lot to the capacitive and catalytic performance. To better boost the performance of
TMDs and address the problem of their poor conductivity and cycling performance,
increasing the space between layers or creating more channels in the material could
accommodate abundant ions intercalation, contributing to the capacitive capability of
2D layered TMDs. Exposing more edge sites on the surface of 2D layered TMDs could
facilitate fast redox reactions for highly efficient charge conversion and transfer. The
challenges and difficulties in fabricating 2D TMD materials and exemplified potential
solutions are identified to improve their performance.

Facing the future, the promising 2D TMDs with unique structures and properties
still have some space to develop for the potentially next-generation energy applications.
The new strategies on improving the performance should be taken into further
exploration, including constructing novel structures or finding new materials to form
composites. Moreover, although there are increasing researches into applications of
those materials, their functional mechanism is still unclear and needs to be further
explored. In particular, we should pay more effort in investigating the working
principle in those materials or at the interface between those materials and electrolyte.
Combination between theoretical calculation and experimental studies will be a new
trend in exploring deeper understanding and optimization. Our final goal is to produce
high-quality materials in low cost and large scale, which could be used in real life to
address energy crisis. To optimize these materials for deeper application, breaking
the routine, inventing new synthetic methods for large scale and constructing novel
structures may lead to surprising results. Therefore, there is still a long way to go.
We believe that through combining innovation and hard work, 2D layered TMDs will
have bright and shining future.
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CHAPTER 10

Surface Engineering with
Chemically Modified Graphene
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T. L. Reinecke,* J. T. Robinson,* Stanislav Tsoi,'

S. G. Walton? and Keith Whitener!

Introduction

“God made the bulk; the surface was invented by the devil,” quipped Wolfgang Pauli
as a nod to the complex physics and chemistries that arise when a material ends,
balancing the surface atoms between two material environments. Many fields have been
established to understand and to control surfaces and so to attain desired interfacial
properties whether it is the lubrication of moving parts, the wetting of surfaces, the
corrosion of metal, or the biocompatibility of a hip implant. Achieving these desired
properties has only grown more complicated as materials have been refined, structures
have been miniaturized, and mechanical tolerances increased. Consequently, scientists
and engineers now often receive a material or device that is highly optimized for an
application and then are challenged to modify just one or two of its surface properties.
With the many constraints that come with these devices, it is no longer feasible to bury
the interface under a thick coating but, rather, one must carefully engineer the desired
property using an appropriate thin film. In this chapter, the goal is to demonstrate that
engineering surfaces with 2D materials could be the ultimate endpoint of this trend.
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While these thin films are only a few atoms thick—thinner than the adventitious carbon
on most surfaces—they provide a range of surface properties, some not available with
conventional treatments.

Before discussing the benefits of using a two-dimensional (2D) material to modify
a surface, it would be useful to comment briefly on the other broad classes of surface
modification. Clearly, the subject of coatings is immense, a subject beyond a single
chapter and which is covered in many textbooks.? Even narrowing the subject to
creating thin films is challenging since it has been a widespread endeavor for decades,
providing many capable tools that rely on several different chemical or physical
deposition strategies. As an example, one robust benchtop chemistry is the formation
of self-assembled monolayers, self-terminating chemical reactions that form a single
layer of organized molecules on the surface. These SAM molecules typically have
bifunctional chemistry where one end binds well to the desired material, such as thiols
for gold surfaces, and the opposite end has the desired functionality. By changing
this exposed functionality one can dramatically change the properties of a material,
even enabling a water drop to run uphill by generating a surface free energy gradient
sufficient to drive the drop moving against gravity.> However, while highly effective
for coating, SAMs require a chemical bond to the substrate to maintain their stability.
Long lists of pairs of molecules and substrates have been assembled—alkanethiols
for gold, silanes for silicon oxide, phosphonic acids for metal oxides—an illustration
of the need to tailor the SAM to the substrate. Critically, high quality SAMs are not
known for many surfaces, meaning that they are a useful but limited tool for surface
functionalization.

Chemical strategies can be more complex such as atomic layer deposition
(ALD), where a two-step, gas-phase chemical process leads to self-limiting growth
of monatomic (e.g., metals) or diatomic (e.g., oxides) coatings on planar or textured
surfaces. Similarly, chemical vapor deposition (CVD) relies on gases and vapors to
react at a target surface, though it typically does not form a truly self-limiting film.
The differentiating aspect of ALD and CVD as compared to SAM treatments is the
temperature and pressure of the reactions; SAM chemistries proceed at roughly room
temperature and atmospheric pressure, while ALD occurs at moderate temperatures
(< 300°C) and sub-atmospheric pressures. CVD deposition can place even greater
demands on the sample since the operating temperature can range up to and over
1000°C while the pressure can decrease to high vacuum. As such, substrates that are
sensitive to heat or incompatible with vacuum may never receive the ‘ideal’ coating.
Moreover, these techniques also require chemical reaction with the substrate to form
high quality coatings. Besides chemical approaches, physical deposition strategies
have been heavily developed since they are central to the microfabrication industry.
Physical vapor deposition (PVD) techniques use direct heating, particle bombardment,
or photon irradiation to vaporize material from a source or “target” in a low pressure
environment (< 10 Torr) and then transport it to a substrate. Such coatings are
typically inorganic (e.g., metals, semiconductors, or oxides) and have a wide range
of crystalline microstructures. Because film formation relies heavily on the source
and not surface-driven reduction reactions, substrate temperatures will generally be
lower than both ALD and CVD processes. However, because of the high energy of
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the evaporated metal as it hits the substrate, the continuity and the structure of the
deposited film can again depend heavily on the substrate.

Using these chemical and physical techniques, researchers have accumulated an
extensive toolbox of tips, tricks, and strategies for coating different materials. These
capabilities are continually being challenged since, as the constraints tighten and the
dimensions of the manufactured object shrink, the need for ever thinner films arises.
For instance, in optical applications thinner films are needed since thicker protective
films can mean a loss of incident light. In biomolecular sensors, the electronic signal
decays rapidly with distance when attempting detection with a field-effect transistor.
In heat exchangers, thicker protective coatings resist heat transfer. In all these cases,
thinner coatings can substantially improve performance. However, thinning often
brings a new limitation since for the thinnest conventional films to be stable they must
be chemically bound or otherwise highly adherent to the surface. While one mechanism
cannot describe why this is so for all systems, in general one can say that a mismatch
of surface free energies between the film and surface can lead to dewetting if these two
materials do not share a chemical bond. Dewetting leads to films that are pitted, that
segregate into islands, or that otherwise do not provide continuous coverage across
the surface. Consequently, many low surface energy materials cannot be effectively
coated with high-quality thin films. Inhomogeneity in the wetting of a surface can
also lead to inhomogeneity in the coating, hence the routine injunction to coat only
clean, dry surfaces.

2D materials do not require chemical bonds to adhere to the surface nor highly
favorable surface energetics to ensure continuity of the film. In principle, uniform
coverage is assured since the 2D materials already have the bonding of all their
surface atoms satisfied, while adhesion to the substrate is assured since they adhere
to the substrate through van der Waals forces, which is relatively strong due to their
large surface-to-volume ratio. Using van der Waals forces, which are present between
all atoms, to adhere the film to the surface solves a second, more general problem.
Currently, every time a new material/film combination is required, new deposition
conditions must be developed which consumes significant time and money (although it
does keep surface scientists gainfully employed). In general, developing reproducible
and robust surface chemistries represents a major development cost for applications
such as biosensors or medical implants, and not solving a surface chemistry property
can often prematurely end a technology. Because van der Waals forces are universal,
occurring between all materials, it should be possible to develop a surface coating
just once and then apply it to a wide range of surfaces without the need for extensive
priming of the surface. In this approach, the desired physical or chemical property
would first be fully developed using either the intrinsic properties of a 2D sheet or
through chemical modification. This engineered sheet would then be transferred in
toto to the receiving substrate to which it would adhere through van der Waals forces,
the equivalent of a chemical “sticky note” (Fig. 1). The development of a transferrable
chemistry would greatly expedite research and development not only in reducing the
resources required for developing a technology but in allowing new materials to be
used that otherwise have poorly developed chemistries. Finally, it should be noted that
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Fig. 1. The ultimate incarnation of surface engineering would transfer prepared chemically functionalized
graphene sheets onto the surface to be modified where it would adhere through generic van der Waals
forces.

while adhesion through van der Waals forces is fairly robust—capable, for instance,
of withstanding significant shear forces under fluid flow*—it is also the case that the
2D material can be covalently bound to the substrate if needed.’

