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ABSTRACT Single layer graphene and graphene oxide feature useful
and occasionally unique properties by virtue of their two-dimensional
structure. Given that there is a strong correlation between graphene
architecture and its conductive, mechanical, chemical, and sorptive
properties, which lead to useful technologies, the ability to system-
atically deform graphene into three-dimensional structures, therefore,
provides a controllable, scalable route toward tailoring such properties in

the final system. However, the advent of chemical methods to control

graphene architecture is still coming to fruition and requires focused attention. The flexibility of the graphene system and the direct and indirect methods

available to induce morphology changes of graphene sheets are first discussed in this review. Focus is then given toward chemical reactions that influence

the shape of presynthesized graphene and graphene oxide sheets, from which a toolbox can be extrapolated and used in controlling the spatial

arrangement of graphene sheets within composite materials and ultimately tailoring graphene-based device performance. Finally, the properties of three-

dimensionally controlled graphene-based systems are highlighted for their use as batteries, strengthening additives, gas or liquid sorbents, chemical

reactor platforms, and supercapacitors.
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Structure and Properties of Planar Graphene.
Graphene is typically defined as a single layer
of sp? carbon atoms arranged in a sheet
and in a rudimentary form can be visualized
to be a single exfoliated layer from graphite
(Figure 1). The layering in graphite is sepa-
rated by 3.4 A in highly crystalline P6s/mmc
crystal and allows slippage between the
layers, under standard conditions. The ability
of graphite layers to slide due to weaker van
der Waals forces, as compared with covalent
forces, ultimately allowed the shearing of
graphite and isolation and imaging of the
first single-layer graphenes.! When the indi-
vidual sheet was separated from its support-
ing neighbors, or single and double sheets
were prepared on metallic surfaces, the
anomalous quantum Hall effect was deter-
mined, which is not readily evident when the
number of layers n > 2, or when there is
strong interaction between the graphene
layer and the support substrate.
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Graphene typically refers to a monolayer
of carbon atoms packed into a honeycomb
crystal structure, which are one-atom thick
of sp® bonded carbon, thus yielding a
two-dimensional array of carbon arrang-
ed in a hexagonal structure (Figure 2). The
carbon—carbon bond length in graphene is
142 A, verified with high resolution elec-
tron microscopy, atomic force microscopy
and scanning tunneling microscopy,” which
comprise o orbitals binding with their
neighbors and yield the strength and flex-
ibility of the lattice. While the simplified
structure of graphene is that of a flat sheet
(Figure 1a), the observed structure is often
corrugated (Figure 1b). The rippling effect of
graphene has been determined to be in part
due to stabilization due to thermal fluctua-
tions across the sheet when suspended
in air or a vacuum.>>® The undulating struc-
ture of graphene, which therefore represents
entry into 3 dimensions, has also been
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determined for graphene sheets in water. The extent
of corrugation can be controlled, which was demon-
strated useful for controlling the filtration of nanopar-
ticle colloids through membranes of chemically altered
graphenes and has the potential to prevent restack-
ing of graphene into graphite and instead control the
assembly of three-dimensional matrices where the
high surface area of graphene is retained for applica-
tions such as energy storage.”

The revolution to the carbon world in the form
of nanosized carbon, above and beyond that of full-
erenes, carbon nanotubes, nanohorns, nanodiamonds,
etc., cannot be understated and in the interest that
ensued it has become important to further classify the
graphene in terms of the number of layers. Numerous
reports are published containing the label “graphene”,
yet contain several layers arranged in a manner that
is typically associated with the graphite lattice. The
mechanical processing of graphite, expanded graphite
and exfoliated graphite typically generate platelets
with more than 20 layers. When comparing such
systems to those with n from 2 to 20, differences in
flexibility can be observed through wrinkling and
folding of the fewer number of graphene layered
systems. It is unclear under what conditions the “multi-
layer graphene” label can be applied, though discus-
sion may extend to the degree of physical separation of
the layers, namely the difference between expanded
graphite and stacked single-layer graphene. To that
end, chemical bridging has been used to generate
porous graphene oxide frameworks where the gra-
phene sheets are maintained in an open, stacked
conformation, which has been useful for gas
sorption®® and chemical catalysis.'® In this review,
graphene is referred to as a single layer system, unless
stated otherwise, and the context differentiates be-
tween the nonoxidized and oxidized forms.

Graphene has a Young's modulus of ca. 1 TPa and
an intrinsic strength of ca. 130 GPa."" Graphene oxide
has a lower Young's modulus of ca. 210 GPa and
intrinsic strength of ca. 75 MPa.'? Pure graphene is
zero-bandgap semiconductor and possesses an elec-
tron mobility of 15000 cm?/(V - s) at room temperature,
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VOCABULARY: graphene architecture — the 3-dimen-
sional shape of an individual graphene sheet or its spatial
arrangement within a given system; 3-dimensional tem-
plate — a substrate, either sacrificial or permanent, that
supports the deposition of a material in 3 dimensions;
intra/intersheet bonding — the chemical bonding of
graphene between two sites on the same sheet and
between two sites on different sheets respectively; hier-
archical ordering — the arrangement of individual gra-
phene sheets that has different levels of architecture
between the nano- and macro-scale; graphene sheet
chemistry — the process of chemical transformation di-
rectly on the graphene lattice or through other chemical
groups attached to the graphene lattice;

with ballistic electron transport.'® The individual gra-
phene sheet has a theoretical specific surface area
of 2630 m?-g~',' which is substantially higher than
that of graphite. These properties make graphene
an attractive material in electronics and building ap-
plications and the flexibility, along with high sur-
face area, of the graphene sheet has also promised
designer adsorbents and drug delivery capabilities,
which has led to the direct manipulation of graphene
architecture in 3 dimensions.'?

The interface between the substrate and a gra-
phene layer can result in discrete areas of chemisorp-
tion interaction, as determined by low energy electron
diffraction patterns and DFT calculations between the
two, and can affect the morphology and electronic
properties of graphene. Rippling was found to occur in

Figure 2. Scanning tunneling microscopy images of (a) a
graphite and (b) a graphene structure. Reprinted from ref 4.
Copyright 2010 American Chemical Society.
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Figure 1. Computer models of graphene revealing (a) the hexagonal lattice of carbon atoms for ming a “true” planar layer
and (b) the undulating nature of graphene exhibited by real samples. (c) An exit wave function reconstruction in TEM mode
of graphene revealing a single and bilayer where the honeycomb structure of carbon atoms is evident. Reprinted with
permission from ref 3. Copyright 2007 Nature Publishing Group.
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graphene when interfaced with iridium and heated
to ca. 500 °C yielding a buckling height of 2.1 A, where
thermal effects exert different degrees of expansion
between the graphene sheet and the substrate creat-
ing strain that is relieved through corrugation. The
corrugation is reversible, where the graphene sheet
can be changed between flat and buckled confor-
mations with respect to the underlying substrate.
The strong interaction between the substrate and the
graphene layer alters the Dirac cones, leading to non-
zero density of states of the buckled areas, which
were deemed not linked to the buckling architecture
but the chemisorption interface. Ultimately, the system
changes the electronic property of graphene from a
semimetallic to a metallic state, only as a result from
the small fraction of atoms considered to be chemi-
sorbed at the Ir—C interface,'® with the majority of
the graphene remaining physisorbed to the iridium
surface. When the number of graphene layers is in-
creased, the perturbation of the electronic structure
near the Fermi level diminishes until the system be-
haves as free-standing graphene.!”

