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Graphene oxide (GO) materials have complex chemical structures
that are linked to their macroscopic properties. Here we show that
first-principles simulations with a machine-learned interatomic
potential can predict the mechanical properties of GO sheets in
agreement with experiment and provide atomistic insights into the
mechanisms of strain and fracture. Our work marks a step towards
understanding and controlling mechanical properties of carbon-
based materials with the help of atomistic machine learning.

The term ‘graphene oxide’ (GO) encompasses a class of carbo-
naceous 2D materials with applications in many fields." GO
materials show various degrees of chemical functionalisation,
introduced by oxidative and reductive processes, and it is
important to understand how these structural aspects are
connected to macroscopic properties. A key point here is the
response of GO sheets to mechanical strain, and indeed it has
been argued that the mechanical properties depend strongly on
what functional groups (epoxide, hydroxyl, etc.) are present.”
GO and reduced GO (‘rGO’) have been used as sensors in
biological applications,® where small mechanically-induced
structural changes from electromechanically linked cells alter
the electronic properties.”

In 2007, there began renewed interest in multilayer GO and
rGO, primarily focusing on mechanical, electrical, and catalytic
properties.” Atomic force microscopy indentation was used to
study the mechanical properties of monolayer rGO.° Indepen-
dent, high-resolution TEM images of monolayer GO and rGO
revealed the atomic structure,”® confirming a two-type domain
structure of GO, where oxidised regions form a continuous
network with smaller graphitic domains interspersed.® Since
then, various authors have investigated mechanical properties
of (r)GO with varying degrees of functionalisation.’*™*

In tandem, computational studies have been reported for
GO including its mechanical properties,'*™*® but have typi-
cally been limited by the length and time scales accessible to
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first-principles computations, or by the accuracy limits of
empirical potentials.'® Machine learning (ML)-based inter-
atomic potentials approximate the predictions of quantum-
mechanical methods whilst adopting key aspects of empirical
approaches, such as locality, to achieve first-principles accuracy
with near-empirical speed.>® Such ML-driven simulations have
been used to model defective,”' nanoporous,'® and amorphous
graphene.”?

Here, we study the links of atomic structure and mechanical
properties in GO and rGO with ML-driven simulations, using
the recently introduced GO-MACE-23 model.>* This model was
trained using a domain-specific protocol that gradually explores
relevant configurations, first through CASTEP + ML,* then using
the MACE architecture.>® We simulate mechanically straining a
nano-scale rGO sheet and smaller-scale (r)GO structures across a
range of parameters, viz. oxygen content and functionalisation.
The predictions from our GO-MACE-23 model agree with experi-
ments and with other computational simulations for GO. To our
knowledge, limited work has been conducted on the mechanical
properties of reduced GO, and so computations could provide new
insight and lead to design rules based on the degree of functio-
nalisation for next-generation (r)GO-based materials.

Our starting structure is taken from ref. 23 and is a partially
disordered, fully sp>-bonded graphene sheet with 10368 atoms
(17.7 x 15.3 nm?) generated using Monte-Carlo bond switch-
ing, following ref. 22. The structure was then functionalised
with an O/C ratio of 40% and OH/O ratio of 0.5 decorated
randomly, raising the atom count to 16 645, then thermally
reduced via MD over 1.9 ns at 1500 K, reducing the atom count
to 11984 and yielding a simulated XPS spectrum in agreement
with experimental spectra.”® To compute mechanical proper-
ties, we apply uniaxial tensile strain in the basal plane (Fig. 1a),
then a fixed-volume geometry optimisation is then conducted,
the uniaxial stress component recorded at that point, and the
strain increased again in steps of 0.05%; the process repeats up
to a strain of 0.50 (50%). A correction to the recorded stress
value, gy, is required to remove the dependence on the out-of-
plane cell parameter (see, e.g., ref. 16): we report o = (¢/t) X Gcen,
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Fig. 1 Mechanical properties of a reduced GO sheet from machine-learning-driven simulations. (a) Visualisation of the rGO sheet taken from ref. 23 now
placed under progressive strain (arrows). Atoms and bonds are colour-coded by the non-affine displacement magnitude relative to the initial
configuration using OVITO.2® Insets are shown below (C, grey; H, white; O, red). (b) Stress—strain curves for the rGO sheet axially strained in x or
y direction. The fitted Young's moduli are E,, = 261 GPa, E,,, = 205 GPa; we include a value for rGO from ref. 6 (shaded area). (c) Change in aldehyde and
ketone (purple) vs. ether count (red) relative to the unstrained structure. Solid (dashed) lines indicate strain in x (y) direction, respectively.

where c is the cell parameter perpendicular to the basal plane
and t is the thickness of the sheet (determined as the full width
at half maximum for the z coordinates of all atoms in
the sheet). We use 3.5 A as a minimum thickness, since our
small-scale monolayer structural models do not reach the
experimentally-derived 7 A for (r)GO,*'° even at high O content:
their effective thickness in our computations is therefore closer
to graphene, as in ref. 14. (We note that the concept of a
monolayer thickness must rely on an assumption,'® and that
previous attempts of measurement for graphene have yielded
various results.?”)