Beyond solving the problem of difficult-to-coat surfaces, 2D materials bring
several new properties that would be useful to apply to surfaces. Perhaps the pre-
eminent such property is impermeability. Graphene, in particular, has been shown to
be impermeable to virtually all gases, including helium.® Currently, this impermeability
is not widely applicable since defects and grain boundaries can allow gas to bypass the
graphene when used over large areas. However, extensive research on the growth and
transfer of graphene continues with recent results showing single grains of graphene
with widths approaching hundreds of microns, and some have even reported single
crystals at truly wafer scales.” Secondly, 2D materials possess a wide range of chemical
and physical properties. For instance, graphene can be an electrical conductor with one
of the highest known carrier mobilities, approaching one million cm? V! s™! at room
temperature,® or after chemical reaction, an insulator with a band gap around 3.5 V.’
Chemical modification can also shift it from graphene fluoride’s highly hydrophobic
state to the highly hydrophilic properties of graphene oxide. Thirdly, graphene can
be readily chemically patterned from the square meter level to the nanoscale. Finally,
graphene and the wide assortment of 2D materials now in development promise new
properties that are otherwise difficult to obtain, such as readily-patterned, room-
temperature ferromagnetism. '

The use of graphene or any 2D materials to engineer a surface is now in its
infancy. This chapter will discuss the state of the art in developing new properties
in 2D materials, the transfer of these properties to the receiving surface, challenges
to be addressed, theoretical considerations for how these materials interact with
their surroundings, and applications that could benefit from these new coatings. The
emphasis will be placed on graphene and its derivatives since they are the most heavily
developed and available in large quantities.
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Chemical Strategies to Obtain New Properties from Graphene

A vast amount of chemistry has been performed on graphene, making it far too broad a
subject to give a proper account here.!'"1¢ We will focus instead on common chemistries
that find widespread use in graphene-based surface engineering: oxidation, fluorination,
hydrogenation, and diazotization. This selection follows four criteria: (1) all four
reactions can be performed on graphene directly, (2) the added functional groups
impart interesting and useful surface properties in themselves, (3) the reactions are all
starting points for further graphene functionalization, and (4) the reactions represent
the overwhelming bulk of the chemistry of functional graphene found in the literature.

Oxidation

Graphene oxide (GO) dominates the literature on functional graphene composites and
coatings because of its chemical versatility and the ease and low cost of its production.
Moreover, the epoxy and hydroxyl groups on the graphene basal plane, as well as
edge-functionalized tears and pores bearing carbonyl, carboxyl, and ether groups are
attractive starting points for further functionalization.!" GO is highly resistive but
can be chemically or thermally reduced to restore some of its conductivity.'” It is also
water-dispersible and films of GO are quite hydrophilic. This easy processability lends
itself naturally to use in polymer composites and structural materials.

The most prevalent synthesis of graphene oxide proceeds from bulk graphite. In
the popular Hummers method, graphite is exposed to sulfuric acid and a nitrate salt,
generating a graphite bisulfate intercalation compound.'®!® The material is further
oxidized and functionalized using potassium permanganate, which adds the oxygen-
bearing functional groups to the graphene. This method can be scaled up to multi-ton
quantities, and graphene oxide suspensions are readily available commercially. One
key point about GO prepared from bulk graphite is that coatings of GO do not retain
the single-atom-layer thickness seen in graphene sheets prepared by other methods.
Flakes of GO can be only as large as the grain size of the parent graphite (usually in the
micron range).?’ Thus, a thin film coating of GO on a surface resembles less a single
sheet and more a pile of leaves, a feature that could be an advantage or a detriment
depending on the application.

For single-layer oxidized graphene, chemical processing such as the Hummers
method is far too destructive. Instead, two main approaches exist. The first is plasma
oxidation, which is covered in more detail below; the second approach for single-
layer graphene oxidation is O, cracking using a hot STM or AFM tip. This method
was pioneered by Hersam et al., and it results in the thermally reversible addition of
epoxide groups to graphene at low to moderate coverage.?! As yet, the product of this
method is relatively uncharacterized in terms of surface properties.
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Fluorination

Fluorinated graphene has several useful properties from a surface engineering
standpoint. The transformation of carbon-carbon sp? bonds to carbon-fluorine sp* bonds
means that bond charge density is pulled away from graphene’s basal plane, increasing
the material’s optical transparency, its electrical resistivity, and its hydrophobicity.

Graphene fluoride can be obtained via several routes. Direct fluorination of bulk
graphite followed by exfoliation is conceptually the simplest method.?>?* Graphite is
unreactive to fluorine gas at room temperature but, above 300°C, fluorine molecules
dissociate into atoms and intercalate between graphene layers, where they react nearly
stoichiometrically with the graphite, giving C F (1.1 <n < 2). This material ranges
in color from dull gray to light yellow, depending on the extent of fluorination. Once
the material is fluorinated, it is very stable and can be mechanically exfoliated in the
same manner as unreacted graphite.”> A major advantage of this method is that bulk
graphite fluoride can be purchased commercially, so that researchers do not need to
directly handle extremely reactive fluorine gas at high temperatures. However, because
the starting material is graphite, the lateral size of the derived fluorinated graphene is
limited by the graphite grain size, just as in the case of GO.

A safer and gentler fluorination method reacts single layer graphene with xenon
difluoride (XeF,), whose high chemical reactivity enables it to fluorinate carbon
materials from aromatics to alkenes to carbon nanotubes.” An additional, practical
advantage is that the vapor pressure of solid XeF, crystals allows commercial reactors
to deliver precise concentrations of XeF, gas to the reaction chamber. Since 2010,
numerous research groups have shown the utility of XeF, treatment as a robust route
to modify graphene’s surface properties through fluorination.**” The reaction of XeF,
gas with graphene is typically carried out at room temperature and at sub-atmospheric
pressures, producing measurable fluorine concentrations after 20-30 seconds of
exposure that saturate after only a few minutes.® A final useful feature of XeF, gas
exposure is that fluorination only occurs where the graphene is exposed, allowing easy
patterning of fluorination and the choice of fluorinating just the top of the graphene
or both sides if a via is created.

Atabout the same time as the development of XeF, functionalization, researchers
started exploring plasma-fluorination as a low pressure, gas-phase approach. Perhaps
the earliest report of fluorinated monolayer graphene® used plasmas generated in Ar/
SF, gas backgrounds. Subsequent works have employed a variety of fluorine-containing
gas backgrounds including SF,** F ' CF,** and CHF,.** Several experimental
parameters in plasma processing can allow one to tune the F/C ratio; however, exposure
times are typically minimized to avoid plasma damage, thereby limiting the fluorine
uptake to 20-30%.

A fourth method of fluorination was introduced by Lee et al., based around
the photodecomposition of a fluoropolymer.** Graphene was coated with a CYTOP
fluoropolymer and various areas were exposed to a 488-nm laser. Lee et al. showed
that the laser caused either photolytic or thermal decomposition of the polymer into
fluorine and CF_ radicals which then reacted with graphene at the precise points
where the polymer was irradiated. This method allows photopatterning of graphene
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fluorination with at least 500 nm resolution, which might be useful for constructing
lateral functionalized graphene heterostructures.

Hydrogenation

Adding hydrogen to graphene modifies many of its properties. In common with
other covalently bound functionalities, hydrogen adatoms reduce the conductivity of
graphene.® Hydrogen is slightly electropositive compared with carbon, and as expected
from this chemical consideration, hydrogen n-dopes graphene by donating electron
density onto the lattice.* In addition, depending on the preparation method, hydrogen
can add unpaired spins to the graphene lattice, inducing magnetic properties in a
non-magnetic material.’’° Under suitable conditions, hydrogenation can also weaken
the adhesion between graphene and substrate, allowing for smooth delamination of
functionalized graphene as discussed below.*’ Finally, unlike typical organic chemical
reactions, hydrogenation can activate graphene to further functionalization, especially
by radical species such as chlorine and alkyl azo compounds.!

The earliest report of hydrogenated graphene by Elias et al. used plasma
functionalization to add hydrogen atoms to graphene.® This method is still widely
practiced today since it is fast and clean, with easily tunable parameters that make it
amenable to electronics processing and lithography. Here again plasma processing
can erode and damage the graphene and so hydrogen uptake must be balance against
exposure times. Like plasma-fluorination, the extent of hydrogenation via plasma
processing appears limited, as indicated by Raman spectroscopy and resistance
measurements showing that maximum hydrogenation coverage is around 1 H per
5 nm2'35,42,43

In contrast, hydrogenation via the Birch reduction is far more extensive and less
erosive than plasma treatment.*#¢ The Birch reduction involves dissolving an alkali
metal in liquid ammonia. The solvated electrons in this solution will transfer to the
graphene sheet, enabling the subsequent extraction of a hydrogen from a proton donor
such as ethanol or isopropanol. The method is extremely fast (complete reaction
occurs in less than 1 minute) and chemically versatile: replacing proton donors
with alkyl donors yields alkyl-functionalized graphene.*” Birch hydrogenation also
appears to be completely thermally reversible, as well as at least partially chemically
reversible. 44 The parameters of the reduction can be tuned to produce either
extensively hydrogenated graphene or partially hydrogenated graphene; however,
control of the reaction is significantly less well-developed at the present time than for
plasma hydrogenation. This drawback is mitigated if a very high level of hydrogenation
is desired, as the Birch reduction is the only method that delivers high levels of
hydrogenation without degrading graphene’s basal plane.

Hydrogenated graphene is also produced less commonly via two other routes. First,
like oxidation, hydrogen can be added to graphene locally via cracking of H, with a
hot scanning probe tip.*’ This provides a material similar to that obtained by plasma
processing, but on a much more local scale. The second method is electrochemical
hydrogenation.®® An electrochemical cell is prepared with graphene as the cathode. If
the electrolyte is an acid, reduction of protons occurs at the graphene surface to form
hydrogen atoms, which can then react with the graphene. Like the Birch reduction,
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this technique is not limited to proton reduction: if diazonium salts are added to a
non-aqueous electrolyte, one can obtain aryl graphene derivatives.”!