The presence of pristine graphene sheets within
nonconductive matrices can reduce the electrical re-
sistivity of the host. Therein, the graphene sheets
become conductive pathways within electrically insu-
lating polymers. Thermally expanded graphite oxide
at 1000 °C under argon leads to functionalized
graphene,'® but can also reduce single layer graphene
oxide (SLGO) to single layer graphene (SLG)." Reduc-
tion can improve electrical conductivity by removal of
oxygen containing groups and restoration of the aro-
matic nature of bonding, establishing the delocalization
of m-electrons across the surface of the graphene
sheet, frequently appearing wrinkled in morphology
(Figure 3a). The electrical conductivity of SLGO (cast as
buckypaper)?® is on the order of 85 x 1072 S/cm and
thermally reduced SLGO in argon, to produce graphene,
is 8.1 x 10 S/cm.'® When graphene sheets are placed in
nonconductive polymers, such as polyvinylidene fluor-
ide (PVDF), the sheet size, aspect ratio, and morphology
aid the sheet—sheet interconnectivity, providing con-
ductive pathways through regions of nonconductive
polymer particles (Figure 3b).2" It should be noted that
the filler does not need to be in direct contact for current
flow. Conduction may take place through tunneling
between layers of polymer that borders the filler
material, which if thin enough provide (a quantum
mechanical probability of) tunneling through the resis-
tance barrier.?? It was determined that the sheet area
affected electrical conductivity more strongly than
sheet density.>> In graphene—PVDF composites, the
percolation threshold was around 2 wt %, compared
with expanded graphite—PVDF composites where the
percolation threshold was around 5 wt %.2' The lower
filler loading was attributed to a higher aspect ratio of
graphene to that of expanded graphite. It has also been
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Figure 3. SEMimages of (a) thermally expanded and reduced
graphite oxide leading to conductive graphene sheets in a
wrinkled morphology and (b) random distribution of ther-
mally reduced graphene sheets in polyvinylidene fluoride,
where the wrinkled morphology is retained. Reprinted with
permission from ref 21. Copyright 2009 Wiley-VCH Verlag
GmbH.

recently found that very low loadings (ca. 0.045 vol %) of
graphenes in poly(N-isopropylacrylamide) generate
superelastic graphene aerogels that exhibit high elec-
trical conductivity and good mechanical strength with-
out sacrificing stimuli-responsiveness of the polymer.
Therein, the conductivity reached 0.7 S-m™" for ca.
0.045 vol % and 10 S-m ™" with ca. 0.23 vol % graphene
loading, higher than other hierarchical systems using
reduced graphene oxide-based hydrogels at similar
loading levels.?*

In one-dimensional nanomaterial systems, such as
carbon nanotubes, percolation was affected by align-
ment of the nanomaterial filler. Optimal orientation
of carbon nanotubes was found when they were
partially aligned rather than randomly or perfectly
aligned.?® In two-dimensional systems, electrical con-
ductivity is highly sensitive to the morphology of the
nanomaterials along the percolation pathway?® and
alignment of graphene sheets results in a lower num-
ber of electrical connections and fewer sheet—sheet
contact points required to establish a conductive
pathway.?” It may be that wrinkling of graphene sheets
leading to the generation of a series of fold lines, which
may enhance electrically conductive properties,®®
therefore an optimized system would contain an ar-
rangement of wrinkled graphene sheets that bring fold
lines into alignment.

While the electrical conductivity of graphene—
polymer composites can be improved, the sig-
nificance of graphene architecture in polymers as
reinforcing fillers has yet to be fully demonstrated.
However, indications show that graphene's three-
dimensional arrangement can influence the mechan-
ical performance of polymer composites. Graphene
oxide can hydrogen bond with poly(propylene
carbonate) and become crumpled in solvent-
exchange, solution casting of composites (Figure 4).%°
The extent of this crumpling becomes more pro-
nounced as the content of graphene oxide is increased,
which is thought also to be linked to the different
stiffness between the polymer matrix and the gra-
phene oxide sheets. As the loading of graphene oxide
increases up to 10 wt %, the sheets form a network
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Figure 4. SEM images of GO in poly(propylene carbonate)
at (@) 1, (b) 5, (c) 10, and (d) 20 wt %. Reprinted with
permission from ref 29. Copyright 2014 IOP Publishing.

structure and the tensile strength increases to 33 MPa,
and the Young's modulus increases to 4100 MPa at
20 °C and 6 and 250 MPa, respectively, at 75 °C.
Between 10 and 20 wt %, graphene oxide sheets
form a “co-continuous” arrangement,®® and the tensile
strength and Young's modulus change to 28 and
5500 MPa, respectively, at 20 °C and 3 and 370 MPa
at 75 °C.*° The graphene co-continuous architecture
confines poly(propylene carbonate) chain movement
and enables effect transfer of stress, thus improving
mechanical properties.

Tailoring of materials ensures customized fit for its
desired end use in terms of size, shape and properties
and the ability of a system to adapt these aspects, as
a result of environmental or operator input, will facili-
tate greater usability. Flexible electronics, for example,
offer a wide-variety of applications including displays,
batteries, solar cells, supercapacitors, and medical
devices, and it is in these areas for which graphenes
show significant promise.'*3! Therefore, extending the
tailoring of graphene's three-dimensional structure,
especially where properties of the system result from
the architectural configuration of its components, will
result in maximum gains in the overall properties.
Currently, there is a vast amount of data published
for chemical reactions of graphenes, which occasion-
ally demonstrate change from a two- to a three-
dimensional structure; however, such changes, as in-
fluenced by a chemical reaction, are often a secondary
consideration rather than primary focus. This work will
detail the extent to which chemistry can be utilized to
alter the graphene structure, whether through direct or
indirect processes, but it is important to first cover
graphene synthesis and its chemical environment.

Graphene Synthesis. There are many articles and re-
view papers that deal with the synthesis of graphenes
and graphene oxides,'***7” but a brief recap is
warranted given that the size, purity and shape of
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the individual graphene layers will determine their
properties and can potentially impact the degree
to which architectural changes may be conducted.
Mechanical separation of graphite into SLG sheets
generally results in high purity systems with dimen-
sions in the order of a few micrometers." Their high
quality allows direct assessment of the fundamental
properties of SLG revealing high thermal conduc-
tivity,*® Young's modulus,'" and electrical conduc-
tivity.3® By itself, mechanical separation generates both
SLG and multilayer graphene (MLG). Further separation
has been attempted through surfactant-assisted
disagglomeration.*® The difficulty therein is the in-
crease in likelihood of residual chemicals or through
heating leading to carbonaceous material on the SLG
surface. The major drawback with this approach has
been the low quantities of SLG produced. It is under-
standable that without the assistance of surfactant
dispersants the graphene sheets restack into a gra-
phite structure.*® However, the “temporary” exfoliation
of graphene sheets and attempted restacking toward
graphite-like structure have been useful for trapping
nanomaterials to form intercalated composite struc-
tures. The control of their interlayer spacing will lead to
application in supercapacitors that combine high en-
ergy density, high power density, and high operation
rates.*! 3

Alternative production strategies include the gen-
eration of graphenes on metal or metal carbide sur-
faces. Epitaxial growth of graphene relies on the weak
interaction between the growing layer and supporting
substrate. Multilayer graphene grown on SiC shows
electronic properties similar to that of a single layer of
graphene, where massless Dirac Fermions are de-
tected; thus, there is no influence from the underlying
support, although this is not always the case and
interlayer screening effects can result within multilayer
graphene systems on SiC.** Silicon carbide can be
reduced to generate 1 or more layers of graphene,
which are dependent on the original size of the SiC
wafer, thus providing control over the final size of the
graphene. Removal of graphene from this system is not
an easy endeavor and does not lend itself to bulk scale
synthesis of high quality graphene.

It is possible to produce graphenes on metal sub-
strates, but there are limitations depending on the type
of metal used. Ruthenium can support the growth of
graphene, but often lacks uniformity in its thickness.
There is also interaction between the metal substrate
and graphene interface, which can affect its properties.
However, the metal substrate can be removed through
dissolution in order to leave a free graphene layer and
therefore provides a route toward scalable production.
Copper substrates have been used successfully in the
generation of graphene, where the growth of gra-
phene self-terminates after the first layer. The system
is also dependent on the type of carbon feedstock
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used. The use of iridium as a support growth platform is
relevant to this discussion. It provides a sufficiently
weak interaction with the graphene grown and the
thickness of the graphene layer is uniform over a large
surface area of the iridium substrate. Therein, the
geometry of graphene is not exactly planar, but slightly
rippled, which contributes toward gaps in the elec-
tronic band structure*® and indicates the important link
between the graphene architecture and its properties.
Other approaches toward SLG focus on strategies
to exfoliate graphite in liquid media, using solvent or
surfactant to assist separation into SLG. To obtain high
quantities of high purity SLG, the feedstock becomes
very important. As with mechanical exfoliation, the
starting graphite must be of high purity to ensure the
separated layers are too. However, an ideal starting
material would be graphite-like with a greater inter-
layer separation to facilitate exfoliation of single
layers. Investigations are proceeding toward intercala-
tion of graphite with liquid phases,**~*® chemical*>*°
or surfactants®' and design of thermally expanded
(carbonizable) polymers,>>*®> where the structure of
the individual graphene layers remains intact, but in
an expanded form to aid the exfoliation stage.
Graphene Oxide Synthesis and Chemical Environment.
While there are many possible routes toward graphene
production, the current widely accepted avenue is the
use of the modified Hummers' method to generate
graphene oxide,>* conduct a reduction in order to
remove any oxygen groups and generate properties
as featured with pure graphene. Graphene oxide is
therefore produced from the oxidation and subse-
quent exfoliation of graphite. Herein, oxidizing acids
can intercalate the graphite structure, which does not
always change the interlayer spacing, but through the
oxidation of the carbon layers introduces defects and
oxygen groups. It is the generation of the latter that
causes the interlayer spacing to increase,>> combined
with the surface charge®® which can be exploited
through sonication in order to separate individual layers
of graphene as SLGO, along with other graphene and
graphite oxide products. These can be separated through
centrifugation and size separation techniques in order to
increase product purity. After formation, it is then possi-
ble to chemically®* 8 or thermally reduce®®*° the oxy-
gen containing groups in order to produce SLG or more
precisely reduced SLG (SLGR). These graphene systems
may retain a number of oxygen groups and lattice
defects;’”®" however, their properties are often com-
parable to pure SLG systems.5? This gives a useful route
toward manipulation of the graphene surface chem-
istry to enable dispersion of conductive graphene
systems without the need for surfactants. Therefore,
three-dimensional composites as a sandwich structure
can be assembled through the repetitive immersion
of a substrate into negatively charged graphene-
dispersed colloid solution and a positively charged
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polycation solution.®® The ability to produce stable
graphene solutions enables greater control over chem-
ically assisted assembly of graphene-based devices as
low-cost solution processing techniques.*

