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Oxidation-dependent mechanical response of graphene oxide: Improving the reliability
of atomistic modeling by ab initio machine learning simulations
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The mechanical response of graphene oxide (GO) is controlled by oxidation level and functional group
composition, yet a clear atomic level picture remains ambiguous due to limitations of classical reactive force
fields. Here, we develop a machine learning interatomic potential by fine-tuning a MACE foundation model
on density functional theory data. We employ this potential to systematically investigate GO tensile behavior
across oxidation levels of 10% to 40% and hydroxyl-to-epoxy (OH/O) ratios of 0 to 3. Our potential accurately
reproduces the expected decrease in Young’s modulus and ultimate tensile strength with increasing oxidation,
correcting the overestimation and dispersion characteristic of ReaxFF predictions. In the elastic and plastic
regimes, oxidation level dominates the mechanical response, while the functional group identity remains
secondary. In the fracture regime, however, chemical composition becomes significant, controlling ductile/brittle
behavior. In highly oxidized, hydroxyl-rich systems, stress relaxation via dehydration, not captured by reactive
force fields, critically influences fracture behavior.
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I. INTRODUCTION

Graphene oxide (GO), which is obtained through the
oxidation of graphite, has unique thermodynamic [1–4], me-
chanical [5–10], electronic [11], and optical properties [12]
arising from the presence of oxygen-containing functional
groups on the graphene lattice. These properties make GO
a candidate for several technological applications, including
GO papers [13], flexible electronics materials [14,15], super-
capacitors for energy storage [16], drug-delivery carriers and
biomedical platforms [17], tissue repair system [18] superca-
pacitors [19], and GO-reinforced construction materials [20].

In all these applications fields, the mechanical behavior of
GO affects directly the reliability, durability, and service life
of the relevant GO-based nanodevices. However, according
to the recent literature, the structural and chemical properties
of GO strongly depend on the synthesis method and material
quality, which determine the oxidation level and the distribu-
tion of functional groups [21,22]. As a result, the oxidation
value in GO can vary significantly, typically ranging between
15% and 40% [9,23–30], with a consequent spread of the
experimental data. Due to this variability, GO can be regarded
as a family of materials with diverse chemical compositions
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and structural configurations, rather than a single well-defined
material.

This is particularly clear if we focus on the GO mechanical
properties, given the substantial amount of experimental data
available from studies performed on GO papers [8,31] and
monolayer GO sheets using atomic force microscopy (AFM)
[10] and combined contact-mode AFM with finite element
modeling (FEM) [9]. While these experiments provide valu-
able insight into the mechanical behavior of GO, they offer
limited control over the chemical composition and structural
complexity of the material. Consequently, they cannot fully
resolve the relationship between oxidation chemistry, atomic-
scale structure, and mechanical response.

For this reason, atomistic simulations, such as molec-
ular dynamics (MD), provide an essential complementary
approach to systematically investigate the structural and me-
chanical properties of GO.

A large body of work has investigated the mechanical
properties of GO using classical interatomic potentials, with
the reactive force field (ReaxFF) [32] being one of the most
widely used approaches [27,33–42]. However, several studies
have reported limitations of ReaxFF, including the tendency
to overestimate tensile strengths and the presence of signif-
icant noise in the stress-strain response of graphene-based
systems [43,44]. The limitations of the above approach are
the main cause of some controversial results reported for
the effect of oxidation on key mechanical properties, such
as Young’s modulus (E) [40] and ultimate tensile stress
(UTS) [38], which often do not exhibit clear or consistent
trends.

In addition, the influence of functional groups is of-
ten clearly distinguishable only in extreme cases, such as
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systems containing exclusively epoxy or hydroxyl groups.
For intermediate OH/O ratios, the mechanical response fre-
quently becomes ambiguous, and the individual contributions
of epoxy and hydroxyl groups to the deformation behavior
are still a subject under debate [33,36]. Density functional
theory (DFT) studies have also been performed to investi-
gate the mechanical properties of GO. Although DFT returns
some useful indications on the brittle or ductile behavior for,
respectively, low and high oxidation levels [45,46], it offers
only limited access to meaningful system sizes and sets of
structural samples, thus making the exploration of multiple
oxidation levels and functional-group ratios computationally
intractable. Moreover, the computational workload required
by DFT ab initio MD precludes any attempt to perform sys-
tematic stress-strain simulation campaign of GO systems at
realistic thermodynamic conditions.

