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ABSTRACT: The mechanical properties of graphene oxide (GO) are of great importance for ,8 ?AO

applications in materials engineering. Previous mechanochemical studies of GO typically focused
on the influence of the degree of oxidation on the mechanical behavior. In this study, using density
functional-based tight binding simulations, validated using density functional theory simulations,
we reveal that the deformation and failure of GO are strongly dependent on the relative
concentrations of epoxide (—O—) and hydroxyl (—OH) functional groups. Hydroxyl groups cause
GO to behave as a brittle material; by contrast, epoxide groups enhance material ductility through
a mechanically driven epoxide-to-ether functional group transformation. Moreover, with increasing
epoxide group concentration, the strain to failure and toughness of GO significantly increases
without sacrificing material strength and stiffness. These findings demonstrate that GO should be
treated as a versatile, tunable material that may be engineered by controlling chemical composition,
rather than as a single, archetypical material.
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( : raphene oxide (GO), an oxygen-functionalized variant of effect results from bonding two carbons with a pair of hydroxyl

graphene, has recently shown great potential for various groups. Even though the same degree of oxidation exists in the
applications in sensing,'~* energy storage applications,”~” and backbone of GO for both cases, the nature of the
the design of advanced composite materials."*~'* While the functionalization is very different.
nanostructure of GO was cause for scientific debate at first, An important question, which has not been answered in
theoretical and experimental evidence available at the time previous studies, is whether different functionalization affects
suggested that hydroxyl (—OH) and epoxide (—O—) functional the mechanical behavior of GO. In fact, due to the complicated
groups dominated the bulk of the material, while carbonyl and nanostructure of GO, experimental and theoretical studies to
carboxylic functional groups preferred to form near free date report conflicting trends in the observed behavior for GO-

surfaces at the edges of GO flakes."”'” Recently, Erickson et 16,19,20
al.'"* showed that GO possesses a graphitic backbone
stochastically functionalized by functional group clusters,
which form island-like patterns, as previously predicted by
Lerf and Klinowski.""? It is expected that surface functional
groups on GO have considerable influence on the mechanical
properties of the material. For instance, monolayer GO was
found to have a lower Young’s modulus and strength compared
to unfunctionalized carbon-based nanomaterials, such as
pristine graphene and carbon nanotubes.””~'® Moreover, it
has been shown that both the Young’s modulus and strength
monotonically decrease as the degree of oxidation increases.’

based systems. For instance, Cao et al.'® reported brittle
failure mechanisms observed during membrane deflection
experiments, with GO flakes exhibiting a 20% degree of
oxidation. Conversely, Wei et al.”’ reported a ductile failure in
GO monolayers with a 70% degree of oxidation. Using density
functional-based tight binding (DFTB), these authors identified
an irreversible epoxide-to-ether bond transformation as the
source for ductility. In light of these distinct mechanical
behaviors, a more comprehensive investigation that considers
the effect of composition of functional groups on GO is
required to elucidate the mechanisms that govern its

As more oxygen atoms become covalently bound to the carbon mechanical behavior.
backbone, the electronic backbone structure becomes domi-

nated by softer, weaker sp® bonding. For instance, introducing Received: May 12, 2016
one epoxide group onto a pristine graphitic backbone would Accepted:  June 30, 2016

transform two carbons from sp” to sp* bonding, while the same
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Figure 1. Atomistic configurations and representative stress—strain curves for GO monolayers with different chemical composition. (a) Atomistic
models for hydroxyl-rich (top) and epoxide-rich (bottom) GO configurations. Strain (¢) is applied as indicated in the models. Gray, red, and green
beads correspond to carbon, oxygen, and hydrogen atoms, respectively. (b) Representative stress—strain curves for hydroxyl- and epoxide-rich GO,
tested along the armchair direction. Numbered H and E markers represent atomistic snapshots of interest in Figures 2 and 3, respectively.

In this Letter, we apply atomistic simulations to investigate
the interplay between GO chemistry and material deformation.
To achieve this, we study extreme cases of GO sheets
functionalized purely with epoxide and hydroxyl functional
groups, as well as combinations between said functional groups.
First, a Monte Carlo-based algorithm®”*' is employed to
generate physical GO models that are both chemically stable
and in agreement with previous literature.'”*°~*> Then, we
apply the DFTB method (see the Supporting Information for
further details) to study the mechanical properties of GO as a
function of the composition of functional groups. In particular,
the intrinsic atomistic mechanisms that govern material
deformation and give rise to the versatility of GO are revealed
through a series of comparative calculations. In this way, we
identify a multidimensional material design space associated
with the chemistry intrinsic to GO during its synthesis,
suggesting potential ways to engineer GO with tunable
mechanical properties.