The chemical environment of graphene oxide has
also been used to disperse other hydrophobic carbon
nanomaterials, such as pristine single-walled carbon
nanotubes, into water. Herein, attractive interaction of
unfunctionalized regions of graphene oxide and the
carbon nanotube enables effective coupling of the two
systems, which achieves stability in aqueous solution
through the oxygen-containing groups, providing
electrostatic repulsive charges.®

It is worth briefly considering the purity and chem-
istry of graphene oxide systems, as they are advanta-
geous in the control of graphene-based architecture.
The generation of oxygen groups on graphene is
well-inferred from previous studies on graphite oxide,
in particular thin lamella of graphite oxide, which in
today's definitions may be equally well referred to as
multilayered graphene oxide.

The oxidation of a carbon system is known to lead
to etching of the graphite lattice and the generation
of oxygen-containing functional groups. A secondary
effect is that the process also leads to functionaliza-
tion of carbonaceous material as well as incomplete
destruction of the graphene lattice, resulting in the
presence of small, highly functionalized polycyclic
aromatic hydrocarbons® known as fulvic acids,®® car-
boxylated carbonaceous fragments,®® or oxidation
debris.®’ In acidic media, these become hydrophobic
and immobilize on the surface of carbon materials,
which is prevalent in many carbon systems undergoing
acid oxidation. In turn, their presence and their chem-
istry can directly affect the carbon system. In one study,
the presence of fulvic acids accounted for 17—24% of
the mass of (modified Hummers' method produced)
graphene oxide, and once removed from the surface,
the remaining SLGO sedimented from solution indicat-
ing that a significant portion of the oxygen groups
resided on the fulvic acids, which enhances the stabi-
lity of the SLGO in solution.®® The removal of fulvic
acids also resulted in greater electrical conductivity,
suggesting that these fulvic acids act as insulators
coating the graphene surface. However, the presence
of fulvic acids on SLGO is not always detected, where
the purification strategy of SLGO failed to indicate any
detachable carbon fragments.®' It is therefore sur-
mised that the graphite starting material, plus minor
differences in the chemistry and processing, lead to
variations in the final product; no two SLGO samples or
even SLGO sheets are identical. In addition to increas-
ing electrical resistance, the presence of fulvic acids on
carbon nanomaterial surfaces also can lower the me-
chanical strength of carbon nanomaterial—polymer
composites, due to the weaker interfacial forces be-
tween the fulvic acid and the carbon nanomaterials
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surface, when compared with a purely covalent carbon
nanomaterial-polymer composite system.®®

Once the fulvic acids are removed, purified SLGO
layers are left with oxygen-groups covalently bonded
to the graphene lattice, distributed at the periphery
and across the upper and lower surfaces. Studies indi-
cate that the type and distribution of oxygen groups on
graphene match the Lerf-Klinowski model.”%”" All the
major types of oxygen groups are represented in the
analysis of graphene oxide, which comprise of car-
boxylic, lactone, phenol, anhydride, carbonyl, tertiary
hydroxyl and ether.3*%' Additional insight has been
garnered from solid-state NMR analysis of graphite
oxide where five- and six-membered-ring lactols were
elucidated, but currently inferred with reasonable ex-
pectation that they exist in SLGOs. The distribution and
quantity of these groups vary between studies, thus
reinforcing the idea that no two SLGO systems are
identical. But the availability of such groups also proffers
access to a realm of chemistry to modify the structure,
functionality and properties of graphene.'**3

Folding, Scrolling, and Bending of Graphene Sheets. The
chemical properties on the surface of graphene
are crucially important when interacting with other
entities, especially liquids for stabilization of graphene
suspensions, which are useful for processing.”? Gra-
phene interaction with materials, including neighbor-
ing graphene sheets or itself through a fold event,
brings about a complex array of interactions, where
surface forces become a predominating influence
when the system is reduced to the nanoscale. 71—z
bond interactions between the graphene sheet and
polycyclic aromatic hydrocarbons account for the sur-
face immobilization of graphite-derived and graphene
lattice-derived fulvic acids under acidic conditions.®® In
the presence of graphene oxide, the oxygen-contain-
ing groups facilitate hydrogen bonding and electro-
static attractions with chemicals system, which has
been used in the cross-linking of graphene oxide prior
to hydrothermal treatment in order to generate a
three-dimensional porous network capable of releas-
ing the molecule acting as a cross-linking agent.”*

Van der Waals attractive forces dominate the gra-
phene surface and for SLG give an adhesion energy
of ca. 045 J/m?, similar to solid—liquid interaction,
whereas 2—5 layers of graphene have an adhesion
energy of 0.31 J/m? It was determined that the high
adhesion energy allows the graphene sheet to con-
form to a variety of surfaces, which is useful for mani-
pulating graphene around two- and three-dimensional
templates.”* In a fold event, where the graphene over-
laps itself, the two areas of the graphene sheet interact
and adhere, but this operates at the expense of
deformation to the graphene lattice at the bend site.
The deformation induces lattice strain and acts as
a restoring force, trying to bring the graphene sheet
back to a planar (or near planar) configuration.
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However, when the attractive forces in the sheet over-
lap region are greater than the restoring force at the
bend site, the graphene sheet will bend and can be
stably held in the folded conformation.”

The interplay of forces at the graphene surface will
affect and be affected by the chemistry and processing
conditions of graphene-based reactions leading to
deformation and stabilization of graphene, often with
three-dimensional architecture. It has been shown that
graphene and graphene oxide can fold due to a variety
of external stimuli, including thermal induction,”®
stress applied to the graphene sheet edges or exter-
nally applied loading across the whole sheet,’”7®
solvent evaporation from the graphene surface,”® or
freeze-drying.®° When considering thermal fluctua-
tions in the graphene system, the defining factors are
linked to the size, aspect ratio and functionality of the
graphene system as well as the external environment
in which the graphene resides, where graphene rib-
bons (high in-plane aspect ratio) self-fold into scrolls
and graphene sheets (low in-plane aspect ratio) main-
tain their planar state, depending on the temperature
of the system. When considering application of stress
to the graphene system, the aspect ratio is similarly
important. The higher the aspect ratio, the greater
the system deforms away from the planar structure
of graphene, such that nanoribbons can be “seeded”
with stress along the edge of the sheet, which leads
to scrolling.”” The ability to dope or functionalize the
edge generates architectural changes whereby the
electronic or magnetic properties of the graphene
system are controlled.®’