The recent introduction of DFT-based machine learning
interatomic potentials is the breakthrough we need to bridge
the gap between classical molecular dynamics and DFT calcu-
lations, making it possible to carry out large-scale molecular
dynamics simulations with near-DFT accuracy.

Here, we characterize the mechanical response of GO us-
ing an ad hoc machine learning interatomic potential (MLIP),
which allows us to probe previously inaccessible simulation
time and length scales. We first fine-tuned a universal MLIP
using DFT calculations based on the Perdew-Burke-Ernzerhof
(PBE) [47] functional in order to describe with high accu-
racy the full deformation process of GO. Then, we apply
our fine-tuned model, MACE-PBE-FT, to carry out uniaxial
tensile tests simulations. Our simulations span a broad range
of oxidation levels, from 10% to 40%, and epoxy to hydroxyl
ratios from 0 to 3. The present DFT-driven results provide
a marked improvement of the predictive capability of MD,
with closer agreement with the known experimental results,
relative to the current standard making use of the ReaxFF
force field.

Moreover, we evidence the importance of dehydration
phenomena as a concurrent stress-relief mechanism in hy-
droxyl rich GO. More broadly, our results show the improved
predictive power of MLIP vs ReaxFF, and provide a key
link between atomistic structure and mechanical properties
of GO.

II. COMPUTATIONAL METHODS

A. Training of the machine learning potential

The MLIP, referred to as PBE-MACE-FT, was obtained
by fine-tuning the MATPES-PBE-0 MACE foundation model
[48] on a dataset of DFT-calculated GO configurations. The
training was performed using both energies and forces, using
weights 1.0 and 10.0 for the energy and force terms of the
loss function, respectively. The model architecture consists
of three interaction layers with 64 channels and a cutoff
radius of 5.0 Å, with a maximum angular momentum of
L = 2. Optimization was carried out using the Adam opti-
mizer with a learning rate of 3 × 10−4 and a batch size of 4.
An exponential moving average (EMA) of the model parame-
ters was employed to improve training stability. Fine-tuning
was performed for 100 epochs starting from the pretrained
weights.

B. Density-functional theory calculations

DFT calculations were performed using the QUANTUM

ESPRESSO package [49,50]. The PBE exchange-correlation
functional [47] was employed. Ultrasoft pseudopotentials
from the PSLibrary [51] were employed for C, O, and H
atoms. Calculations were carried out using a plane-wave ba-
sis set with a kinetic energy cutoff of 90 Ry. The charge
density cutoff was set to 360 Ry. Brillouin zone sampling
was restricted to the � point. Electronic occupations were
treated using Fermi-Dirac smearing with a smearing width
of 0.001 Ry. The electronic self-consistent field (SCF) cycle
was converged to a threshold of 10−8 Ry with a maximum
of 1000 iterations. Wave functions were optimized using
Davidson diagonalization and a mixing parameter of 0.3. All
other parameters were set to their default values in QUANTUM

ESPRESSO. No explicit dispersion correction was included in
the PBE reference calculations.

C. Molecular dynamics simulations

The simulated systems were based on a graphene nanorib-
bon containing 968 atoms and dimensions of approximately
51 × 42 Å2. The edges along the x direction were passivated
with hydrogen atoms, while periodic boundary conditions
were applied in all three directions. GO structures were gen-
erated by introducing epoxy and hydroxyl functional groups
randomly distributed on both sides of the GO monolayer
following the Lerf-Klinowski (L-K) structural model of GO
[52]. For each combination of oxidation level and OH/O ra-
tio, one single generated random distribution of functional
groups was considered. Therefore, the reported mechanical
properties correspond to a single structure for each com-
position. The relatively large system size is expected to
provide substantial self-averaging, as each structure contains
a large number of local environments and functional group
arrangements. Oxidation levels and hydroxyl-to-epoxy ra-
tios, increased the total number of atoms depending on the
functionalization.