Two GO sheets functionalized with representative chemical
compositions are considered first (as shown in Figure 1a). The
first GO sheet has an epoxide-rich composition. According to
previous work,” GO synthesized using a modified Hummers’s
method can reach a 70% degree of oxidation (defined as the
fraction of oxidized carbon atoms), with a 4:1 epoxide-to-
hydroxyl functional group ratio. For this structure, a small
number of carbonyl, oxetane, and ether groups may also be
present, consistent with the reports of Erickson et al."* using
electron microscopy. The second GO sheet considered
possesses the same degree of oxidation as that reported by
Wei et al. but a hydroxyl-rich composition similar to reports by
Cao et al. to highlight the difference in deformation
mechanisms due to chemical composition.'**° As shown in
Figure 1b, we determined the stress—strain curves for the
sheets subjected to uniaxial strain along the armchair direction,
preventing contraction along the zigzag direction. From these
curves, we obtained the Young’s modulus (i.e., the slope of the
linear elastic regime), strength (i.e, maximum stress), and
toughness (i.e, the area under the stress—strain curve up to
failure), as discussed in the Supporting Information. The
generality of our findings is further discussed in the Supporting
Information.

It is interesting to note that after applying a small strain (i.e.,
bottom left of Figure 1b), the stress—strain responses of the
two sheets are similar. Deviations from linear elasticity occur for
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the epoxide-rich GO at approximately 4% strain. Moreover,
while the maximum load that the material can bear for both
compositions is similar (24.3 GPa for epoxide-rich and 22.7
GPa for hydroxylated), the postpeak stress behavior and failure
mechanisms are starkly different. Hydroxyl-rich GO undergoes
a sudden, brittle failure near maximum load, while epoxide-rich
GO withstands significant additional deformation before its
eventual failure. This suggests that epoxide groups enable a
mechanism that enhances material ductility compared to
hydroxyl-rich GO. To understand this effect, we investigate
atomistic configurations throughout the deformation process.
As shown in Figure 2, failure in hydroxyl-rich structures occurs

Figure 2. Atomistic configurations of hydroxyl-rich GO during the
deformation process. Numbered H markers represent atomistic
snapshots of interest, as shown in Figure 1. Gray, red, and green
beads correspond to carbon, oxygen, and hydrogen atoms,
respectively.

due to the formation of a crack, which propagates abruptly
through bonds associated with hydroxyl-functionalized carbon
atoms. During failure, hydroxyl groups present along the crack
front align with the in-plane direction, as captured in snapshot
H-2 of Figure 2. During the crack propagation process, as
groups present near the crack tip align with the in-plane
direction, repulsions from steric effects manifest in the crack tip,
leading to unstable crack growth. Thus, crack propagation
mechanisms present when hydroxyl groups are dominant in
GO lead to a brittle and catastrophic failure, as observed in
experiments reported previously by Cao et al.'®
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Figure 3. Atomistic configurations of epoxide-rich GO during the deformation process. Numbered E markers represent atomistic snapshots of
interest, as shown in Figure 1. Gray, red, and green beads correspond to carbon, oxygen, and hydrogen atoms, respectively. In snapshots E-2 to E-6,
arrows and dashed circles are used to indicate epoxide-to-ether transformation events and crack nucleation zones, respectively.
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Figure 4. (a) Representative stress—strain curves and the variation of (b) elastic modulus, (c) tensile strength, and (d) toughness for GO sheets with
a 70% degree of oxidation and varying epoxide-to-hydroxyl ratios, 6, are shown. All error bars correspond to +1 standard deviation in material
properties obtained from five different structures with random spatial distributions of functional groups.

In contrast to the brittle failure in hydroxyl-rich GO, the
epoxide-rich GO exhibits ductile deformation beyond the
maximum load. From snapshots E-1 and E-2 in Figure 3, we
observe a functional group transformation at 4% strain (marked
with a blue arrow), where an epoxide functional group
transforms into an ether functional group by cleavage of the
C—C bond associated with the epoxide ring, leading to a strain
burst shown in Figure 1b. It is important to note that ether
groups are covalently bound within the GO sheets and are
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more flexible than epoxide rings, allowing GO to bear
significantly more deformation than the rest of its graphitic
backbone could otherwise achieve. Upon further loading, more
epoxide-to-ether transformations take place, as shown in
snapshot E-3 in Figure 3. Meanwhile, some sp3 C—C bonds
(not bound within epoxide groups) break in front of the newly
formed ether groups, driving the cleavage of the GO sheet
through crack propagation, as highlighted in snapshots E-3, E-4,
and E-S in Figure 3, with dashed blue circles indicating crack
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nucleation regions. Unlike the case for hydroxyl-rich GO, crack
propagation is stabilized due to the energy dissipated through
epoxide-to-ether transformations. Moreover, ether groups at
the crack tip are highly stretchable due to the flexible C—O—C
angles that they form, blunting the crack propagation front and
enabling the material to withstand significant deformations
before final failure (see snapshot E-6 in Figure 3). These
observations clearly suggest that epoxide groups enable GO to
exhibit and fail in a ductile fashion, consistent with experimental
observations from the epoxide-rich GO studied by Wei et al.”’
To further elucidate how different compositions of functional
groups can affect the mechanical properties of GO, we
considered additional configurations that contained a 70%
degree of oxidation but differed in terms of chemical
composition. We define the ratio of epoxide and hydroxyl