Highly contorted graphene structures, termed
grafolds,®® can form from the mechanical exfoliation
process,’ patterned substrates,®® direct heating,? me-
chanical stimulation”>®2 or relaxation of strain during
the cool down phase of graphene synthesis.®* The
simplest formation is folding into bilayer edges
(Figure 5a),%> which may exhibit unique electronic
properties for device applications over that of stacked,
nonfolded graphene layers.2®” When folding gra-
phene, the lattice experiences stress at the site of
curvature as well as interfacial (attractive and repulsive)
forces between the areas of the folding layers that
are brought into close proximity. These structures are
stabilized through plane—plane interactions (7— in-
teractions or attractive van der Waals forces) and the
elimination of free edges2® but it is apparent that the
graphene may have a preferential folding direction or
location of the fold line, where graphene sheets tend to
fold along armchair and zigzag directions.®® Patterned
copper foil have been used to exert folds within the
graphene structure either through growth or transfer of
planar graphene to the patterned substrate (Figure 5b).%
Therein, a double folded (nonintercalated) graphene
sheet reveals a semimetallic state with a minor indirect
overlap between the occupied and unoccupied states,
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running along the length of the fold.*® The ability to
control the location of folds within graphene will further
enhance its electronic properties with the capacity to
intercalate chemicals and materials within the layer at the
fold site. Furthermore, the folding edge will be under
higher lattice strain than a planar region of graphene and
experience higher chemical reactivity, akin to curvature
sites on carbon nanotubes.®

Figure 5. (a) In situ formation of carbon nanostructures,
including graphene bilayer edges and carbon nanotubes
resulting from heating graphene. (b) The synthesis of graphene
on top of a profiled copper ridge induces a double pleat within
the graphene layer after the removal of the copper support.
Reprinted with permission from refs 85 and 28. Copyright 2009
National Academy of Sciences and 2011 American Physical
Society.

When folding events occur, two areas of a graphene
sheet come into close proximity and the graphene
system must overcome the repulsive forces experi-
enced between this new layer—layer interaction and
layer-media (whether solvent or gas) interaction in
order to stabilize the fold through attractive forces,
the lattice strain at the bend site notwithstanding.
This can be done by evaporating solvent from the
surface of the graphene,®® lowering the surface energy
through the introduction of surfactants® or applying
an electrostatic field.”" The strength of the force ex-
erted on a carbon surface can be readily seen through
the deformation of carbon nanotube forests, from
aligned carbon nanotube arrays, where evaporation
of the solvent exerts surface tension on the carbon
nanotubes toward common focal points®? or through
changing of the solvent where the density of carbon
nanotube packing changes according to the surface
tension of the liquid media used.”

In the case of graphene, surface tension forces
exerted on the graphene layer during drying can lead
to scrolling of the planar layer (Figure 6). Therein, the
purity of the graphene layer, as well as the shape,
strongly influenced the ability of the graphene sheet
to scroll. Plus, incomplete scrolling was observed either
due to the difference in solvent evaporation rate against
the scrolling rate or the system requiring further solvent
application and evaporation steps in order to overcome
the initial energy barrier associated with the first stage
of scrolling. The scrolling event can be stabilized by
the m—m interaction of the overlapped regions of
the graphene layer® The use of surfactants with
pure graphenes has limited impact on the nano- to
microscale architecture through direct influence. How-
ever, the use of surfactants may be warranted where
the architecture of individual pristine (hydrophobic)
graphene sheets has already been changed and rapid
or facile assembly of a micro to macro-level device is

Figure 6. Surface tension-induced scrolling of graphene layers through evaporation of solvents from the graphene surface,
where (a) the graphene sheet is initially in the planar state, but (b) on solvent evaporation, the same graphene sheet is
observed to have reduced in apparent surface area. (c) Under transmission electron microscopy, the scrolled nature of the
graphene sheet is evident, with basal plane separation of around 0.35 nm similar to that of graphite stacking and multiwalled
carbon nanotubes (inset). (d) Schematic representation of the scrolling mechanism of graphene layers drying from isopropyl
alcohol solution. Reprinted from ref 89. Copyright 2009 American Chemical Society.
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warranted. Therein, the minimal effect of surfactants
on graphene architecture ensures preservation of the
initial structure in the final stage.®* While this may be
acceptable for certain application purposes, residual
surfactants are not easily removed from carbon nano-
materials,”> and may lead to a decrease in electrical
performance depending on the type of surfactant used.”®

Rolling of pure graphene layers can also be
achieved by the exertion of an electrostatic field during
the exfoliation and deposition of graphenes in the
presence of appropriate atomic species. Akin to the
mechanism for edge stress induced conformational
changes of graphene, electric fields lift graphene
sheets from the substrate surface and, given the
correct atmosphere, also introduce adatoms to the
graphene sheet. The combination of these two factors
is sufficient to cause scrolling, where the adsorption of
species, such as hydrogen atoms, induces stress on the
graphene lattice.”'

The presence of oxygen groups on the graphene
surface introduces additional effects when considering
forces directly enacting on SLGO. SLGO can be stably
suspended in a variety of solvents, which is not re-
flected in the pure graphene system, making SLGO
more attractive in terms of processability.” The colloi-
dal stability of SLGO is directly inferred from functio-
nalized regions that render areas wettable and proffers
intersheet repulsion.>® The surface charges can be
overcome by adjusting the pH of solution or increasing
the concentration of salt, where destabilization of the
surface charges in this manner results in precipitation
of SLGO from solution, which has been useful when
applied toward size separation of graphenes.”” The
effect of pH on SLGO stability is more dramatic when
considering the change in architecture.

The total number of oxygen-containing functional
groups (including carboxylic, lactone and phenolic
environments on the carbon surface that are capable
of titrating)®® varies according to the study and tech-
nique used. For example, for one type of SLGO, the
total number of oxygen-containing groups was found
through acid—base titration analysis to be ca. 7.5 mmol
g .°" Additional oxygen-containing functional groups
are identified through XPS* or solid-state NMR,>®
which include tertiary hydroxyl groups and are con-
sidered the dominant type of groups on SLGO. How-
ever, these groups are not readily identified by titra-
tions, although it is possible to titrate tertiary hydroxyl
groups using acetic anhydride/pyridine reagent and
titrate with methanolic potassium hydroxide for sec-
ondary and tertiary hydroxyls groups (and using
p-toluenesulfonic acid instead of pyridine if the hydro-
xyl groups are hindered). Direct comparisons between
XPS studies and titration analysis of the carbon—
oxygen environment is difficult.'® The distribution of
oxygen-containing groups on SLGO is random, due to
the indiscriminate positioning of lattice defects in the
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carbon lattice and regions where acid oxidation occurs,
though carboxylic and tertiary hydroxyl groups can
only be sited at the periphery or at the edge of in-sheet
holes (Figure 7).

The increase in pH of the chemical environment
causes deprotonation of the oxygen-containing
acidic groups in the SLGO, which establishes a negative
surface charge density and renders the groups
more hydrophilic. The zeta potential of SLGO sheets
is below —30 mV when the pH is less than 3 and can
reach —45 mV when the pH approaches 10.>%'°2 When
the zeta potential is more negative than —30 mV, the
graphene has sufficient charge to repulse neighboring
graphene sheets and maintains a stable dispersion.
Thus, SLGO has increasing stability of suspension as the
pHisincreased from 3 to 14.When SLGO is placed in an
acidic environment, the oxygen-containing groups are
fully protonated, and therefore, intersheet repulsion
decreases, causing precipitation of SLGO from solution.
The pH-dependent colloidal behavior and structure of
SLGO mimics that of a humic acid, where the material is
stably suspended at high pH, but precipitates from
solution at low pH. Graphene oxide can therefore be
considered as the largest known humic acid structures.

In low pH solution, SLGO is observed, using TEM,
to appear stacked and many cases folded, though the
overall architecture is flat (Figure 8a). Therein, SLGO
behaves in a similar fashion to fulvic acids, which become
stably immobilized on graphitic surfaces at low pH. It is
possible to conceive that regions of functionalized
graphene can interact with other areas of the same
graphene sheet, as well as different graphene sheets, at
low pH environments, thus causing folding events. The
hydrophobic areas of SLGO are minimized to the sur-
rounding solution. As the pH is increased above neutral,
negative charges on the oxygen groups will cause
repulsion between closely neighboring oxygen contain-
ing groups, causing the sheet to morph from a planar
arrangement (Figure 8b) to a curved state (Figure 8c).
With the high number of oxygen groups present on
SLGO, there are many focal points for radial curvature;
therefore, folding does not operate along a single axial
plane across the length of the sheet. TEM images of SLGO
dried from a high pH environment reveal the graphene
sheets to have crumpled or collapsed through multiple
bends and folds, often into star-like formations, in com-
plete contrast to SLGO in low pH or neutral pH solution.
Therein, these collapsed structures reduce the interface
between unfunctionalized regions of SLGO.'%%'% |t is
worth noting that surface tension forces act on SLGO as it
dries from the surrounding environment during TEM
preparation and therefore experiences a degree of addi-
tional change in its architecture; however, this has only
been observed to exacerbate changes that have already
occurred as a result of pH given that the crumpled or star-
like nature of SLGO has only been observed when SLGO
is subjected to high pH environments. The collapse
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Figure 7. Models of oxygen-containing groups distribution on the surface of single layer carbon. (a) The model assembled
from the Lerf-Klinowski and He studies on graphite oxide. (b) An updated model for graphite oxide. (c) False color rendered
atomic resolution, aberration-corrected high-resolution transmission electron image of a single-layer reduced graphene
oxide membrane, where dark gray regions indicate contaminated graphene, blue regions highlight lattice defects or
disordered graphene, red regions reveal single atom substitutions and yellow regions show in sheet holes (scale bar 1 nm).
(d) A model of SLGO combining recent studies to include defects, holes and oxygen groups distributed throughout the
graphene layer. Reprinted with permission from refs 70, 71, and101. Copyright 1998 Elsevier, 1998 American Chemical

Society Publications, and 2010 Nature Publishing Group.