Diazotization

Graphene reacts smoothly with aryl diazonium salts under mild conditions.’? This
method is particularly appealing since diazonium salts are organic groups, and as
such, the full machinery of organic chemistry can be brought to bear on the problem
of graphene surface engineering. One popular technique for biofunctionalization of
single layer graphene is to graft diazonium with a functional group that can be coupled
to a biological molecule.” Other work has focused on grafting organic groups that
are sensitive to various stimuli, including light, which would induce a change in
some property.>* ¢ Diazonium functionalization is usually straightforward; although,
it should be noted that some diazonium salts are quite reactive and will explode if
handled improperly. However, for the most part, they are quite simple to work with.
As an example, benzenediazonium tetrafluoroborate is a stable diazonium salt that is
soluble in acetonitrile and that decomposes smoothly above 50°C. Reaction of single
layer graphene with a solution of this material proceeds quickly, with monolayer
coverage obtained within a few minutes. It was once assumed that the reaction was
self-limiting to a monolayer; now, however, there is evidence that multilayer brushes
can be built up on the graphene surface,” so some care is required if monolayer
coverage is indeed the desired end-product of diazotization.

Other functionalities

A number of additional graphene reactions could potentially prove useful for covalent
attachment of functional groups and so are briefly mentioned here. Georgakilas et al.”®
and Quintana et al.*® have demonstrated the cycloaddition reaction of azomethine
ylides to graphene. Liu et al.® and Choi et al.®! reported functionalization of graphene
using azide molecules with minimal electronic disruption. Sarkar et al.*? reported that
graphene can undergo Diels-Alder reactions, behaving as both a diene or dienophile
under various conditions. Huang et al.®* and Yuan et al.* have also recently reported a
two-step functionalization procedure, in which graphene is reacted with n-butyllithium,
followed by attachment of a brominated target molecule. Hong and colleagues
used photoreactive nitrene-based chemistry to covalently pattern planar graphene;
the patterned areas serve as chemical handles from which atom transfer radical
polymerization can be launched to add functionality, including design of surfaces that
support cell growth.®® While not all of these functionalization methods have resulted
in specific applications, they offer several intriguing possibilities for future efforts.
Ultimately, any functionalization strategy must strike a balance between the electronic
and chemical properties of graphene to maximize overall surface performance.

Plasma Processing of Graphene

Low temperature plasmas, a “gaseous soup” of ionized, reactive, and excited atoms
and molecules, have long been an important tool for the synthesis and modification
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of advanced materials. Plasmas are produced by introducing an energy source that
can ionize, dissociate, or excite the working gas, where gas composition and source
intensity determine the amount and relative concentration of electrons, ions, excited
neutrals, reactive neutral fragments (radicals), and photons delivered to materials
exposed to the plasma. The energy and chemical reactivity delivered to surfaces
via this mixture of species can etch, deposit on, or chemically modify the surface.
This broad processing capability along with the ability to rapidly modify large areas
(> 1000 cm?) with precision down to a fraction of a micron make plasma processing
attractive for chemically modifying graphene, especially where large scale modification
is necessary. ¢’

Many different plasma sources have been used to functionalize graphene and other
atomically thin materials.®® A primary difficulty with applying any plasma approach is
the thinness and chemical stability of graphene. Essentially, the system needs sufficient
power to generate and deliver the species needed to chemically modify the graphene,
while minimizing the energy delivered to the surface so as not to remove a film that
is only an atom thick. Consequently, the stated modes of operation have often been
described as “low power”’*"! or “remote”.”>™ While not quantitative, these adjectives
clearly reflect that standard modes of operation fail to meet these requirements. More
specifically, the kinetic energy of ions arriving at the surface are typically too high to
effectively functionalize graphene. To understand the problem, one needs to consider
the origin of the ion energy and the relevant properties of graphene.

In conventional discharge plasmas, electric fields energize the electron population
so that some fraction of that population can sustain ionization of the gas. Consequently,
the electrons have much higher average energy or “temperature” compared to the other
species in the plasma. Typically, the heavy particles in the plasma (ions and neutrals)
will remain near room temperature, whereas the electrons have temperatures exceeding
10,000 K. The temperature does not depend strongly on the input power but rather the
difference between input power and energy losses within the system. The elevation
in ion energies arises from the difference in mobility between lighter, more energetic
electrons and the heavier, less energetic ions. To prevent the electrons from leaving at
a higher rate than the ions, the plasma self-organizes to maintain a positive potential
relative to adjacent surfaces such that electron losses are reduced. This positive potential
accelerates ions such that they arrive at the substrate with energies well in excess of
the electrons. In other words, the ion energy at adjacent surfaces scales with electron
energy. In most plasmas, the ion energy is about 4-5 times the electron energy and in
most discharges used for processing, the electron energy is a few eV.” Thus, an ion
kinetic energy in excess of 15-20 eV is to be expected in most plasmas.

The energy transferred to a surface upon ion impact serves to break bonds,
stimulate reactions, and heat the material. The relevant energies to consider in graphene
are the energy required to remove carbon (sputtering), break carbon-carbon bonds,
and stimulate reactions. For Ar* ion sputtering, the energy to remove carbon is about
30 eV, the C-C bond energy is about 3 eV,”” and the energy required to drive reactions
will be similar. Although the sputtering threshold and the energy to drive reactions
will depend on the specifics of the system,” they will be comparable. As such, careful
control over ion flux and energy is required to achieve the desired chemical changes
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while minimizing damage and/or erosion. Given the expected energies noted above,
this can be a challenge with conventional discharge plasma systems.

Reducing the source driving power and/or locating it remotely provides some
control over the flux of ions and their energy; although, its limitations should be
recognized. First, the input power strongly affects the production of species but
has less influence on the electron temperature which also depends on energy sinks.
For example, Lim and coworkers showed that an 8x increase in the power input
(5 > 40W) produces a 25-fold increase in ion density (4 x 108 >10'° cm™2) while
dropping the electron temperature by about 15 % (3.5 = 3.0 €V).” In other words,
decreasing the power reduces the flux of ions to the surface but not their energy.
Operating in the low-power mode proved beneficial in the removal of residue from
graphene-based devices. More recently, Narayanan et al. showed a strong correlation
between increasing power and defect generation in an argon discharge.®

One strategy to avoid damage is the use of a remote plasma, where plasma
generation is located relatively far from substrate so that gas phase reactions can
cool hot species and/or reduce charged particle densities. In this system, increasing
the pressure enhances these effects by decreasing the mean free path for collisions.
The net effect of these geometries is to minimize (or eliminate) the flux of charged
particles and reduce the ion energy at the substrate while still enjoying the production
of reactive species associated with non-equilibrium, gas-phase chemistry. Remote
reactors have been used to successfully incorporate oxygen and nitrogen groups,®!
as well as hydrogen” into graphene. Similar effects can be achieved using semi-
transparent physical boundaries. Pham et al. utilized two screens between the source
and the wafer chuck to remove charged particles from the flux of species incident to
the surface, allowing them to dope graphene with chlorine without damage.?*

Electron beam generated plasmas

One way to the lower the ion energy is to generate the plasma with an electron beam
which can provide large fluxes of very low energy ions.* For instance, the large area
plasma processing system (LAPPS) employs magnetically-collimated, sheet-like
electron beams to generate similarly sized plasma sheets for materials processing
(Fig. 2).% The relatively simple configuration consists of an electron beam source,
slotted anode, termination anode, sample holder, and magnetic field coils. Processing
is effectively controlled by elevating the pressure which increases the dose of reactive
species and energetic ions at the surface. A useful feature of this system is that the
dose can be controlled independent of ion energy, with the coverage of functional
groups on graphene increasing with increasing operating pressure (Fig. 3).5%% Here,
the concentration of the particular functional group (as indicated in parentheses)
is derived from the XPS spectra. While the degree of perturbation increases with
increasing coverage,®®” no erosion or etching of the carbon backbone has been
observed with this system.

Controlling the concentration of functional groups on the graphene enables one
to engineer its properties. Figure 3 shows how nitrogen changes both the electrical
properties and surface energy of the graphene. As the concentration of nitrogen
moieties on the surface increases, the contact angle of water on the surface decreases,
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Substrate holder

Fig. 2. The Large Area Plasma Processing System employs an electron beam generated plasma.
Magnetically-collimated, sheet-like electron beams are used to generate similarly sized plasmas near the
graphene surface. [Reproduced from Baraket 2012.%]
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Fig. 3. (Top) The surface concentration of functional groups incorporated versus the operating pressure
during beam-driven plasma processing. The legend indicates the operating background gas (e.g., Ar/N,)
and associated functional group (e.g., N), with the latter determined from XPS spectra. The results show
how changing the operating environment (gas and pressure) can be used to control the surface chemistry.
(Bottom) Typical changes in material properties after exposure to beam-driven plasmas, indicating and
increase in both the resistivity and water contact angle with increasing nitrogen coverage. Water contact
angle measurements are a quick measure of the free energy of a surface with lower values correlating with
higher surface free energies.
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indicating an increasing hydrophilicity which correlates with higher surface free energy.
While plasma treatments in oxygen, hydrogen, and ammonia all increase graphene’s
hydrophilicity, the addition of fluorine has the opposite effect. On the other hand, the
resistivity of graphene increases as more nitrogen is added. The increase in resistivity
is independent of functional group although the magnitude will vary.