groups as
N,

epoxides

o=
l\repoxides + Nhydroxyls (1)
where Nyoyides a0d Niygronyis are the total number of epoxide
and hydroxyl groups present in a monolayer. We conducted a
series of DFTB calculations on sheets by varying 6 from 0 to 1.
The stress—strain curves were obtained as before, and
representative stress—strain curves are shown in Figure 4a.
The stiffness, strength, and toughness of the sheets were
calculated as a function of ¢ and are also plotted in Figure 4.

Interestingly, both the stiffness (Figure 4b) and strength
(Figure 4c) of the material are almost independent of the
composition. At small deformations, the majority of the load on
the sheet is carried by the carbon backbone with negligible load
transfer between out-of-plane bonds (ie., bonds between
oxygen and backbone carbon atoms). Although the nature of
the functionalization is different in each case, the relative
amount of sp>- versus sp>-type C—C bonding remains the same
when the oxidation density is kept constant. As a result, the
stiffness of the sheet should not be affected by the composition,
as shown in previous reports.”> Furthermore, and because all of
the GO sheets shown in Figure 4b,c contain the same degree of
oxidation, one should expect the elastic modulus and strength
to be approximately constant if (i) the effect of functional
groups in the breakdown of the sp® bond network is
approximately the same and (ii) spatial distribution effects are
negligible. Because one can expect functional groups to degrade
the electronic network of graphene through similar mecha-
nisms, this serves as potential validation of the second-order
nature of the effects of spatial distribution of functional groups
(see the Supporting Information for more details).

The strength of GO corresponds to the peak stress on the
stress—strain curves. To understand the effect of composition
on strength, we analyzed the nanostructures of GO, where four
types of sp® C—C bond configurations were identified, as
shown in Figure S. The majority of sp> C—C bonds are type 1
and type 2 in epoxide-rich GO, while type 3 and 4 sp> C—C
bonds become more dominant as the density of epoxide groups
(i, 5) decreases. Apparently, these sp> C—C bonds are the
“weakest links” in the material from where fracture initiates.
The strength of the material is dependent on the maximum
loads that these four types of bonds can bear. We build four
GO sheets, and each one contains only a single sp> C—C bond
of these four types (see the Supporting Information for more
details). The sheets are stretched uniaxially as before, and we
record the stress corresponding to the onset of bond breaking
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Figure 5. Stress—strain curves for GO sheets containing a single sp*
C—C bond with four different bond types possible in GO.

of these four types. As shown in Figure S, types 2, 3, and 4
exhibit similar behavior as the stress rises to a similar value
before a load drop occurs. For each of these bond types, this
load drop corresponds to the sp> C—C bond breaking followed
by unstable crack propagation. By contrast, type 1 sp> C—C
bonds display two load drops. The first drop corresponds to an
epoxide-to-ether transformation, beyond which the ether
functional group withstands additional load up to a second
load drop at stress similar to those in types 2, 3, and 4. The
second load drop is due to the stress concentration built up in
front of the ether group, which in turn drives the crack
propagation. On the basis of the above analysis, the material
failure initiated at these four types of sp> C—C bonds occurs at
a similar stress level. Therefore, the strength of GO does not
show notable dependence on the composition of functional
groups.

To further quantify the degree of ductility introduced by
epoxide-to-ether transformations, we studied the toughness (I")
of GO, which was computed by integrating the stress—strain
curve

F:AEfade )

where & is the ultimate strain upon failure. As shown in Figure
4d, epoxide groups increase the toughness of GO, particularly
when 6 is above 0.5, allowing the material to absorb energy and
deform in a ductile manner before fracturing. The toughening
of GO is largely due to the additional material deformation
made possible through elastic energy dissipation from epoxide-
to-ether transformations and the added flexibility of ether
groups. Remarkably, we note that when epoxide content
increases, the material becomes more stretchable and ductile
without sacrificing its intrinsic strength. This is very interesting
because strength and toughness are mutually exclusive for most
structural materials.”® Here, we show the potential for avoiding
this trade-off and enhancing material toughness by engineering
the chemical composition of GO.