Figure 8. TEM images of SLGO dried from buffered solutions with pH of (a) 2, (b) neutral, and (c) 12. Scale bar = 2.0, 0.5, and
0.5 um, respectively. Reprinted with permission from ref 102. Copyright 2011 Royal Society of Chemistry.

of SLGO at high pH has been demonstrated to trap
silver nanoparticles (Figure 9). The mechanism of SLGO
collapse at high pH was also determined to be reversible
by switching the solution from a high to a low pH.
Scanning electron microscopy images of SLGO, immobi-
lized on carbon nanotube buckypaper, showed SLGO in
“open” and “closed” states depending on the final pH
from which the system is dried.'®

Graphene Architecture through Template Interaction. Nu-
merous methods exist in the synthesis of graphene-
based three-dimensional macrostructures, including
template,' cross-linking through polymer support,'®®
and direct chemical vapor deposition.'® The use of
other nanomaterials has also facilitated the change in
architecture of graphenes, which are capable of con-
forming their structure over a three-dimensional tem-
plate to induce architectural changes and whereby
the nanomaterials also prevents complete collapse
of the graphene sheets.'”” The drying of the system
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at elevated temperatures can lead to partial reduction
of graphene oxide through removal of the oxygen
groups, although it is possible to retain the full SLGO
state and its chemistry through the application of inert
gas. In the layering of the graphene sheets around
a template, the sheets can be induced into overlap of
the 71— bond network and interaction of attractive
van der Waals forces, which stabilizes the macroscale
architecture similar to the stacking arrangement in
graphite and multilayer graphene.'®%87% Therein,
the chemical environment can be exploited to overlap
graphene sheets and further manipulated to extend
the size of the graphene system, where control may be
maintained over the graphene sheet architecture and
the overall system.

Graphene-based systems, often with hierarchical
ordering, have been assembled using nano- or micro-
scale templates, such as polymers,'"'~"'* emulsions,""”
gold,""® magnetite,'"” silica,''®"'' titania,'**'?" calcite,'*?
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Figure 9. Changes in the chemical environment of graphene oxide lead to structure changes. (a) Graphene oxide in a low pH
solution maintains the graphene oxide sheets in a planar arrangement where silver nanoparticles (AgNPs) can rest on the
surface. (b) In high pH solution, graphene oxide sheets collapse, which leads to envelopment of AgNPs, which are
(c) sometimes observed to be fully suspended over the holes in the TEM grid supported by the graphene sheet interaction
with the TEM grid support film. Scale bars = 100 nm. Reprinted with permission from ref 102. Copyright 2011 Royal Society of

Chemistry.
tin,"?> tin oxide,'?* zinc oxide,?* lithium vanadate,'*® and
ice. 2% Graphene platelet precursors have been mixed
with latex nanospheres and surrounded by a latex host to
form three-dimensional structures.''® The system relies
on graphene adhesion to latex nanoparticles and sig-
nificant overlap of neighboring graphene sheets to form
a conductive network, which are dried in place leading to
the (near) hexagonal framework of graphenes distrib-
uted in the latex host (Figure 10). This generated a system
with a low percolation threshold (0.1 vol %) and an
electrical conductivity of 217 S m™' when a 6 vol %
loading was used (though this system was built from
multilayer graphene, which may indicate a higher elec-
trical conductivity than monolayer graphene). Therein,
the intrinsic architecture of graphene does not change
substantially, but the approach demonstrates the feasi-
bility of creating three-dimensional networks through
partial overlap of graphene sheets. Use of the “breath
figure” method has also lead to formation of intercon-
necting graphene networks, where polymer grafted
graphene oxide sheets were dispersed into an organic
solvent and then evaporated under a stream of humid
air, allowing condensation and close packing of the
graphene layers. The resulting flexible film is porous,
with the pore dimensions controlled by the graphene
oxide concentration and the polymer chain length. The
inclusion of nitrogen-doped graphene results in films
with a conductivity of 649 S-cm™'.'¥

The use of graphenes has also been applied to
preformed three-dimensional templates.'?®'%° These
have also been used to support the growth of gra-
phene (for example, see ref 130); however, this paper is
only considering the flexibility of already formed gra-
phene adapting its architecture to templates. Reduced
graphene oxide was added to a polyurethane foam by
a vacuum degassing method and then heat treated in
a closed vessel. On drying, the “polymer-based gra-
phene foam” exhibited excellent compressibility (up to
90% with full recovery of shape) and without delami-
nation of the polymer backbone.'?® Herein, graphene
sheets are observed to follow the contours of the polymer
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a) )

Figure 10. Processing steps of the nanocomposite materi-
als involved (a) blank latex and (b) nanosized multilayered
graphene (NMG) suspension, (c) where the NMG is intro-
duced dropwise to the latex suspension to promote greater
adhesion between the graphene and latex particles. (d) A
flexible and conductive material obtained after water eva-
poration and film formation. Reprinted with permission
from ref 110. Copyright 2014 Elsevier.

matrix. Sacrificial templates have also been used to
synthesize three-dimensional graphene architecture.'"'3
In one embodiment, calcium chloride powder is first
dissolved and mixed with a dispersion of graphene
oxide. The mixture is then dried, giving graphene a
physical template of calcium chloride and also allowing
overlapping graphene to partially stack, promoted by
surface tension forces acting on the graphene sheets
under evaporation of the solvent. The graphene was
reduced in hydrazine vapor and the calcium chloride
was finally removed to give an open three-dimensional
array (Figure 11)."'*?

Three-Dimensional Interconnectivity of Graphenes through
Hydrothermal Treatment and Coagulation. Three-dimensional
arrays of graphene have also been successfully pro-
duced in the absence of a nanomaterial template for
hydrogels,'%'33~ 137 hydrothermal treatment (often in-
corporating a chemical reduction of graphene oxide
to graphene),'®®~"*! and electrochemical reduction.'*?
These systems predominantly involve self-assembly
processes, yielding structures with high compressibility
and the latter two techniques leading to electrically
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Figure 11. Chemical synthesis mechanism of three-dimensional graphene oxide networks extended into hierarchical ordered
arrays with polyaniline. Reprinted with permission from ref 132. Copyright 2013 Wiley-VCH Verlag GmbH.

conductive systems and higher mechanical stability.
Hydrothermal treatment reduces the oxygen environ-
ment of graphene oxide leading to hydrophobic do-
mains, which are combined with m—s interactions
leading to a random stacking of graphenes in 3 dimen-
sions. The final system contains submicrometer to sev-
eral micrometer sized pores, where the graphene sheets
have contorted their structure to provide a robust inter-
connected network.®® It was also demonstrated that
once the three-dimensional graphene array was formed,
it was possible to use the structure as a template to
generate graphene composite structures. The system
featured superelastic, conductive and stimuli-responsive
properties.?*

Graphene architecture can be forced to change
through external stimuli. Aqueous dispersions of large
graphene oxide sheets were injected into spinning
coagulation baths to form fibers. Within the fibers,
the graphene sheets are aligned with the flow direc-
tion, but locally aligned graphene regions reside at
different orientations to neighboring systems, often
where graphene sheets are observed with “dentate”
bends formed during the dehydration of the gel fibers.
While these fibers are tightly packed systems using
calcium chloride (5 wt % CaCl, in ethanol/water) or
sodium hydroxide (5 wt % NaOH in ethanol/water)
as the coagulant, it is possible to generate porous
fibers when using potassium hydroxide (5 wt % KOH
in ethanol/water) or low concentrations of calcium
hydroxide (1 wt % CaCl, in ethanol/water)."*® When
injecting graphene oxide gel (by centrifuging a gra-
phene oxide dispersion) into liquid nitrogen, the frozen
fibers were freeze-dried then vacuum-dried to pro-
duce electrically conductive aerogel fibers with aligned
pores.'** The graphene sheets overlap and have un-
dergone significant bending within the fiber to main-
tain a porous architecture.