We colour-code the rGO nano-structure in Fig. 1a by the
non-affine displacement magnitude, which decouples displace-
ment due to external strain and internal, non-affine deforma-
tions. This is done by mapping atomic positions onto the
reference (initial) frame and computing displacement vectors
using OVITO.*® In Fig. 1a, initially there is a uniform blue
colour indicating large areas experiencing elastic deformation,
with fewer pockets of red regions, which indicate local defor-
mations due to non-affine displacements. These red regions
involve plastic deformation in the sheet, arising due to rear-
rangements, defects, and bond cleavage. As the external strain
is increased, there is an increase in local strain around holes
and defects, such as O atoms in the carbon backbone. This can
be seen in the first and second snapshot in Fig. 1a, where the
sheet is still predominantly under elastic deformation—with
the exception of the highlighted region which undergoes brittle
fracture (dashed lines in the first inset), cleaving a large hole. In
the second inset, arrows shows the motion of the 8 atoms
(circled) previously involved in 4 C-C bonds which have been
broken in a brittle manner. As the strain is increased further,
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we observe an increasing area of ‘red’ regions, indicating
a change from elastic to plastic behaviour. In the third panel,
we begin to see a few nanoribbons which join parts of the
mostly fractured sheet. With increasing strain, the crack grows
and the nanoribbon thins to just one ring thick: such struc-
tures, including their stress—strain curves, were recently studied
with ML potentials."® Here, there is a large degree of plastic
deformation on the sheet (red regions in Fig. 1a).

The stress-strain curves, recorded separately for both direc-
tions, are shown in Fig. 1b. We note that in the ideal large-size
limit, both directions would be equivalent. However, as the
sheet has been thermally reduced for 2 ns,* the introduction of
holes and defects in the sheet appears to have introduced a
(slight) stochastic anisotropy, which is revealed under uniaxial
straining. The curves in Fig. 1b qualitatively have the same
profile as other stress-strain curves for GO: (i) an initial elastic
regime showing a linear response; (ii) a brief plastic region
where the curve plateaus; and (iii) a sharp, brittle failure
followed by plastic deformation.>'>"? There is a notable differ-
ence between the two curves: one (o,,) indicates higher ulti-
mate tensile strength and a single catastrophic brittle-failure
event, where the sheet fractures completely; for the other (ay,),
we find that the sheet has lower ultimate tensile strength in this
direction and undergoes staggered brittle-fracture events lead-
ing to a wider plastic deformation phase. Our estimation of the
Young’s modulus for the rGO sheet agrees with ref. 6 (Fig. 1b).

Given that our GO-MACE-23-driven simulations agree well
with experiments, we are now able to extract and analyse
structural information from the simulation trajectory. One of
the key structural features in (r)GO is the oxygen functionalisa-
tion. In our previous work, we highlighted the sp*-to-sp®
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transition at high temperatures resulting in the epoxide and
hydroxyl groups transforming into Cgp~O groups, such as
ether.?® These groups become part of the carbon backbone in
the material, and thus, we show here that these groups play a
key role in the response to mechanical strain. In Fig. 1c, we
show the evolution of the C,,2-O and C,,:==0 count, indicating
a change from O being present within the carbon backbone to
cleaving off to form a carbonyl group such as a ketone. This
rapid decrease of C,,~O groups coinciding with the brittle
failure of the material (under straining in x; solid lines in
Fig. 1c) suggests that these groups contribute substantially to
the failure mode of (r)GO. In the y direction (dashed lines in
Fig. 1c), the stress-strain profile differs slightly and shows an
extended period of plastic deformation. Here, we see a more
gradual decrease in Cy,2-O groups as the latter slowly transform
into carbonyl groups.