Patterning

Plasma treatment combined with masking techniques is an attractive approach to
patterning functional groups. Physical masks are useful since, compared to lithography
approaches, they eliminate the solvent-based mask removal steps that can leave
residue” or remove functional groups. When placed in intimate contact with the
surface, physical masks can direct functional groups onto the surface so that they react
only where desired. It follows from Fig. 3, that the resistivity and reactivity can thus
be spatially tailored via the patterning of functional groups. For example, Hernandez
and colleagues showed how a mask can create resistive and/or conductive channels
by creating nitrogen-rich “lines”.¥” They also demonstrated gold can be selectively
grown, via electrodeposition, only on the regions functionalized with nitrogen, though
the cause for this enhanced growth rate is not fully understood. It would be tempting to
suggest that the increased wettability of the functionalized regions is the main driver.
However, in subsequent works, the presence of fluorine was also found to improve
the deposition of cadmium sulfide via chemical bath deposition® and hafnium oxide
via atomic layer deposition.”

An alternate approach is to elevate the physical mask above the material to be
patterned. Figure 4 shows how a cantilevered roof mask, raised slightly above the
material to be patterned, can establish a chemical gradient by using the plasma’s

Fig. 4. Aschematic of the canopy mask used in conjunction with plasma processing in an Ar/SF background
to develop a chemical gradient. XPS mapping of the surface shows a fluorine gradient that is uniform in
the Y-direction but varies in the X-direction.
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molding around the roof'to vary the dose of reactive species with position.® A properly
constructed mask can chemically grade the surface in one direction while leaving it
homogeneous in the orthogonal direction, a useful property as will be discussed shortly.

Transfer of Graphene Onto Different Substrates

Many methods have been developed for transferring graphene from one substrate
to another, including polymer-supported transfer,”’ metal-supported transfer,” dry
transfer that does not require any support,”°* and the original Scotch tape method.*
Once transferred, the graphene can be chemically modified using the many techniques
just outlined. This approach is not always viable since the receiving substrate must
be sufficiently robust to withstand subsequent processing. For instance, graphene
cannot be transferred onto living tissue and then subsequently functionalized, as
the post-transfer processing would kill the cells. A more successful approach would
transfer the graphene after it has been chemically modified; however, transfer of
chemically modified graphene has generally proven challenging. Lee et al. observed
that chemisorbed hydrogen on graphene was not retained when the hydrogenated
graphene was transferred from its silicon oxide substrate via alkaline etching of the
silica.”® Similarly, attempts to transfer graphene fluoride have met with little success:
Lyuksyutov et al. and Dubecky et al. both observed pH-dependent fluorine loss when
graphene fluoride was immersed in aqueous solutions.””

The difficulty of functional group retention upon transfer stems from the large
energy penalty associated with the out-of-plane distortion of graphene as it rehybridizes
from the planar sp? to pyramidal sp® to form a covalent bond to an adsorbate. Paying
this energy penalty most likely weakens the bond between graphene and the adsorbate
and complicates retention of functional groups during the transfer process. This has
ramifications for any transfer method that employs chemical etchants to release the
graphene from its substrate.

The alternate strategy is to search for chemistries that both robustly bind to
graphene and weaken its adhesion to the substrate. This combination should enable
one to gently delaminate the graphene while leaving its chemical functionality intact.
Highly hydrogenated graphene (HG) appears to have both attributes such that its weak
adhesion to the substrate enables an intact HG sheet to be delaminated by simple
immersion in water.** Notably, this is done without the use of polymer support or
chemical etchants and is mild enough to co-transfer other covalently bonded functional
groups such as methyl and diazonium-grafted aryl groups. Even extremely delicate
properties such as ferromagnetism induced by partial hydrogenation are preserved
during this hydrogen assisted transfer. Since graphene hydrogenation is thermally
reversible,* the entire method can be considered as a polymer and etchant-free
graphene transfer technique.

A possible mechanism for this adhesion weakening was considered by Wong et
al., who performed DFT calculations on the effect of copper oxidation on graphene
adhesion, finding that copper oxide formed at the edges of graphene significantly
eases the delamination of the graphene.®” The adhesion of graphene to its substrate is
presumably dominated by a large metallic or plasmonic contribution to the van der
Waals interaction. By hydrogenating the graphene, this interaction is minimized, and
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so are easily overcome during the delamination process by the force between water
and the substrate.*

Finally, we point out that graphene oxide (GO) constitutes a distinct exception to
the trend of losing chemical functionality during transfer. Oxidation of graphite via
chemical methods is generally so extensive as to be irreversible. Even with vigorous
reductive processing, reduced graphene oxide (rGO) remains sufficiently functionalized
to retain many of GO’s properties.!’

Challenges for Using Graphene for Surface Engineering

The use of two-dimensional materials for surface engineering has grown in the past
few years; however, the field is not without its challenges. Perhaps the most notable
challenge, and opportunity, is that the properties of a single sheet can be affected by the
underlying surface. That is, the thinness of these materials and their close, conformal
contact with the substrates causes them to exhibit a variety of substrate-dependent
behaviors not normally seen with thicker films. Koehler et al. were one of the first
groups to observe these types of effects by noting that diazonium aryl grafting takes
place readily on single-layer graphene on silicon oxide, but proceeds much more
slowly on bilayer graphene.'® Later, Strano et al. explored this phenomenon in a more
systematic way, showing that the aryl grafting reaction proceeds at different rates for
SLG on a number of different surfaces, including hexagonal boron nitride (hBN),
silicon oxide, and alkyl-terminated silicon oxide.'”' Substrate-dependent reactivity
was also reported for the fluorination of graphene with XeF,, which occurs at different
rates and proceeds to different extents depending on whether the graphene is on silicon
oxide, Cu, or Au metal.'®”

In general, oxide substrates such as SiO, induce greater reactivity in graphene
than either metallic substrates or nonpolar insulating substrates such as polymers. This
effect has been attributed to “charge puddles”, inhomogeneities in surface charges or
surface dipoles that make certain sites on graphene more locally reactive.'®! Charges
on metallic surfaces distribute over the entire surface so that no single site is vastly
more reactive than another, and nonpolar surfaces also do not tend to show a great
deal of charge inhomogeneity. Metal oxides, however, often have charge dipoles at
the surface that produce significant inhomogeneity over short distances. It should be
noted that, for surface engineering purposes, most of these extrinsic effects diminish
with the number of intervening layers and so can be alleviated by placing, for example,
a spacer 2D material between graphene and the substrate.

Just as the chemical and physical nature of the substrate can affect the reactivity
of 2D films, the converse is also true: the chemical nature of the 2D material can
affect its interaction with its substrate. As mentioned before, graphene’s adherence
to the substrate decreases dramatically when it is hydrogenated.** This causes an
obvious problem: weakening the graphene-substrate adhesion allows delamination
of graphene and transfer onto a different substrate, but graphene’s adhesion to this
new substrate will be weakened as well. One answer is to thermally or chemically
dehydrogenate HG to enhance adhesion.*! However, the fact remains that engineering
a robust surface chemistry from 2D materials involves examination not only of the
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materials themselves, but their interaction with the substrate. Indeed, in many cases
one should consider the graphene and substrate as a hybrid system.

Another challenge in using 2D materials for surface engineering is the occasionally
necessary tradeoff between desirable but incompatible chemical or physical properties.
One example is the tradeoff between the coverage of functional groups on graphene
and graphene’s conductivity. Electrons in pristine graphene famously exhibit ballistic
conduction which can be a desirable device characteristic. However, this conductivity
diminishes with increasing coverage of covalently attached functional groups.’>'?
For applications where chemical versatility and conductivity are both needed, one
must choose a concentration of functional groups that is dense enough to perform
the requisite chemical functions but not so dense that the device becomes overly
resistive. In certain cases, this problem has been solved: non-covalent pyrene linkers
to graphene use n—7 stacking to allow for a high density of functional groups at the
graphene surface while only minimally disturbing the band structure of graphene.'%

A further example of a tradeoff is that some functional groups destabilize at
high surface coverages. Stine et al. showed that graphene fluoride with high fluorine
concentrations spontancously lost fluorine over a period of days to weeks before
stabilizing at a lower concentration.'® They performed reactivity and stability
experiments using graphene on different supporting substrates (e.g., Au, SiO,, Cu)
and subsequently monitored the chemical composition of the samples over time
when exposed to different ambients (e.g., air or dry N,). For fresh samples with high
coverages of fluorine, the fluorine content decreased by 50%—-80% over the course
of several days, regardless of whether the graphene was stored in air or N, ambients.
Notably, these aged fluorinated graphene surfaces reacted to the same extent with
ethylenediamine (EDA) as did freshly fluorinated samples, suggesting that only the
nonvolatile F participate in alkylamine reactions. Although the fluoride coverage
stabilized over a period of days to weeks, one might need to compromise on a lower-
than-desired fluorine density to maintain stability of the system. Of course, if the
functional group of interest is stable on graphene, this is less of a concern.

Using Theory to Understand Chemically Modified Graphene

Surface chemical modification of graphene can change its fundamental properties at the
atomic level, including its band gap, chemical reactivity and its electrical and optical
properties. This can be done by surface chemical treatment and also by the choice of
substrate. Surface engineering of graphene can involve modification of properties by
creating vacancies,'°9-1% doping graphene with heteroatoms,**!'? or creating more
elaborate organometallic complexes.!®!!! Theoretical work plays an important role
in guiding and interpreting experiment for these complex systems. First principles
calculations for a wide range of these systems have been made. This work generally
involves density functional theory (DFT) or uses its results as inputs to physical
models. The foundations of DFT were laid in two seminal papers by Hohenberg and
Kohn''? and by Kohn and Sham.!'"* The former showed that the energy of an interacting
many-electron system can be written as a unique functional of the electron density
and the latter showed that one can map this complex interacting system onto a system
of non-interacting particles with the same charge density. Using these two concepts,
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DFT can compute the properties of materials without adjustable parameters. In the
following section, we will discuss a several examples of this theoretical work on
chemically functionalized systems.