A hydrothermal treatment (180 °C) of graphene
oxide and a biomass or a polymer followed by potas-
sium hydroxide activation'*>'4¢ (at 800 °C) resulted
in a porous, three-dimensional graphene material
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exhibiting a specific surface area of 3523 m?.g~’

(Figure 12a),""” which is slightly higher than activated
carbon aerogels ca. 3431 m?.g~',"*® albeit less than
a zinc-mediated coordination copolymerization of a
dicarboxylic and tricarboxylic acid with a specific sur-
face area of 5200 m?-g~'.'* Electron microscopy
reveals that the graphene architecture is highly con-
torted, where the carbonized biomass or polymer
provides a physical support in the separation of in-
dividual graphene layers (Figure 12b—e). The sample
also has a conductivity up to 303 S-m™".

Oxygen Group Reactions on Graphene. There are a grow-
ing number of articles highlighting key research on
sheet chemistry of single-layer graphene and graphene
oxide, which are captured in existing reviews, #3130~ 152
It serves to indicate such reviews and highlight key
developments pertaining to conformational changes
of SLG and SLGO and elucidate possible driving
mechanisms.

Covalent bonding of atoms to the basal plane of
graphene introduces lattice strain, given the change in
hybridization of carbon bonds from sp? to sp*, which
can be minimized by conformational changes known
as “geometric relief”.'>® The creation of an unpaired
electron at the site adjacent to the covalently attached
atom is combined with a change in the surrounding
electron density due to the structural deformation, lead-
ing to enhanced chemical reactivity. It is possible that the
lattice strain is propagated through the graphene struc-
ture, using a similar mechanism to that of edge strains,
which will lead to changes in graphene structure over a
larger region. Moreover, the introduction of disloca-
tion densities can affect the mechanical performance of
graphene, where the type, distribution and density can
alter the fracture strength of the sheet.'>*

The structure of SLGO, as described above, pos-
sesses numerous oxide groups around the periphery
and across the surfaces of graphene. These represent
key groups potentially capable of chemically reacting.
However, the initial focus of chemistry as applied to
SLGO appears predominantly to be to drive graphene
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Figure 12. (a) Assembly mechanism and (b—e) scanning electron microscope images of a porous 3-dimensional graphene
material exhibiting high specific surface areas. Reprinted with permission from ref 147. Copyright 2013 Nature Publishing

Group.

oxide through reduction processes in order to remove
oxygen-containing groups and obtain SLG or SLGR
with properties of pure graphene. Hydrazine reduction
has been used extensively toward this goal,>” though
many other reductant chemicals are also possible
depending on the synthesis conditions and final state
of the graphene required.’>® SLGO, which is initially
beige and stably suspends in aqueous solution, turns
black and hydrophobic on reduction. The carbon to
oxygen ratio increases from 2.7:1 to 10.3:1, implying a
removal of oxygen-containing groups and XPS analysis
confirms a significant drop in the intensity of carbonyl,
epoxy and carboxylic type groups after reduction. The
proposed mechanism is an epoxide reduction where
double bonds of the graphene layer are restored.
When compared with Boehm titration analysis of
hydrazine-reduced SLGO (SLGR), under the same con-
ditions, the starting amount of carboxylic groups,
for example, drops by only 20%, which is sufficient to
increase the hydrophobicity of the graphene sheet and it
was not possible to suspend the sample in water. This
raises questions as to whether other studies used SLGO
without the removal of fulvic acids, which are easier to
chemically reduce and may give higher apparent loss of
oxygen groups. The remaining carboxylic groups can
undergo further chemical modification, but it has been
that the chemical reduction treatment weakens the
graphene lattice. Acylation of hydrazine-derived SLGR
in thionyl chloride causes a further loss of the number of
carboxylic groups, after reduction, by ca. 60%.%"

SEM images reveal that the structure of hydrazine-
reduced SLGR is often dissimilar to that of the original
starting material where the graphene sheets are re-
duced in size due to erosion of the lattice, stacked and
folded (Figure 13). Therein, incomplete reduction may
leave covalently bound atoms on the surface of the
SLGR, which assist the folding process in order to
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Figure 13. SLGO reduced by hydrazine to SLGR leaving the
graphene structure to have (a) crumpled and (b) fold
dimensions of around 2 nm. Reprinted with permission
from ref 57. Copyright 2007 Elsevier.

relieve lattice strain. It is also possible that the reduc-
tion process partially etches the graphene sheet lead-
ing to a weakened structure, which could be used as a
site for folding and SLGR appears to be as flexible as
SLGO."*® Nonetheless, the conductivity of hydrazine-
reduced graphene oxide is 2400 S-m~', compared
with SLGO of 0.021 S-m™",*” where there is restoration
of the graphene structure.'””

When SLGO is immersed in solutions containing
divalent metal ions, wrinkling or folding and stack-
ing occurs, depending on the concentration of both
species. A divalent metal ion, such as copper(ll),
can interact electrostatically and coordinate with car-
boxylic groups on SLGO with the possibility of linking
two different sites on the graphene sheet to the same
locale. When the carboxylic groups are saturated, the
electrostatic repulsion between other carboxylic
groups are reduced, leaving the system to interact
through the 77— bond network and stacking ensues.'*®

Stacked and folded graphene structures were also
observed when reacting SLGO directly with thionyl
chloride and subsequent treatment with an aliphatic
or aromatic amine. The initial acylation conditions of
the carboxylic groups occur under reflux at ca. 90 °C,
which is sufficient to render the SLGO black and
precipitate from suspension. It is possible that erosion
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of the graphene oxide lattice occurs under these harsh
conditions; however, assessment of the number of
carboxylic groups before and after the amidation
reaction revealed SLGO-acyl chloride reactivity was
83% and 67% toward aliphatic and aromatic amines,
respectively. Steric hindrance from the aromatic amine
was indicated as a likely limitation, but electrostatic
bonding and folding of the graphene sheet may also
be possible factors.®’

An alternative approach to achieve amidation of
SLGO is the use of carbodiimide reactions.'>~'¢’
Carboxylic groups on SLGO can be modified with a
carbodiimide, such as 1-ethyl-3-(-3-(dimethylamino)-
propyl) carbodiimide (EDAC), to form an O-acylisourea
intermediate. This can be further modified with
N-hydroxysuccinimide (NHS) to yield an NHS ester,
which can then react with amine groups to form amide
coupling without experiencing unwanted side reac-
tions. When reacting EDAC with a stable suspension
of SLGO, the concentration of EDAC can cause SLGO
to precipitate from solution. However, the event is not
strictly limited to only salting out of the graphene
layers. TEM images of EDAC-reacted graphene show
that the graphene layers have crumpled into star-
like formations, which explained the low reactivity
from the intermediate to the final amide when using
glutamic acid.®’ Therein, salting out of graphene layers
from solution would not directly lead to alteration
of the graphene architecture;®' therefore, the reac-
tion with EDAC, prior to addition of NHS, to form the
O-acylisourea intermediate may further react with
vacant carboxylic groups on other regions of the
SLGO sheet leading to intrasheet bridging, resulting
in sheet collapse, evident from TEM images. It was
possible to reduce the concentration of EDAC (and
NHS) in a solution of SLGO such that salting out does
not occur and SLGO remains suspended. Therein, the
SLGO—NHS intermediate was reacted with ferritin,
which was confirmed using TEM, which revealed that
ferritin was added across the surface and along the
periphery of the graphene sheets. Moreover, even with
a reduced concentration of EDAC and NHS, the edges
of SLGO were curled, suggesting intrasheet bridging
was still occurring, but to a much lesser extent.'®?