Simulations using the PBE-MACE-FT potential were car-
ried out within the Atomic Simulation Environment (ASE)
framework [53], whereas simulations employing the clas-
sical force fields were performed using the Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS)
[54] with the ReaxFF potential parametrized for C-H-O sys-
tems [32] in GO nanoribbons and AIREBO [55] for graphene
nanoribbons. In both simulation frameworks, the systems
were first subjected to energy minimization followed by equi-
libration in the isothermal-isobaric (NPT) ensemble for 25
ps at a temperature of 300 K and zero applied pressure
along the y direction. This step ensured structural relax-
ation and thermal equilibration of the nanoribbons prior
to mechanical loading. After equilibration, uniaxial tensile
deformation was applied along the y direction using a con-
stant engineering strain rate of 1 × 10−6 fs−1. During the
deformation stage, the simulations were performed in the
canonical (NVT) ensemble maintaining the temperature at
300 K. The deformation was continued until structural failure
occurred in each system. Stress was computed from the virial
expression and reported as engineering stress, obtained by di-
viding the virial tensor component along the loading direction
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FIG. 1. Overview of the machine-learning potential development and validation workflow for GO. (a) Workflow used to construct the
MLIP, including initial MD simulations with the MACE-MP-0 foundation model, structural sampling, DFT calculations for energy and force
labeling, and iterative fine-tuning of the MACE model. (b) Representative stress-strain curve obtained from uniaxial tensile molecular dynamics
simulations using the PBE-MACE-FT potential. (c), (d) Representative atomic configurations of GO nanoribbons illustrating the structure at
the start of deformation and at the fracture point under uniaxial tensile loading. (e) Energy parity plot comparing DFT reference energies with
those predicted by the PBE-MACE-FT model. (f) Force parity plot comparing DFT reference forces with the corresponding PBE-MACE-FT
predictions.

by the instantaneous simulation-cell volume. The effective
volume was defined using an assumed thickness of 0.75 nm
for GO [56,57] and 0.335 nm for graphene [58]. Mechani-
cal properties were extracted from the resulting stress-strain
curves. The UTS corresponds to the maximum stress, while
the associated strain defines the ultimate strain. The fracture
strain is identified at the point of abrupt stress drop, and
the Young’s modulus is obtained from the linear elastic regime
(up to 5% strain). To reduce short-time fluctuations in the
stress-strain response, stress values sampled every 50 fs were
averaged over consecutive intervals of 10 sampled points,
corresponding to an averaging interval of 0.5 ps. The standard
deviations calculated within these intervals quantify fluctua-
tions along an individual deformation trajectory and do not
represent statistical uncertainties across independently gener-
ated functional-group configurations. In this work, ductility
is assessed from the extent of postpeak deformation in the
stress-strain response, defined as the difference between the
ultimate and fracture strain.

III. RESULTS

A. Development of the machine-learning interatomic potential

To construct a MLIP for GO, a training dataset con-
sisting of atomic configurations and their corresponding
energies and forces was generated from DFT calculations.
The workflow used to construct the MLIP is illustrated in
Fig. 1(a). Initial configurations were obtained from MD sim-
ulations of GO systems with relatively low oxidation levels
(10%−20%) and an OH/O ratio of 0, 1, and hydroxyl-only
functionalization. These simulations included energy mini-
mization, thermal equilibration, and uniaxial deformation [see
Fig. 1(b)], and were performed using the MACE-MP-0 foun-
dation model [48]. From these simulations, representative
configurations were selected to ensure structural diversity,
including snapshots corresponding to different oxidation en-
vironments, functional-group distributions, and deformation
regimes (elastic, plastic, and fracture). Representative snap-
shots are shown in Figs. 1(c) and 1(d). For each selected
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configuration, reference energies and forces were computed
using DFT with the PBE exchange-correlation functional.

Several available MACE foundation models were bench-
marked against this initial DFT dataset by comparing the
root-mean-square error (RMSE) in predicted energies and
forces. Among the tested models, MATPES-PBE-0 [48]
exhibited the lowest RMSE in both forces and energies
(approximately 35 eV Å−1 for forces and 0.5 eV atom−1 for
energies) and was therefore selected for fine-tuning. In the first
training iteration, we fine-tuned the MATPES-PBE-0 founda-
tion model using a dataset consisting of 993 training structures
and 110 validation structures derived from the low-oxidation
simulations described above. In a second iteration, the dataset
was expanded by including additional DFT-labeled config-
urations obtained from MD simulations of higher-oxidation
systems (30% and 40% oxidation, with OH/O ratios of 1 and
3), driven by the model fine-tuned during the first training
iteration. This expansion increased the dataset to a total of
3318 training structures and 369 validation structures. Al-
though the OH/O = 0.8 and 2.5 compositions used in the
production simulations were not explicitly included in the
fine-tuning dataset, the training data span a broad range of
functional group compositions, from epoxy-only to hydroxyl-
only systems, and include mixed systems with OH/O ratios
of 1 and 3. This broad compositional coverage is expected to
support the generalization of the model to intermediate OH/O
ratios such as 0.8 and 2.5. The final fine-tuned MACE model
(PBE-MACE-FT) achieves validation errors of approximately
2.2 meV atom−1 for energies and 60–70 meV Å−1 for forces,
while remaining stable during molecular dynamics simula-
tions under mechanical loading. Importantly, the larger GO
systems used for the final validation were not included in the
fine-tuning dataset, providing an explicit test of the model’s
transferability. The accuracy of the final MLIP is analyzed
using the parity plots shown in Figs. 1(e) and 1(f).