Both hydrogen and fluorine adsorb directly above the C atoms of graphene,
forming relatively simple bonds with the carbon p_ orbitals oriented perpendicular to
the surface. Thus they provide particularly good systems for beginning to understand
its chemical functionalization. Experimental work has been done using XeF, to
functionalize graphene grown on Cu and also for graphene transferred to SiO./Si
substrates. Theory can give insights into properties such as the stability of the chemical
groups and the impact of the arrangement of the functional groups on electronic
properties. DFT calculations done as part of this work are illustrated in Fig. 5. The
band gap of graphene in Fig. 5C was shown to increase with increasing F coverage.
The binding energy per fluorine atom was found to peak at 25%. This coverage has F
atoms at 3rd nearest neighbors, which results in isolated 7 resonances of the graphene
valence states. More extensive experimental work on the properties fluorinated
graphene has been done since this work.

Adsorbates may form ordered arrays, disordered arrays, or inhomogeneous
arrangements of locally ordered adsorption geometries on graphene, and it is often
difficult to characterize the geometries experimentally. First principles calculations can
provide insights into the possible adsorption geometries for varying average coverages.
Extensive calculations of the properties of F functionalized graphene have recently been
done for dozens of arrangements of the F atoms.!'* A wide range of adsorption energies,
lattice constants, bulk moduli, bond lengths, band gaps and magnetic properties were
found as functions of coverage and of adsorbate arrangement. They include metallic
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systems and semiconducting systems with broadly varying band gaps as well as
systems with local ferromagnetic, antiferromagnetic, and ferrimagnetic orderings.
Chemical functionalization of graphene is also of interest for modifying its
mechanical and vibrational properties, including strength, internal stress, vibrational
frequencies, and losses. Recent experimental work!"> used O and F functionalizations to
demonstrate control of the vibrational properties of fairly complex multilayer graphene
films. DFT calculations as a part of this work gave the dependences of the bulk moduli
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Fig. 6. Calculated average lattice constant versus O or F coverage. The right axis shows the percent

deviation from the ideal graphene lattice constant. The top axis shows the atomic carbon ratio for a C M,
material, where M is oxygen or fluorine.

and of the lattice constants of graphene films functionalized with O and with F, and they
also considered the sensitivities of these properties to inhomogeneity in the adsorbate
coverages. Results for the lattice constants as functions of coverage are shown in
Fig. 6. They agree qualitatively with the overall trends in the experimental data,
and they show that these properties should not depend sensitively on adsorbate
inhomogeneity.

In order to form high quality films of functionalized graphene with desired
properties, it is necessary to understand the basic processes by which the films are
formed. However, even with relatively simple adsorbates, these processes are complex,
involving dynamical interactions of the adsorbates with graphene and also interactions
between adsorbates and interactions of adsorbates with defects in the system. These
interactions are generally poorly understood. Recent theoretical work'*!%7 has shed
light on important aspects of these interactions. The primary amine NH,, which is
of interest as a linker between organic molecules and graphene, was considered as
the adsorbate. DFT calculations'® were made of the interactions of the NH, with
B, N, F, H, NH, and OH adsorbates and of the interactions of these adsorbates with
the graphene. Examples of the interactions between these adsorbates on surface are
shown in Fig. 7, which gives the adsorption energies as functions of the separation
between the two adsorbates on the surface. The interactions oscillate with the distance
between adsorbates. These features arise from substrate mediated interactions between
adsorbate through the © valence electrons somewhat like RKKY interactions. DFT
results are effective in describing relatively short-range interactions. However long-
range interactions can be also important in surface formation. To address them, DFT
results were used to construct detailed electronic tight-binding Hamiltonians, which
included the interactions of the adsorbates with the m valence electrons, Coulomb
interactions of adsorbates, and lattice distortions.!”” This Hamiltonian was used to
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molecule. The axis labeled “Sublattice” indicates the sublattice (A or B) of the C atom to which the
secondary defect is attached.

determine long-range adsorbate-absorbate interactions, which were found to continue
to oscillate over long distances. A changeover between ‘weak’ and ‘strong’ coupling
regimes between adsorbates were found for certain parameters. It was shown that these
interactions could be controlled with the system’s chemical potential and by the initial
adsorbate-substrate interaction, e.g., by the choice of adsorbate.

As described earlier in this chapter, low energy plasma processing can
generate gradients of reactivity and wettability by spatially varying the gradients of
functionalizations.® Measurements of the contact angles of droplets of water and of
DMMP, a simulant for the nerve agent sarin, and also chemical force microscopy
gave information about the chemical reactivities of the surfaces. For example, the O
functionalized surfaces were found to be more hydrophilic than pristine graphene and F
functionalized surfaces were more hydrophobic. Droplet motions in different directions
over the surfaces with the chemical gradients of the O and F functionalizations were
demonstrated. DFT calculations were made of the interactions of DMMP with O and F
functionalized surfaces, and it was found that the adhesion energy with O rich surfaces
was greater than that on pristine surfaces and that the adhesion with F rich surfaces
was less than in the pristine case. These results are consistent with the contact angle
and chemical force microscopy results and also with the directions of droplet motions
on chemically graded graphene surfaces.

The properties of graphene systems can be affected by the substrate involved
as well as by surface chemical functionalization. However, to date the role of the
substrates is less well understood. Recent theoretical work has shed light on the
role of substrates on graphene systems.''® In this work, the magnetic properties of
chemically-functionalized sheets of graphene provided sensitive measures of the
electronic behavior of these systems. Of course, their magnetic properties are also
of interest on their own, with several theoretical reports predicting defect-induced
magnetism in graphene. However, experimental results for their magnetic properties
often do not agree with one another nor with the theoretical results [see references
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in Dev et al."'¢]. Most theoretical work on magnetism in graphene uses free-standing
graphene while experiments almost always involve substrates. Dev et al. showed
that the magnetic properties of functionalized graphene depend strongly on its local
environment, including the number of graphene layers and the substrate.!'® That work
started with free standing graphene functionalized by fluorine or hydrogen such that
there was an imbalance in the number of atoms on the two graphene sublattices. This
imbalance results in net unpaired electrons and gives a net magnetic moment to the
freestanding graphene. However, when functionalized graphene is placed on a copper
substrate there is complete quenching of the magnetism (Fig. 8). This helps to explain
why theoretical results for magnetic properties of free standing graphene systems are
different from many experimental results for graphene on substrates and also why
experimental results on different substrates may differ from one another. This behavior
results from adsorbates changing graphene from an inert to a reactive surface, resulting
in formation of metal-carbide bonds between the two sub-systems. This gives rise to
three inter related effects that were shown to reduce/quench magnetism in graphene:
(1) a transfer of charge between the substrate and graphene, (ii) distortion of the
graphene, and (iii) most importantly, formation of interface states. This work also
showed that if an additional layer of graphene is placed between the substrate and the
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Fig. 8. DOS for freestanding C.F (dashed-curve), showing spin-splitting, and the projection of DOS on
C,F in C,F-Cu(111) structure (solid-curve), showing quenching of magnetism (reprinted from Dev et al.''®).

functionalized graphene, the magnetic properties of the free standing functionalized
graphene were maintained. That is, the additional layer of graphene effectively insulates
the functionalized layer from the effects of the substrate. This is an example of how
graphene can function as a controllable atomically thin ‘veil” to insulate the substrate
and surface properties from one another.

Applications
Biofunctionalization

Graphene, either in its pristine state or chemically modified, is a powerful tool for
biofunctionalization.'” " There are several factors that contribute to its utility. First,
the common use of carbon as a core building block of both graphene and biomolecules
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promotes biofunction because the surface is hospitable for small biomolecules, mid-
sized enzymes, and full-sized cells alike. Moreover, biotoxicity ultimately becomes
a function of geometry where carbon allotropes in non-natural shapes such as some
carbon nanotubes can be problematic but natural products like graphene sheets are
compatible. Biotoxicity can also appear when graphene is chemically modified with
aggressively reactive terminal groups that lead to oxidation, phosphorylation, or
even apoptosis of adsorbed biomaterial.”?*!?! By taking into account these effects,
biotoxicity can usually be anticipated and mitigated. Secondly, as noted earlier,
graphene or its derivatives can be effectively coated onto nearly all substrates'?> and
thereby induce compatibility in surfaces or materials that are otherwise inherently
inhospitable to enzymes or toxic to cells.”® This is crucial since it extends the
range of materials available for biotechnology, bringing in many materials that lack
inherent biocompatibility or whose surface chemistries are poorly developed. Thirdly,
graphene’s chemical flexibility enables it to be processed down multiple different
reaction pathways. For instance, it can be functionalized with either non-covalent
methods such as pyrene-based molecules'?*!* or covalent methods that leave terminal
carboxyl groups or primary amines. In particular carboxyl and amine handles added to
graphene open up almost limitless strategies for attaching biomolecules via commercial
off-the-shelf products.