Intra- and Inter-Sheet Bridging Chemical Reactions of Gra-
phene. Structural changes of graphene sheets, in parti-
cular SLGO, have been reported to be affected by
chemical reactions. Therein, the extent of architectural
change depends not only on the bond formed be-
tween the reacting chemical and surface groups on
graphene, but also on the type of interaction between
the graphene sheet and the remaining structure of the
reacting species. Isocyanate reactions with graphene
oxide systems have been published, where carboxylic
and hydroxyl groups provide suitable covalent bond-
ing sites to the isocyanate molecule.'®*~'%® Diisocya-
nates, however, provide two (generally speaking)
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chemically equivalent sites capable of bonding to
certain oxygen groups on SLGO. When using aromatic
diisocyanates, typically 2,4-diisocyanato-1-methylben-
zene, the resulting graphene sheets appear planar and
stacked. However, when using linear aliphatic diiso-
cyanates, such as 1,6-diisocyanatohexane, then the
graphene layers are contorted into star-like forma-
tions.'*® It was deemed that the aromatic diisocyanate
molecules could adsorb to the surface of SLGO com-
bined with potential steric hindrance of the isocyanate
groups preventing both groups reacting with gra-
phene, leading to retention of the planar structure of
graphene and stacking through van der Waals
and 77— bond interactions between adjacent sheets.
However aliphatic diisocyanate molecules would be
unrestricted in reaction at either termini with different
sites of the graphene sheet, potentially leading to
intrasheet bonding, induced curvature and folding.

With either molecule, not every isocyanate termini
will be fully reacted, assuming no termination species
is added to the reaction, which leaves potential sites to
conduct further chemistry. The attachment of a pyr-
role unit to SLGO-diisocyanate was effected, allowing
the polymerization of pyrrole to extend away from the
SLGO sheets."*® When using an insoluble polypyrrole
polymerization route, particles of polypyrrole were
found to decorate both aliphatic and aromatic diiso-
cyanate modified SLGO. The underlying architecture of
the graphene sheets remained in the configuration as
generated by their reaction with the diisocyanate
molecules. Herein, the change in architecture was
solely due to the diisocyanate reaction and appeared
unaffected by subsequent polymerization of pyrrole.
To confirm that covalent attachment had taken place
between polypyrrole and SLGO, a soluble polypyrrole
polymerization route was used, allowing free polypyr-
role to be washed away from the system, which
revealed that polypyrrole particles remained adhered
to the surface of graphene.

To elucidate the impact of graphene architecture in
composite systems, polypyrrole attached SLGO, result-
ing from either aliphatic or aromatic diisocyanate, was
compressed into a pellet, and its electrical property
was investigated. When all other parameters were kept
the same (i.e., mass of SLGO, molar ratios of reactants,
reaction conditions, etc.), it was found that when SLGO
was in a tightly contorted (aliphatic diisocyanate)
formation, the composite had a lower resistivity than
when SLGO was in a planar state (aromatic diiso-
cyanate), albeit both systems had higher resistivities
than pure polypyrrole. SLGO acts an electrical insu-
lator,'®” and therefore, the extent of its deformation
from a planar state can lower its apparent surface area,
and thus limit the number of interruptions along the
path length.'>®

Graphene architecture, once transformed through
an initial chemical reaction with, for example, diisocyanate,
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molecules can be further manipulated through addi-
tional chemical reactions. Graphene (as SLGO) when
reacted with diisocyanates form different architecture
depending on the linker chemical between isocyanate
groups.’® The addition of a diamine to the graphene—
diisocyanate mixture forms polyurea and in the case of
an aliphatic diisocyanate and diamine reaction on
graphene transforms the crumpled architecture into
a highly interconnecting web-like system (Figure 14a),
which can be further functionalized through the chem-
ical attachment of biomolecules, such as ferritin
(Figure 14b).'®? These architectural changes take place
in solution and are maintained during drying to their
final form, which was confirmed by critical point drying
(Figure 14c) to avoid additional structural changes
brought about by surface tension forces acting on
the graphene structure through drying.'®® This leads
to an ability to manipulate and preserve the graphene
architecture during various stages of wet chemistry and
its potential inclusion into host systems. Plus, chemical
functionalization with biological molecules extends the
usefulness of graphene toward biological and biomedi-
cal applications.'®®

To achieve greater control over graphene-based
porous architecture, it was found that use of metal salts
(Au, Ag, Pd, Ir, Rh, or Pt chlorides) would interconnect
anionic groups, leading to intrasheet or intersheet
bridging of graphene during hydrothermal treatment
(Figure 15a). The pores ranged in size but could reach
up to 10 um (Figure 15b).The presence of metals on
graphene was important in the formation and physical
retention of the three-dimensional architecture and,
when removed, led to near full collapse. The added
advantage of this approach is the retention of metal
nanoparticles within the graphene system, which ex-
hibited high catalytic activity in the Heck reaction.'”®
Graphene hydrogels yield a similar open pore archi-
tecture, where the graphene sheets are first func-
tionalized with polymer chains and then cross-linked
(Figure 15c). Therein, changes in graphene architecture
are less pronounced than the hydrothermal treatment
systems and the polymer interconnections reduce the
thermal stability of the system.'®"33 Moreover, the
internal porous arrangement (Figure 15d), while still
open, is often smaller than its hydrothermally treated
counterparts.

Graphene and graphene oxide have been used to
support the presence of nanoparticles for a variety of
applications and in many cases exhibit a synergistic
relationship yielding superior (and tunable) chemical
properties than either component separately. This
has been important for battery,'”" photocatalysis,'”
fuel cell,’”® oxygen reduction or evolution catalysis,
biosensor,'”” optoelectronic,'”® drug delivery, imaging
and diagnostic'”” applications. Often this requires
the graphene—nanoparticle composites to be held in
a three-dimensional matrix, thus keeping access to the
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Figure 14. SLGO—polyurea composite from aliphatic diiso-
cyanate and diamine reaction leading to (a) web-like inter-
connected architecture in TEM, which can be (b) further
functionalized through the attachment of ferritin mole-
cules to residual oxygen-containing groups on the three-
dimensional graphene structure. Ferritin molecules are
observed decorating the surface and scroll edges (inset).
(c) Scanning electron microscopy images reveal that the
three-dimensional structure is preserved under critical
point drying, and therefore, the graphene architecture is
formed and can be preserved in solution (scale bar =10 um).
Reprinted from ref 162. Copyright 2013 American Chemical
Society.

reactive sites open. Graphene has a theoretical specific
surface area (SSA) of ca. 2630 m?-g~',"* though in
preparation for analysis graphene and in particular
graphene oxide collapses into a stacked structure
with an SSA of ca. 50 m?-g~",'%"% which is in the
range for exfoliated graphite.'”® Obtaining the high
surface area would be useful for sorption or mass
transfer processes, as long as the intervening architec-
ture between the sorption site and the main stream is
readily accessible.

Reduction chemistry has also been employed in
the formation of three-dimensional macrostructures of
graphene, where graphene oxide was simultaneously
reduced by use of oxalic acid and sodium iodide.'”?
The removal of oxygen-containing groups from SLGO
produces increasingly hydrophobic graphene sheets,
which tend to agglomerate.'®®'8" This brings gra-
phene sheets into closer proximity, where hydropho-
bic and 7—m bonds interactions can stabilize the
macrostructure, but also enable cross-linking between
different neighboring graphene sheets. The resulting
architecture is a porous network, a graphene aerogel
(Figure 16a), which has high electrical conductivity, low
density and good mechanical strength (Figure 16b).
While this may not be the least dense graphene
material,'®? this elegantly demonstrates how chemistry
may be used to directly manipulate and control the
three-dimensional architecture of graphene. Nonplanar
graphene-based composites, derived from chemical
modification, have been found useful for oil and organic
solvent adsorption,'® batteries,'®* supercapacitors,'®®

solar cells,'® sensors,'®” and chemical oxidation.'®®
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Figure 15. (a) Metal ion promoted bridging of graphene sheets influences (b) the porous architecture of graphene arrays
produced by hydrothermal treatment, leading to large diameter pores. (c) The functionalization of graphene with polymers
can then be cross-linked into (d) an open porous graphene—polymer composite. Reprinted with permission from refs 105
and170. Copyright 2009 American Chemical Society and 2010 Wiley-VCH Verlag GmbH.

Graphene Architecture Affecting Properties. Regardless of
the methodology used, the use of chemistry can effect
changes to the architecture of preformed graphene,
which can be carried through to graphene-based
composites. The degree to which its properties can
be altered depends principally on the final structure of
the graphene and/or the graphene-composite and is
therefore linked to the chemistry utilized (Table 1).