B. Stress-strain behavior of GO nanoribbons

Following the development of the PBE-MACE-FT model,
we now investigate its performance in describing the me-
chanical response of graphene and GO under uniaxial tensile
deformation. For comparison, simulations are also performed
using classical force fields. For systems where experimental
data are available, we report and compare those values as well.
To characterize the mechanical response, we extract key quan-
tities from the stress-strain curves, including Young’s modulus
(E), UTS, ultimate strain (εu), and fracture strain (ε f ).

The simulation protocol, including system preparation, de-
formation procedure, and validation, is described in detail in
the Methods section, Sec. II C.

As a first step, we discuss the results for pristine graphene
that are reported in Table I. The Young’s modulus and UTS
calculated with the PBE-MACE-FT MLIP are in relative
agreement with the experimental values [58]. From the com-
parison of the PBE-MACE-FT results with the ones obtained
with the ReaxFF and AIREBO classical force fields [55], it
does not emerge an improved description of the mechani-
cal response of pristine graphene with respect to AIREBO,
that is the reference model potential for CH systems, but is
not transferable to oxygen containing systems. Indeed, while

TABLE I. Young’s modulus and ultimate tensile stress of
graphene sheets under uniaxial tensile deformation: comparison
between experimental [58] and stress-strain MD simulations with
different model potentials.

Expt AIREBO ReaxFF PBE-MACE-FT

E (GPa) 1000 ± 100 844 ± 1 1297 ± 3 872 ± 12
UTS (GPa) 130 ± 10 124 ± 1 143 ± 2 105 ± 1

ReaxFF significantly overestimates the Young’s modulus,
PBE-MACE-FT and AIREBO underestimate it somewhat.
On the other hand, AIREBO predicts the UTS in relatively
good agreement with experiment while PBE-MACE-FT and
ReaxFF underestimates it by around 20% and 10%, re-
spectively. These data tell us that PBE-MACE-FT MLIP
is moderately transferable to pristine graphene, similarly to
ReaxFF, even though it appears to perform much better in the
linear response regime. In any case we should emphasize that
the present PBE-MACE-FT MLIP has been obtained by fine
tuning the MACE-MP-0 foundation model on GO systems
only.

As mentioned, as AIREBO cannot be employed to study
GO, in the rest of the article we will compare the PBE-MACE-
FT performances only with ReaxFF ones.

Hence, we move to discuss the stress-strain curves for
GO nanoribbons in simulations driven by the PBE-MACE-FT
model and ReaxFF force field. Representative stress-strain
curves for systems with 10% and 40% oxidation and different
OH/O ratios are shown in Fig. 2, while other simulations
are reported in Supplemental Material [59]. While at low
oxidation PBE-MACE-FT and ReaxFF predict similar trends
in ultimate strain [Figs. 2(a) and 2(b)], at higher oxidation
the two models diverge significantly. For epoxy-rich sys-
tems [Fig. 2(c)], ReaxFF predicts significantly larger fracture
strains, with deformation extending well beyond the failure
point observed in PBE-MACE-FT. A similar discrepancy is
observed in hydroxyl-rich systems [Fig. 2(d)], where both the
ultimate strain and postpeak behavior differ substantially. In
addition, ReaxFF systematically predicts larger mechanical
values than PBE-MACE-FT, in some cases nearly two times
larger. A quantitative comparison of Young’s modulus, UTS,
and fracture strain is presented in the following subsection.

C. Mechanical properties: Young’s modulus, ultimate tensile
stress, and ultimate strain

Having computed the stress-strain curves in the previous
section, we now analyze the trends of the mechanical prop-
erties versus the oxidation level and the OH/O ratio. The
Young’s modulus, UTS, ultimate strain, and fracture strain are
shown in Fig. 3 both for PBE-MACE-FT and ReaxFF.