The first step in biofunctionalizing a new surface with graphene is typically to
coat it with either spun-cast GO flakes or CVD graphene monolayers. GO-coated
surfaces can be achieved by spin coating an aqueous/alcohol suspension of GO onto the
substrate and then annealing to remove the solvent, leaving a nanometer-thick film of
GO flakes that conformally coats the surface. The top layer of the GO displays several
different oxygen-rich functional groups, including epoxy, carboxyl, and hydroxyl
moieties, all of which are readily used in subsequent biofunctionalization pathways.'?
Alternately, CVD graphene can be coated onto a surface and then reacted to generate
primary amines or other groups that are useful for subsequent binding. If transfer
was assisted by hydrogen*** or fluorine,'”’” those chemical handles are immediately
available for subsequent biofunctionalization. If the transfer was achieved by using the
more conventional approach of coating with a support polymer followed by etching of
the copper substrate, then the transferred graphene will need to be cleaned to expose
the planar sp? carbon. In these cases, one typically biofunctionalizes the surface using
n—n stacking of aromatic molecules.

Non-covalent biofunctionalization. A common goal in biofunctionalizing graphene
is to provide a sensor biochemical specificity through adding recognition elements
such as antibodies, DNA, or peptides. Some sensor designs require that the graphene
remain conductive. This makes covalent attachment a problem since such attachment
necessarily disrupts graphene’s sp? structure, altering its electronic properties. The
requirement to both attach biomolecules and retain graphene’s electronic structure
spurred research into non-covalent biofunctionalization. Beginning with Ohno et
al.'”® and Huang et al.,'* most of these have taken advantage of physisorbed aromatic
molecules that align with the graphene lattice through n—= stacking.'® The adsorbed
aromatic molecule should, like I-pyrenebutanoic acid, contain a functional group
that can tether a biomolecular probe to the graphene surface. Building upon that
work has led to multiple commercially available pyrene variants including amine



Surface Engineering with Chemically Modified Graphene 217

and biotin functional groups for binding to commercial biomolecules. Another
successful non-covalent attachment method uses adsorbed nanoparticles to tether
the desired biomolecules.’ As an example, gold nanoparticles were coated onto
the graphene surface, and subsequently biofunctionalized through thiol chemistry.
Another non-covalent functionalization has been reported by Cui and colleagues,'!+13?
who specifically designed peptides that recognize and bind to graphene sheets. Phage
display screened billions of potential binding peptides for affinity to graphene. The
binding of the peptide to the graphene leaves intact the graphene structure because
it uses only non-covalent van der Waals interactions, similar to an antibody/antigen
interaction. Peptide linkers were used by Mannoor et al.'* to add biological probes
to a graphene BioFET for the detection of bacterial cells. Recently, another non-
covalent functionalization scheme was reported by Park and colleagues,'* where
bilayer graphene is utilized for device production. Here, the top layer of graphene was
covalently modified to include specific binding molecules, while the lower graphene
sheet was left undisturbed to function as the transduction layer. The atomic thinness
of the top graphene sheet thereby tethers the biomolecules in very close proximity
to the lower graphene sheet, changing its electronic properties to transduce a signal.

Covalent biofunctionalization. While the ability of the non-covalent approaches to
functionalize graphene without disrupting its bonding structure is attractive, they also
have drawbacks specific to biofunctionalization. First, the portion of the molecule
that anchors the biomolecule tends to be large and so spaces the biorecognition event
farther away from the transduction element. This is important since many applications
rapidly lose signal with distance; for example, Debye screening in bioFETs'* or
magnetoresistive sensors that capture magnetic particles above a sensor.'*? In the
latter, the signal from a magnetic label to a sensor based on magnetoresistance drops
quickly with separation distance (i.e., 1/d®). Secondly, non-covalently attached probe
molecules are more likely to desorb,'** not only lowering sensitivity but exposing the
underlying graphene to possible non-specific adsorption of biomolecules, both of which
can produce false results. As such, methods to covalently attach probe molecules to
graphene have also been extensively explored. This was most easily accomplished
for sensors using reduced GO, '3 exploiting the presence of epoxy and carboxyl
groups that are already present in the GO flakes as attachment sites. Another method
of covalent graphene functionalization is via the exposure to an electron beam driven
plasma generated in an argon/ammonia background to form amine groups on the planar
graphene sheet, which Baraket and colleagues®® demonstrated for a DNA bioFET.
Alternatively, the reaction of graphene with diazonium salts,'**'*! was utilized by
Kasry and colleagues'** to attach biotin for the subsequent detection of streptavidin.

Applications of biofunctionalized graphene. Applications of biofunctionalized graphene
have secured a large footprint in the scientific literature and have been summarized in
many excellent reviews.!I119-12L143.14 Here | the focus is on two applications that rely
on graphene’s unique characteristics.

Forster resonance energy transfer (FRET) assays

One of the most studied areas in the biofunctionalization of graphene—and other
carbon allotropes—is its interaction with nucleic acids. Of particular interest is the
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detection of nucleic acids based on Forster resonance energy transfer (FRET), where
the fluorescence intensity of a fluorophore depends on its distance from the quencher.
When the fluorophore and quencher are close, no light is observed, but, when separated,
fluorescence reappears. Since graphene is an excellent quencher, many demonstrations
of its use in FRET have been published (Fig. 9).1!%41% These publications also
revealed the fascinating fact that single stranded DNA (ssDNA) lies prone on the
graphene surface due to strong n—n stacking with the graphene. In contrast, double
stranded DNA (dsDNA) lifts away from the graphene surface because the base pairing
that constitutes hybridization precludes such stacking. The dramatic shift in orientation
demonstrates that graphene is a complicated material for biofunctionalization, requiring
researchers to be thoughtful in how they attach biomolecules to it. The interaction
pathways only become more interesting when one considers protein attachment and
the importance of tertiary structure to protein function. For example, Zhang and
colleagues demonstrated that the spontaneous binding of several enzymes to GO
directly correlates with the amount of oxygen present on the surface.'* It becomes clear
that there are complex interactions when biomolecules are attached to graphene and
negative outcomes of biofouling or non-specific binding must be carefully managed.
This active field of research is anticipated to grow in the coming years.

Graphene Veil—A universal surface chemistry for biosensors based on
graphene

Graphene could serve as a universal surface chemistry for biosensors.!?? The literature
on biosensor surface preparation is vast—clear documentation of the time, effort, and
resources poured into perfecting surface chemistries.!*!"!%’ The breadth of the literature
reflects that each combination of biomolecule and surface to be functionalized must
be handled separately.!>51%° That is, a surface chemistry that works on gold typically
does not work with silicon or gallium nitride or any of the other technologically
relevant materials. Separating the issue of how a biomolecule was sensed from the
problem of how to attach it to that sensor would fundamentally transform the field of
biofunctionalization. For example, the attachment of a new protein to graphene need
only be developed once before application to a range of materials. Consequently, all
effort could be focused on producing a single biofunctionalization strategy that would
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then be shared widely. An ideal universal surface chemistry should yield a film thin
enough to keep the biomolecules close to the sensing element, should be conformal,
and should allow for multiple pathways to attach biomolecules. Importantly, the
resulting coating must be sufficiently stable that it remains intact during washing steps
and sensing and must not interfere with the transduction mechanism.

As described earlier, GO can conformally coat many surfaces with a film no more
than a couple of nanometers thick, and these films activate several biofunctionalization
pathways. Figure 10 shows the results for fluidic force discrimination (FFD) assays
performed on five diverse sensor materials. FFD assays!'®"!6? are sandwich-style
assays that capture the target molecule using the biorecognition element tethered
to the graphene. A second capture agent tethered to a microparticle then binds to a
second region of the target molecule to form the sandwich. Following biorecognition,
a controlled fluidic force is applied to the bead labels that is strong enough to “push
off” nonspecifically captured beads but too weak to disrupt the specific interactions.
Consequently, the presence of the dark beads reflects the presence of the target molecule
and the lack of beads means that the target was not present.

The first step in attaching biomolecules to GO begins by reacting ethylenediamine
with the epoxy groups present on the GO surface. Amines will react spontaneously
to relieve the epoxide ring strain, thereby covalently coupling an amine to the GO.
From that point forward commercial products may be used, such as the two halves of
the hydrazone reaction'?>!? to place neutravidin on the surface. Figure 10 shows the
use of this chemistry to successfully produce both immunoassays and nucleic acid
hybridization assays on a diverse set of substrates. Importantly, the assay for RCA
atop silicon nitride was performed in beagle serum demonstrating compatibility with
real world matrices. The slightly higher background signal due to matrix effects,
~10%, was expected and was consistent with previously published FFD assay results
atop a glass slide using conventional surface passivation chemistries.'"!¢? Finally, a
graphene veil was successfully added to a flexible plastic substrate, polystyrene. For
this experiment we demonstrated a different functionalization pathway. Neutravidin
was covalently linked to the graphene veil through the native carboxyl groups using
a carbodiimide crosslinker and a DNA hybridization assay was achieved. While this
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Fig. 10. FFD immunoassays and DNA hybridization assays on graphene veils coating five diverse sensor
materials. (Reprinted from Mulvaney et al., Biotechniques, 2014.1%2)
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set of experiments is only a first demonstration, the work towards a universal surface
chemistry marks one of the most promising uses of biofunctionalized graphene.