The spatial distribution of functional groups in GO is largely
random due to the stochastic oxidation process, as previously
shown by Erickson et al'"* To account for this, five GO
structures were generated based on our Monte Carlo algorithm
for each oxidation level and composition (i.e., five models with
the same degree of oxidation and composition but different
spatial distribution were subjected to our simulated mechanical
experiments). The randomness in the spatial distribution of
functional groups introduced scatter in mechanical properties,
as indicated by the error bars in Figure 4. However, the general
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Figure 6. Summary of the (a) elastic modulus and (b) strength for GO sheets with varying epoxide-to-hydroxyl functional group ratio, 5, and degree
of oxidation, @. DFT curves from Liu et al. obtained from ref 15 for amorphous GO are also shown. Error bars correspond to standard deviations

from experimental measurements in refs 16, 17, and 20.

trends in the properties do not change as a result of these
deviations (see the Supporting Information for further details).
The standard deviation of the measurement, when compared to
the magnitude of the properties, clearly highlights the fact that
spatial distribution indeed acts as a second-order effect in GO.
Thus, we took advantage of the relatively high efficiency and
accuracy of the DFTB method in order to simulate many GO
structures in a reasonable time but recognize that the method is
semiempirical. Therefore, we also applied density functional
theory (DFT) that has the potential of being more accurate to
validate our results, in particular, the epoxide-to-ether group
transformation, which we expect plays a critical role in the
behavior of different GO structures. The comparison between
DFTB and DFT is shown in the Supporting Information. For
all of the properties of interest in our study (i.e, Young’s
modulus, strength, toughness), DFTB shows a consistent
stiffening of the system when compared to DFT. However, this
is not surprising based on previous reports on carbon
nanomaterials that rely on DFTB calculations”’ and the
fundamental assumptions made to enhance the computational
efficiency of the method.”® Given the reasonable agreement
between DFT and DFTB in terms of mechanical properties and
deformation mechanisms observed in the material and the good
agreement with experimental findings, we opted to utilize
DFTB for our study to benefit from the computational
efficiency afforded by the method for the large number of
simulations performed in this study.

We also studied the effect of the degree of oxidation on the
mechanical properties of GO. Figure 6ab summarizes the
elastic properties and strength of systems simulated in this
study when subjected to uniaxial tensile strain along the
armchair and zigzag directions, respectively. As reported by
both theoretical and experimental investigations of unfunction-
alized (i.e., carbon nanotubes and graphene) and functionalized
(ie, GO) carbon nanomaterials, the mechanical properties of
functionalized carbon nanomaterials degrade as a function of
increasing degree of oxidation.'”~*° Perhaps much more
interestingly, from this study, it becomes apparent that elasticity
and strength at a certain degree of oxidation are seemingly
independent of the composition of the system. This is in
agreement with our findings on the effects of the epoxide-to-
hydroxyl ratio, 6, where we found that average values of the
elastic modulus and strength, at a given degree of oxidation, can
capture such properties for a diverse set of GO archetypes.
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The results obtained in this Letter suggest the existence of a
large design space in which multiple GO properties vary
simultaneously as a function of the composition of functional
groups. It is shown that epoxide-rich GO outperforms
hydroxyl-rich GO, by virtue of increasing toughness without
forfeiting strength and stiffness. However, the selection of an
“optimal” archetype may be more complicated when other
aspects have to be considered. For example, in the application
of GO-based nanocomposite materials, the interfacial inter-
actions between stacked sheets are critical to understand
composite deformation and failure.*~'>***° It is noted that
functional groups without terminal hydrogen atoms require the
presence of a chemical “mediator” (e.g., water or polymeric
materials) to allow for effective hydrogen-bonding networks to
form in the out-of-plane direction.”*° Furthermore, the
chemical reactions that are accessible to epoxide functional
groups are quite limited as compared to hydroxyl functional
groups. In this light, the presence of hydroxyl groups may add
increased reactivity, opening the door for further chemical
changes to occur. While beyond the scope of this work, it is
important to understand the role of functional groups in GO
interlayer interactions, as well as the interactions between GO
and various polymeric materials, which add additional layers of
intricacy to the design of the atomistic structure of GO.

In summary, the mechanical properties of GO as a function
of chemical composition were studied through a large number
of atomistic simulations based on DFTB and selectively
validated through DFT studies. It was found that the
mechanical behavior of GO strongly depends on the ratio
between epoxide and hydroxyl functional groups. Brittle
fracture was observed in hydroxyl-rich GO, while epoxide-rich
GO favors ductile failure due to a mechanically driven epoxide-
to-ether group transformation, enabling GO to absorb energy
and prevent failure through crack blunting. Moreover, through
this effect, GO exhibits significantly enhanced toughness
without loss in material strength and stiffness, in contrast to
typical engineering materials. The results highlight the potential
to utilize GO as a tunable building block in nanocomposites
and many other applications by engineering the chemical
composition and, in turn, the mechanical properties of GO
monolayers.
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