We first focus on the Young’s modulus and the UTS.
According to the current literature, GO stiffness and
strength are predicted to decrease with the oxidation level
[33,35,36,38,60,61], reflecting the progressive disruption of
the graphene sp2 network as oxygen functional groups induce
local sp3 rehybridization, reducing the number of load-
bearing C-C bonds [36,46,62].
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FIG. 2. Stress-strain response of GO nanoribbons under uniaxial tensile deformation predicted by the PBE-MACE-FT potential and
the ReaxFF reactive force field. (a) 10% oxidation with epoxy-rich functionalization (OH/O = 0), (b) 10% oxidation with hydroxyl-rich
functionalization (OH/O = 3), (c) 40% oxidation with epoxy-rich functionalization (OH/O = 0), and (d) 40% oxidation with hydroxyl-rich
functionalization (OH/O = 3). Solid lines represent stress values averaged over 0.5 ps, while shaded regions indicate the corresponding
fluctuations over the averaging window.

This behavior is captured by both potentials [Figs. 3(a),
3(b), 3(e), 3(f)], but with markedly different features.

ReaxFF model potential predicts a strong and irregular de-
pendence of E and UTS on the oxidation level and the OH/O
ratio, especially for the Young’s modulus. At fixed oxidation
levels, large variations are observed across different functional
group compositions, often exceeding the changes induced by
oxidation itself. For example, at 20% oxidation, the range
spanned by the Young’s modulus is �E ∼ 280 GPa for the
explored OH/O ratio values, indicating that the elastic re-
sponse might be greatly affected by the oxidation type.

A smaller, but still remarkable, spread is observed for the
UTS, revealing that the same dependence survives also in
the plastic regime. This ”enhanced” sensitivity to functional
group distribution at fixed oxidation levels, that was already
reported in previous ReaxFF studies [33,60,63–66], is ac-
companied by a strong and irregular dependence of both E
and UTS on the oxidation level, respectively spanning �E ∼
460 GPa and �UTS ∼ 37 GPa ranges for all the cases.

The usage of PBE-MACE-FT potential returns a different
scenario, as both Young’s modulus and UTS are primarily
governed by the oxidation level, while the influence of the
OH/O ratio remains comparatively moderate.

Although variations between different functional group
compositions are present, the overall trends remain smooth
and consistent across the investigated range. For instance, at
20% oxidation, the range spanned by the Young’s modulus
is markedly smaller �E ∼ 60 GPa for the explored OH/O
ratio values. Also the ranges spanned by E and UTS are much

smaller, respectively �E ∼ 180 GPa and �UTS ∼ 23 GPa for
all the cases. Moreover PBE-MACE-FT predicts lower values
for both the Young’s modulus and UTS, except perhaps some
particular cases [see the Young’s modulus for 10% oxidation
and OH/O = 0 or OH/O = 1 in Figs. 3(a) and 3(e)].

This indicates that PBE-MACE-FT models predict that
stiffness and strength are mainly governed by the extent of sp2

network disruption rather than the ratio of epoxy to hydroxyl
groups.

We now turn to analyze the dependence of the ultimate
strain on the oxidation level and OH/O ratio [Figs. 3(c), 3(g)].
ReaxFF predicts a general tendency for εu to increase with
the oxidation, particularly in epoxy-rich systems [Fig. 3(g)].
This trend is consistent with previous studies reporting an
enhanced ductility with oxidation, especially in the presence
of epoxy groups [33,35,36,62–64]. A similar increasing ten-
dency is predicted for hydroxyl-rich systems. Recently, in
epoxy-rich systems, the ultimate strain has been predicted to
increase with oxidation up to ∼30%, followed by a slight
decrease, resulting in a peak at intermediate oxidation [33].
The range spanned by the ReaxFF predicted ultimate strain is
�εu ∼ 0.13 for all the cases treated, with a marked variation
depending on the oxidation type.