Inorganic films via chemical bath deposition

Chemical bath deposition (CBD) has been widely used to deposit semiconducting thin
films since it is scalable, cost-effective, non-destructive, and generally produces high
quality films. In general, CBD is less constrained in the choice of substrate than other
approaches since it requires only favorable physisorption to promote the deposition
of the film. Yet not all substrates are amenable to CBD, and some substrates yield
films whose properties could be improved. As an example of the latter, to improve the
homogeneity of a cadmium sulfide (CdS) film deposited via CBD, Seo et al. coated
glass with graphene, then treated it with UV-ozone to create defects and oxygen-rich
functional groups that promoted the nucleation and growth of the CdS.'** A more
pronounced challenge is growing films on substrates, such as hydrophobic polymers,
that provide poor adhesion to the deposited film.!®>1¢ Coating such substrates with
graphene chemically modified to enhance binding can overcome these limitations. For
instance, Lee et al. examined the use of films of graphene and chemically modified
graphene to promote growth of CdS on polyethylene (PE), an otherwise inert substrate
for CBD (Fig. 11).'” Both visual inspection and atomic force microscopy show that,
without a coating, PE will not support CdS growth. Even with a coating of pristine
graphene, little CdS growth is observed. However, robust CdS growth was observed
with coatings of chemically modified graphenes, such as fluorinated graphene (FG) or
oxygenated graphene (OG). Controlling the extent of the fluorination enabled control
over the nucleation and growth of CdS, while patterning the fluorination via e-beam

a | Uncoated b SLG c 0G d FG

Fig. 11. CdS films were grown on polyethylene substrates via CBD. The top row shows photographs

of PE substrates that were (a) uncoated, (b) graphene-coated, (c) OG-coated, and (d) FG-coated prior

to CBD. The formation of CdS films on the PE substrate was strongly dependent upon the nature of the

coating. The figures in the bottom row show the respective AFM topographic images from the PE samples,

corresponding to the black boxes in the optical photographs. (Reprinted from Lee et al., ACS Applied
Materials & Interfaces, 2017.17)
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plasma (described in a previous section) produced a patterned CdS film. Several other
materials beyond CdS such as ZnO, ZnS, or PbS have been developed suggesting that
modification of surfaces with chemically modified graphene is a generic strategy to
promote the formation of semiconducting films via CBD.

Control of physisorption

Common surface phenomena, such as the spreading of liquids or the adsorption of
molecules, are dictated by interactions, such as van der Waals (vdW) and hydrogen
bonding, active only at the surface. The short-range nature of these surface forces—
vdW interactions extend to only around 20 nm above the surface'*® while hydrogen
bonding extends less than 0.2 nm'®—implies that they are completely determined
by the chemical identity of the surface and, at most, the first few atomic layers of the
solid. Thus, an ability to manipulate these surface layers should enable control over
surface interactions and, by extension, the physisorption outcome. Atomic thinness and
chemical diversity of monolayer materials, coupled with the methods of their transfer
onto a solid, offer an unprecedented opportunity to fabricate surface layers from the
bottom-up by sequentially stacking heterogeneous monolayers on the original solid.
In this fashion, a stack of only a 10-20 nm thickness should impart pre-determined
surface interactions to any solid. Indeed, because the individual monolayers are only
0.3-0.7 nm thick, the choice of monolayer and stacking sequence should enable
extraordinarily fine tuning of the surface interactions. Graphene is particularly
noteworthy in that it provides independent control over both components of surface
energy, dispersive and non-dispersive.

An early attempt to control physisorption with monolayer materials was the
examination of “wetting transparency”, where changes in the water contact angle were
monitored as graphene layers were added to a surface. If the water contact angle did
not change when graphene was added, then graphene would be considered transparent
to wetting. Whereas if the wetting was completely determined by graphene then it
would be considered opaque. Initial experiments from the several groups investigating
the effect on Si and SiO, generated contradictory conclusions: from complete wetting
transparency'” to partial transparency'” to the wetting opacity.'”> Adding to the
controversy, each study included molecular dynamics simulations supporting their
respective conclusions. This controversy, which is still not fully resolved, highlights
the challenges of reliable experimental measurements on transferred CVD monolayers.
Notably, the water contact angle technique employed in the wetting transparency
studies can present a serious experimental deficiency in that the ~ 1 pL droplets probe
a surface area greater than 1 mm?. Such a large area necessitates a graphene sample
either on the metallic growth substrates or transferred onto a new substrate using
polymer assisted transfer of CVD-grown graphene. However, that transfer process
can tear or wrinkle the graphene and often leaves residual polymer contamination,
all of which can impact the veracity of the water contact angle measurement. Indeed,
the clean transfer of CVD graphene remains one of the primary challenges to surface
engineering with the material.

The inhomogeneity of transferred CVD samples may be overcome by probing
a smaller area of a cleaner surface. One can turn to atomic force microscopy (AFM)
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where the sharp tip of an AFM cantilever can directly probe surface forces.!” Because
the asperity of the tip has significantly smaller lateral dimensions (< 50 nm) than the
water droplet, measurements on small but clean graphene samples (~ 1 um laterally)
fabricated by micromechanical exfoliation become possible. Further, prior to probing
the surface interactions, the same tip can image the investigated surface with high
spatial resolution (~ 10 nm), assuring its mechanical integrity and the absence of
contamination. Last, but not least, this AFM-based approach allows the interactions to
be measured as a function of separation between the surface and the tip, in contrast to
the water contact angle measurement performed at the contact only. As we demonstrate
later, this separation dependence becomes critical for analysis of interactions modified
by the monolayers.

Figure 12A shows an AFM image of a SiO, substrate partially covered by
exfoliated graphene. After the graphene-covered area is identified in the image, the tip
is accurately positioned over it and surface interactions are measured, as schematically
illustrated in Fig. 12B. Figure 12C presents the force acting on the tip as a function
of separation recorded over areas covered with single-, double-, and triple-layer
graphene. These force curves can be compared to that measured with the same tip
from a separate highly oriented pyrolytic graphite (HOPG), which can be considered
as an infinite stack of graphene layers.

The attractive force, indicated by its negative values, becomes monotonically
stronger as the tip approaches the surface, consistent with the vdW interactions
expected in the explored separation range (2 nm < d < 20 nm). Thus, the measured
force is assigned to the vdW force acting between the sample and tip. We also note
that the graphitic surfaces investigated are not expected to form hydrogen bonding
at shorter separation. Because the interaction decays quickly with the separation
(Fig. 12C), the force is effectively confined to the very asperity of the tip, allowing it
to be exploited as a tiny nanoscale probe.

Examining Fig. 12C reveals that the force is the weakest over single-layer
graphene, becomes progressively stronger over double- and triple-layer graphene
and is the strongest over HOPG. Further, the interactions with the graphene-covered
SiO, are qualitatively different from that with HOPG: the tip needs to approach closer
than 7 nm from the surface to start detecting the force from the former, whereas an
appreciable force already develops from the latter at a greater distance (~ 15 nm).
As discussed later this trend indicates that the graphene strongly screens the vdW
interactions of SiO,.

The experimental data can be explained by a simple model of the vdW interactions
between the AFM tip and the sample.'” The tip asperity participating in the interaction
is assumed to have a spherical shape with the curvature radius R. HOPG is treated as
a homogeneous half-space with a perfectly flat surface, while the graphene-covered
SiO, as the homogeneous half-space covered with a perfectly flat layer of thickness
t. In the latter case, the interaction is split into two pairwise components between the
tip and the graphene layer, and between the tip and the SiO, half-space. While the
real vdW interactions are not pairwise,'*® such an assumption reflects the modelling
simplicity, while the exact analytical expressions of the model are given in Tsoi et al.'”®
The model provides a good fit to the experimental data yielding a product A-R, where
A is a Hamaker constant characterizing the strength of vdW interaction.'® Because
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Fig. 12. (A) AFM topography image of graphene exfoliated on top of a SiO, substrate showing areas
covered by varying numbers of graphene layers. 1LG = single-layer graphene, 2LG = double-layer graphene,
3LG =triple-layer graphene. (B) Schematic representation of the AFM force-separation measurement. Force
F exerted on the tip by the sample is measured as a function of their separation d. (C) The F(d) dependence
measured over areas covered by different numbers of graphene layers. Symbols are experimental data,
lines are fits. In addition, the F(d) dependence measured with the same tip over a separate HOPG sample
is included. (D) Hamaker coefficients determined from the fits for graphene and the underlying SiO, and
normalized relative to HOPG. Reprinted from Tsoi et al.'”

an independent measurement of a rather small R may introduce a large uncertainty,
we choose to normalize the products 4, 'R and 4, ‘R, describing interaction of the
tip with the SiO, substrate and graphene layer, respectively, to 4,,,-R (Fig. 1D).
The obtained results demonstrate two noteworthy trends. First, the contribution 4,
is negligibly small in all samples, suggesting that even the single-layer graphene
completely screens vdW interactions of the underlying SiO,. In this manner, the tip
experiences the vdW force from the atomically thin graphene alone and cannot detect
the SiO, substrate. Because other probes, such as the water droplet, are expected to
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experience an identical interaction profile, this result clarifies the wetting transparency
of graphene: the addition of graphene to SiO, should screen all of the vdW forces
from SiO, as well as the hydrogen-bonding moieties of SiO, while provide minimal
van der Waals interactions and no hydrogen bonding interactions. Thus, the single
atomic layer should exhibit complete wetting opacity.

Note that the graphene screening of SiO, also explains the peculiar force curve
shapes observed in Fig. 12C. The tip can detect an appreciable force from the
atomically thin graphene alone only in its close proximity. In contrast, a large number
of sub-surface graphene layers in HOPG combine to generate a non-negligible force
even at greater separations. This is consistent with the general vdW principle that the
separation between two interacting bodies determines how deep inside each other they
probe.'s® Thus, probing the interaction as a function of separation can unambiguously
uncover the vdW screening.