Chemical moieties can effectively separate gra-
phene layers to form porous frameworks, based on
metal oxide frameworks, which can yield a surface area
up to 933 m?-g "' Nanomaterial templates have
generated three-dimensional structures with surface
areas up to 1159 m?-g~".""® However, the highest
surface area of a graphene-based material comes from
the chemical activation of graphene using potassium
hydroxide followed by hydrothermal treatment with
biomass or polymer spacers, yielding a surface area
of 3523 m?-g~ "' The latter also possesses a specific
capacitance of 231 F-g~' at 1 A-g™ . It has been re-
corded that nanomaterial templates followed by hy-
drothermal treatment to stabilize the macro-structure
lead to a higher specific capacitance of 362 F-g~' at
1 A-g~'."*? The highest specific capacitance was
tested at 2815 F-g~' at 1 A-g~', where graphene
oxide sheets were layered around sacrificial silica
templates, thermally reduced and then loaded with
nickel hydroxide nanoparticles.''® Therein, graphene
sheets form the porous three-dimensional frame-
work that facilitates electron transport and electrolyte
ion movement. Control over the three-dimensional
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Figure 16. A graphene aerogel from oxalic acid and sodium
iodide reduction and cross-linking reaction, (a) capable of
freely supporting a mass and (b) SEM image revealing the
open porous network of graphene. Reprinted with permis-
sion from ref 179. Copyright 2012 Royal Society of Chemistry.

architecture is vitally important in battery applications,
where graphene can provide a framework for active
sites for charging and discharging events. A graphene-
based lithium—air electrode was recorded with a high
discharge capacity of 15000 mAh-g~' and a specific
capacity of 5000—15 000 mAh-g ™ at a current density
of 0.1 mA-cm~2."®* Therein, the hierarchical porous
structure was developed through the interlinking of
functionalized graphene sheets and a PTFE binder, but
yielded a surface area of 186 m?-g~", far below the
theoretical level for graphene. This approach to three-
dimensional graphene structures did exhibit a con-
ductivity of 20000 S-m~". A highly contorted array of
graphenes in a fiber was cast in a coagulation bath and
then chemically reduced in hydrazine vapor after
drying. The tensile strength and Young's moduli of
the fibers derived by use of different coagulation baths
was measured at 501.5 and 11200 MPa, respectively.
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TABLE 1. Comparison of Properties from Chemically Controlled Graphene Architecture

surface

area

specific

capacitance
(m?/g) at1Ag (Fig)

Porous graphene oxide - boronic acid frameworks 470
Graphene - benzene-1,4-diboronic acid MOF 470
Graphene-Porphyrin MOF 933
Rippled reduced graphene oxide paper
Co-continuous graphene networks in
poly(propylene carbonate)
Co-continuous graphene networks in
poly(propylene carbonate)
2-dimensional graphene paper
Crumpled graphene balls 567 105
Hierarchical graphene in latex
3-D graphene from polystyrene sacrificial template 1942 389
3-D graphene from polystyrene sacrificial template 339 584
3-D graphene from polyoxometalate nanoparticle template 680
Graphene-encapsulated hollow Fe;0, nanoparticles 132
Nickel hydroxide-coated 3D porous graphene hollow sphere 1159 2815
framework
Porous graphene film from silica sacrificial template 2314 3223
3-D structured titania template 180.8
Hierarchical porous reduced graphene oxide from CaC0; sphere 540 201 @0.1 A/
template
Interconnected 3-D graphene networks using tin templates 365
Porous graphene networks from tin oxide template 3546
(Sn0-graphene)
Porous graphene networks from tin oxide template
(SnO-carbon-graphene)
Hollow structured Li;VO, wrapped with graphene nanosheets
N-doped graphene hierarchical structures from breath-figure 103.2
method
Graphene network from preformed 3-D silica template 347
Graphene network from preformed 3-D polymer template
Porous reduced graphene oxide film from CaC0; template 1162 362
Porous 3-D graphene hydrogel 220
(0,-activated, hierarchical trimodal porous graphene 829 1577
frameworks
Self-assembled graphene hydrogel with hydrothermal 160
treatment
Free standing paper like graphene foam 110
3-D reduced graphene oxide hydrogel with Ti0, template 155
Reduced giant graphene (RGGF-Ca®*) 3-D fibers
Porous graphene fibers 884
Porous microwave exfoliated graphene oxide 3100 200 @ 0.7 A/g
Free standing porous graphene films 2400
Porous 3-D graphene material 3523 231
3-D delaminated graphene nanosheets and Sn0,
3-D graphene assemblies by chemical reduction 151
Hierarchically porous graphene 186
Self-assembly graphene organogel 140
3-D graphene foam network 850

reversible tensile Young's
capacity conductivity  strength modulus
(mA h/g) (S/m) (MPa) (MPa) ref
Srinivas et al.5
Burress et al.’
Jahan et al.’®
8100 Dikin et al.2°
33@20°C 5500 @ 20 °C Gao et al.>°
5@75°C  500@75°C Gao et al?®
16000 Park et al.”2
Luo et al.>*
07 Noel et al.""®
Choi et al."""
Wang et al.'"3
536 Zhou et al.""*
900 @ 100 mA-g Chen et al.”"”
Zhang et al.'"®
Kim et al.""®
Yan et al.'?'
Gu et al.'*?
865 @ 0.5 C Qin et al'*
337.5@ 200 mA-g Zhou et al.’**
8433 @ 210 mA-g Zhou et al.’**
223@20 mA-g Shi et al."®
64900 Lee et al."*”
Niu et al."*®
0.22 Wu et al.'®
Meng et al.">?
Compton et al.®
Yun et al.">®
0.5 Xu et al.’*®
32 740 Niu et al.”>®
197 @ 05 C Yu et al*!
41200 5015 11200 Xu et al.'*3
4900 350 Xu et al.'*
500 Zhu et al.'*
5800 Zhang et al.'*®
303 Zhang et al.**’
810 @ 50 mA-g Paek et al.”"
248 Zhang et al.'”®
5000 @ 0.1 mA-cm* 20000 Xiao et al.'®*
2 Sun et al.'®°
10 Yavari et al."®”

The chemically reduced giant graphene fibers from
calcium chloride coagulation possessed an electrical
conductivity of 41 200 S-m~"."*® However, the highest
conductivity to date results from a chemically as-
sembled graphene structure bearing an N-doped gra-
phene hierarchical ordered system at 64900 S-m~'.'%’

OPPORTUNITIES AND OUTLOOK

Graphenes possess useful properties by virtue of
their single layer, which distinguishes them from multi-
layer graphene or graphite systems. Single layer gra-
phene, graphene oxide and few-layer graphene oxide

WHITBY

exhibit flexibility in their lattice, allowing the sheets
to contort and conform to nonplanar architecture.
The changes in the architecture of graphene induce
lattice curvature and bond strain, which directly affect
its conductive properties. Moreover, the sheet mor-
phology can also better interface with other graphene
sheets or host matrices, thus extending the conduc-
tive properties over longer ranges and improving
graphene—graphene or graphene—host interactions
to increase its mechanical performance. Graphene
oxide, by virtue of its oxygen containing groups and
lattice defects, is more susceptible to structural
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changes whether through direct or indirect influence
of its chemical environment. Several key chemical
methods in which to bring about changes in graphene
and graphene oxide architecture are highlighted.

Among the most important graphene sheet chem-
istry affecting morphology are the reactions that lead
to hierarchical structures, where the desired unit cell
is repeated, thus ensuring a homogeneous rather than
localized performance. These systems have been de-
veloped based on the more readily available graphene
oxide starting material, where the reaction can involve
reduction of the oxygen-containing groups to gener-
ate conductive systems that also exhibit excellent
mechanical performance, high surface areas and high
sorptive capacities. The chemically driven structural
changes to graphene oxide have been shown to occur
in solution, though is exacerbated to a limited extend
on drying from a solvent. When coupled with its
ability to undergo nonsolution chemical reduction
(e.g., hydrazine vapor), the architecture of the gra-
phene system can be preserved from the initial reac-
tions or extended further with subsequent reactions
(e.g., polycondensation). Furthermore, the incomplete
chemical reduction of graphene oxide, while improving
its conductivity, still presents a number of oxygen-
containing groups available for additional functionaliza-
tion (e.g., biomolecule attachment to three-dimensional
graphene systems).

Knowledge of graphene sheet chemistry affecting
architecture provides invaluable insight toward large-
scale preparation and control in the design of three-
dimensional graphene-based systems with desired me-
chanical, thermal, electrical and/or chemical properties.
This will lead to exciting systems that have the potential to
be advance flexible displays, batteries, solar cells, medical
devices, gas or liquid sorbents, and supercapacitors.
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