We then tested whether the properties of GO can be con-
trolled by varying functional groups. Simulations were run for
an ensemble of graphene decorated randomly with oxygen
groups above and below the basal plane. We varied the O/C
ratio from 10% to 50%, and the initial OH/O ratio (cf. ref. 23), in
line with experimental reports." We observe that generally, with
increasing O/C ratio, there is a lower ultimate tensile strength
in the material, and the gradient in the elastic region decreases
with increasing O content, corresponding to a lower Young’s
modulus. Another important feature is the type of functional
group. We observe that sheets with 100% epoxide and 0%
hydroxyl (Fig. 2a) display plastic behaviour, being able to with-
stand higher strain at higher O content. At equal ratio (Fig. 2b),
we find a reduced plastic response, with failure at lower strain.
Finally, for fully hydroxyl-decorated sheets (Fig. 2c), the beha-
viour shifts towards an elastic response and failure at even
lower strain. This difference is due to the epoxide groups
flattening under strain and incorporating into the sheet,
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Fig. 2 Mechanical behaviour of GO and its dependence on the oxygen
content. We show stress—strain curves for 20 GO sheets of ~200 atoms
each, at varying O/C ratio (indicated by colour-coding). The shaded areas
indicate one standard deviation. We characterise sheets that have been
functionalised: (a) fully with epoxide groups; (b) with half epoxide, half
hydroxyl groups; and (c) fully with hydroxyl groups.
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whereas hydroxyl groups cannot be incorporated into the sheet
in the same manner, resulting in brittle failure due to the
cleavage of C-C bonds.

We note briefly that this dependence of mechanical proper-
ties on functionalisation type (Fig. 2) was not observed in
earlier simulations using an empirically fitted ReaxFF potential,
originally developed for hydrocarbon combustion:* in the latter
case, the weakening with higher O content was independent of the
functional group type (hydroxyl or epoxide), and the material was
predicted to exclusively show plastic behaviour.>* We speculate
that the (more accurate, but more costly) ML potential can uncover
additional nuance here which is difficult or impossible to describe
with empirically fitted interatomic potentials.

Beyond the overall oxygen content (which can be tuned by
gradual thermal reduction), the properties of the sheets could
be controlled more finely if one found ways to modify the
chemical groups present. We explore this idea in Fig. 3a: we
plot averaged Young’s moduli for independent structures
which start from a pristine graphene backbone and are subse-
quently decorated with different O/C and OH/O ratios, with 10
strained in x (filled) and 10 strained in y (Fig. 3a). Fig. 3b shows
the same, but for structures which have been thermally reduced
for 10 ps at 1500 K using GO-MACE-23, resulting in gas
evolution. There is a clear relationship between increasing
hydroxyl-to-epoxide ratio and Young’s modulus, with a more
profound effect at higher O content. Literature values reported
for GO are 290-430 GPa with O/C ratio from 0.1-0.7;0:1%13:16
for rGO, 250 £ 150 GPa has been reported in ref. 6.

Once our GO structures have been heated for a relatively
short time, we observe a significant change in the Young’s
modulus. These heated structures, which we call rGO, have a
lower Young’s modulus at higher O content compared to that
of GO. This is because oxygen leaves the sheet upon heating,
mainly as H,O and CO,.2 1t is the latter which causes a
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Fig. 3 Controlling the Young's modulus, E, of GO by tuning the hydroxyl
content. Results are shown for varying initial OH/O ratios. (a) E values for
GO: averaged for 10 structures of ~200 atoms each, strained uniaxially in
x (filled markers), and 10 strained uniaxially in y (unfilled), respectively. The
cross represents pristine graphene. (b) As for panel (a), except that the
structures have been thermally reduced for 10 ps.
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rearrangement of the graphene backbone, introducing defects
into the sheet in the form of point defects or topological
defects. There is a drastic shift in the Young’s modulus for
structures with more epoxide groups once heated. These
defects reduce the homogeneity of the sheet, resulting in ‘weak
points’ in the sheet, thus lowering the Young’s modulus. At the
other end, at low initial O/C ratio (0.1) there is minimal
disruption to the sheet as gas evolves, and we observe an
increase in the Young’s modulus compared with GO, due to
lower O content as the system is heated.

Looking forward, our results support the idea that the
mechanical properties of GO might be amenable to compu-
tationally-guided ‘design’® (see ref. 28 for a general perspective).
This goal could be achieved if the chemical structure can be
fine-tuned, in this case between hydroxyl (more elastic beha-
viour) and epoxide groups (more plastic behaviour), or through
nitrogen doping which increases the Young’s modulus.>® Appli-
cations such as wearable electronics®® may benefit from a
flexible GO structure with more epoxide groups. Conversely,
high OH content may be useful for reinforcing composites:
e.g., adding 1 vol% of GO to an Al-Mg alloy enhanced the
bending strength substantially.?*
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