The second trend seen in Fig. 12D is a monotonic decrease in the vdW strength
of graphene with number of layers, tending to that of HOPG. Remembering that
the Hamaker constant defines interaction per unit volume,'® the results in Fig. 12D
indicate that each layer in the double-layer graphene exerts a weaker force on the tip
than the single-layer graphene, however its two layers combine to generate a stronger
net force than the single-layer graphene (Fig. 12C). Two aspects may contribute to
this thickness-dependent Hamaker constant. The electronic band structure of graphene
changes with the number of layers, tending to that of graphite.!™ In addition, doping
of exfoliated graphene by the SiO, substrate depends on the number of layers.'”
Together, these two effects determine the electronic polarizability of graphene which
is ultimately responsible for its vdW interactions.!®® Overall, the vdW screening and
the thickness-dependence of the vdW interaction of graphene provide the first, simple
demonstration of modified surface interactions with monolayer materials.

If graphene exhibits vdW screening, complete control over the surface forces
also requires monolayers featuring full and partial vdW transparency. While the exact
origin of the vdW screening is presently unknown, a likely explanation involves mobile
carriers in graphene that can quickly rearrange spatially to screen electrodynamic waves
exchanged in the vdW interactions between the SiO, and the tip.'” In this context,
replacing semi-metallic graphene with an insulating monolayer should result in vdW
transparency. To this end, we treat the exfoliated graphene with XeF, gas, turning the
uppermost layer into electrically insulating fluorinated graphene.!%%176

Figure 13A shows an AFM image of fluorinated graphene on SiO,. Prior to
fluorination, the graphene flake contained a single-layer area on the right and a double-
layer area on the left. Since fluorination affects only exposed graphene, it turns the
former into fluorinated graphene and the latter into a fluorinated graphene/graphene
stack (Fig. 13B), evident in the formation of stress-releasing wrinkles. Figure 13C
shows force curves recorded over the two areas and compares them to that recorded
with the same tip over HOPG. The vdW interaction over the fluorinated graphene is
markedly different from that over the single-layer graphene shown in Fig. 12C and
exhibits a close similarity in shape to the interaction with HOPG, suggesting that the
sub surface SiO, exerts a significant vdW force across the fluorinated graphene on
the tip. Indeed, fitting the experimental data with our simple model formally yields
a zero contribution from the fluorinated graphene indicating that the entire force
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Fig. 13. (A) AFM topography image of graphene exfoliated on top of a SiO, substrate and treated
with XeF, gas. 1L{fG designates single-layer fluorinated graphene, 1LfG/1LG designates a double layer
consisting of a top fluorinated graphene and underlying graphene. The gray dashed line denotes a boundary
between 1LfG and 1LfG/1LG (B) Schematic representation of the AFM force measurement carried out
over 1LfG/SiO, (right) and 1LfG/1LG/SiO, (left). (C) Representative F(d) dependences measured with
an AFM tip over 1LfG/SiO,, 1LfG/1LG/SiO,, and a separate HOPG. Dots are experimental data, lines are
fits. (D) Hamaker coefficients determined from the fits for the fluorinated graphene, underlying graphene
and SiO, and normalized relative to HOPG. Reprinted from Tsoi et al.'”

is supplied by SiO, (Fig. 13D). Thus, the fluorinated graphene exhibits the vdW
transparency. Unfortunately, because the interaction from the exposed SiO, cannot be
easily measured, the demonstrated transparency is not quantitative. That is, it cannot
be determined whether it is full or partial.

The vdW interaction measured over the fluorinated graphene/graphene stack
(Fig. 13B) provides a critical test to our early understanding of how monolayer
materials affect surface interactions. The shape of the force curve is clearly different
from HOPG and reminiscent of those reported for graphene in Fig. 12C. Fitting data
with the model indicates that the entire force originates from the middle graphene
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layer. Thus, consistent with our developed intuition, graphene completely screens
vdW interactions of the underlying SiO, and exerts a vdW force across the (fully or
partially transparent) fluorinated graphene on the tip.

Tailoring physisorption with monolayer materials is attractive both from applied
and basic perspectives. The former emphasizes the innovative procedure: an ultrathin
(10-20 nm) heterogeneous stack of monolayers conformally applied to any pre-existing
surface could impart to it a pre-determined physisorption outcome. From the basic
point of view, this will become possible because surface interactions of the stack are
tuned by its chemical composition. The potential finesse of the tuning is striking,
given the atomic thinness and chemical diversity of the monolayer materials, as well
as the possibility to arrange them into numerous combinations of hetero-stacks, all
while preserving their chemical and electronic identity. Indeed, this approach should
enable unprecedented surface interaction profiles, and with them, novel physisorption
phenomena, such as the one described in the next section.

One can then use graphene and its chemical derivatives to control a molecule’s
interaction potential with a surface, tuning non-dispersive interactions (acid-base
interactions, electrostatic double layer, hydrogen bonding) through chemical
functionality and tuning dispersive ones (van der Waals) through the carrier density
and band structure of the graphene. While the ability to do so on a wide range of
substrates is technologically valuable, from a fundamental level the more interesting
aspect is that it appears that all the dominant surface force may be controlled within
a single system. These forces are enumerated in DLVO theory named after Boris
Derjaguin, Lev Davidovich Landau, Evert Verwey, and Theodoor Overbeek who,
in the 1940s, examined the root causes for the stability of colloids in a dispersion.
DLVO theory’s fundamental insight is that the attraction among colloids due to van der
Waals forces are typically opposed by repulsive electrostatic charges on the colloids.
The extended version of this model includes the other non-dispersive interactions to
provide a fuller picture of the interaction.'”” This model is widely used since it can
explain phenomena beyond colloids including ice crystal formation and the initiation
of biofilms; however, it has remained hard to test since the opposing interactions,
van der Waals vs. electrostatic, are hard to vary independently in most systems. With
graphene surface engineering this limitation seems to be lifted, allowing the testing
of some of the more interesting predictions of DLVO theory.

Perhaps one of the more interesting predictions is that of a secondary minimum.
At very close separations between the two interacting bodies the van der Waals forces
will always overwhelm the electrostatic repulsion, causing the two bodies to adhere.
(Fig. 14). This is known as the primary minimum, after which there is typically a
repulsive barrier due to the electrostatic forces. Critically, if the van der Waals force
is sufficiently strong, then a secondary minimum appears after this barrier. While it is
broad and shallow, it is expected to have a profound effect on the likelihood that the
two bodies will bind together. Without secondary minimum, two bodies approaching
each other generally have a single chance to cross over the barrier to reach the primary
minimum and so permanently adhere. With a secondary minimum, the two bodies can
become loosely associated and therefore repeatedly approach each other, providing
multiple opportunities to cross the barrier. For this and other reasons, it is expected that
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Fig. 14. The top image shows a typical situation where the strength of the van der Waals forces is

sufficiently strong to form a secondary minimum, a shallow well that can help condense two bodies.

The lower image shows that when the van der Waals forces are diminished, the secondary minimum
disappears.

chemically modified graphene will find profound applications to modifying surfaces
to control adhesion.

Gradients in chemical functionality

As shown above, global chemical modification of surfaces clearly has many uses, so
further control of the spatial distribution of functional groups should provide even
greater functionality. For instance, a gradient of functional groups can control the
flow of adsorbates. Previous methods for fabricating gradients relied on covalent
attachment between SAM-forming molecules such as alkanethiols or silanes and the
substrate.® With graphene, one could in principal establish a gradient on any surface.
The previously discussed masking technique (Fig. 4) was used to produce chemical
gradients on graphene that vary in total oxygen or fluorine content, with good lateral
functional group uniformity (Fig. 15).%5 Oxygen gradients were shown to “pull” drops
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Fig. 15. When placed on graphene on which a chemical gradient has been built, a water droplet will be
either pushed or pulled depending on the chemical functionality that is graded. The plot to the left shows
a water droplet’s position as a function of time on two different gradient. On the right are snapshots of one
droplet on a fluorine gradient. The fluorinated graphene is more hydrophobic than graphene and so the
water droplet, when placed on the region of high fluorine content, slowly moves toward the bare graphene.
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of water and DMMP in the direction of increasing oxygen content, while fluorine
gradients were shown to “push” such droplets in the direction of decreasing fluorine
content. The direction of motion and droplet velocity can be broadly described in terms
of increasing/decreasing hydrophilicity, which was correlated to high/low adhesion
and binding energy determined using chemical force microscopy measurements and
in density functional calculations. The plasma-based process of gradient production
is flexible enough to accommodate a range of surface chemistries and coverages that
could be used to further tailor performance.

Conclusion

Graphene, and with it the emerging field of 2D materials, has given us powerful new
tools to modify the physical and chemical properties of surfaces. In particular, the
chemical flexibility of graphene enables the modification of surfaces to control their
physical, chemical, electronic, and biochemical properties, among others. Moreover,
new levels of control are available for heretofore poorly controllable properties
such as van der Waals forces, which now may be readily tuned through chemical
functionalization. Perhaps the most notable aspect is that this surface modification
depends in only a limited way on the underlying substrate, a significant departure
from traditional methods of creating thin films such as SAMs or Langmuir Blodgett
films that require precise preparation of the underlying surface. It also opens up the
possibility that a more universal chemistry can be envisioned where a surface treatment
is developed once by creating it on a graphene sheet and then transferred onto a wide
range of substrates like a chemical “sticky note”. While some of these results remain
to be accomplished, chemically modified graphene has already shown its use in tuning
the wetting properties of different surfaces, controlling their biofunctionalization, and
enabling the growth of subsequent films on otherwise inhospitable substrates.
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