The usage of the PBE-MACE-FT potential tells a different
story: As shown in Fig. 3(c), the predicted ultimate strain
depends weakly on the oxidation level and type as the range
spanned for all the cases is �εu ∼ 0.05, with an average
εu ∼ 0.1, lower than the one obtained with the ReaxFF model
potential. At intermediate OH/O ratios, it remains nearly
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FIG. 3. Mechanical properties of GO as a function of oxidation level predicted by the PBE-MACE-FT potential (top row) and the ReaxFF
reactive force field (bottom row). [(a),(e)] Young’s modulus, [(b),(f)] UTS, and [(c),(g)] ultimate tensile strain and [(d),(h)] fracture strain.
Different colored curves correspond to different hydroxyl-to-epoxy ratios (OH/O). Each data point corresponds to one single generated
functional group configuration at the specified oxidation level and nominal OH/O ratio.

constant across the investigated oxidation range, indicating
limited sensitivity to progressive functionalization. For epoxy-
rich systems (OH/O = 0), a slight increase is observed beyond
∼20% oxidation, whereas hydroxyl-rich systems exhibit a
gradual decrease. Overall, the variations remain small and the
trends are smooth.

Generally speaking, the irregular trends found for E, UTS,
and εu, and the much wider ranges spanned with varying
oxidation level and type suggest that the ReaxFF model over-
estimates the influence of functional group distribution on
the mechanical response, and that the mechanical properties
appear “too reactive” to the increase of the oxidation level.

The usage of DFT-based MLIP depicts a new scenario
characterized by a substantially lower sensitivity of the me-
chanical properties to the oxidation level and type.

To further assess the reliability of the PBE-MACE-FT
model for mechanical properties, we compare our results with
available experimental measurements. However, the compar-
ison should be made with care as the experimental data are,
quite often, affected by the variety of sample types and struc-
tures addressed.

Indeed, experimental studies report a broad range of
Young’s modulus values for graphene oxide, largely due to
differences in oxidation level, functional group distribution,

and sample preparation. For example, values around 250 ±
150 GPa have been reported for chemically derived graphene
sheets [10], although these correspond to partially reduced
graphene oxide.

However, more direct measurements on monolayer
graphene oxide membranes are accessible from the literature
and appear more suited to be compared to MD predictions:
In this case, the experiments yield a narrower range for the
Young’s modulus of 207.6 ± 23.4 GPa [9] matching, with
a very good agreement, the Young’s modulus predicted by
the PBE-MACE-FT potential for highly oxidized systems
(32%–40%, ∼192–222 GPa), thus providing confidence in the
reliability of the present PBE-MACE-FT MLIP.

D. Ductility, brittleness, and fracture mechanisms

To gain further insight into the ductility, brittleness, and
failure behavior of GO, we now examine the fracture strain
and the fracture mechanism, specifically their dependence on
oxidation level and functional group composition. In the light
of the findings discussed in the previous section, Sec. III C,
one could expect a marked difference between the predic-
tions of PBE-MACE-FT and ReaxFF on the GO brittle/ductile
behavior, as ReaxFF overestimates the mechanical response
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FIG. 4. Nonaffine displacement maps of GO with 40% oxidation and epoxy-rich functionalization (OH/O = 0) under uniaxial tensile
loading, obtained from PBE-MACE-FT simulations. (a)–(c) Evolution of the GO nanoribbon at increasing strain levels: ε = 0.03, 0.12, and
0.17 (fracture strain). At low strain, deformation is relatively homogeneous, while at higher strain it becomes strongly localized. Atoms are
colored according to their local nonaffine displacement magnitude (color scale), highlighting regions of intense structural rearrangement.
(d) Magnified view of a representative epoxy configuration prior to transformation. (e) Corresponding region after transformation, showing the
formation of an ether configuration. The spatial correlation between regions of high nonaffine displacement and ether formation indicates that
epoxy-to-ether transformation contributes to localized strain accommodation prior to fracture.

to oxidation level and type in both the elastic and plastic
regimes.

Indeed, by examining the fracture strain ε f [Figs. 3(d),
3(h)] relative to the ultimate strain εu, we see that ReaxFF
systematically predicts an increase of ε f with the oxidation
for all OH/O ratios, indicating an overall increase in ductility
that is largely independent of the functional group compo-
sition. According to ReaxFF, the ductile character of GO is
particularly marked for epoxy-rich systems (OH/O = 0) that
consistently exhibit higher fracture strains compared to other
functional group compositions.

The scenario depicted by the PBE-MACE-FT potential is
more varied and realistic [Figs. 3(c) and 3(d)]. At low oxi-
dation levels (up to ∼20%), the response is predominantly
brittle, with the ultimate and fracture strain coinciding for
all OH/O ratios. Beyond this threshold, ductility becomes
more pronounced and shows a clear dependence on the func-
tional group composition. In epoxy-rich systems (OH/O = 0),
a clear increase in ductility is observed with increasing
oxidation, with the difference between fracture and ulti-
mate strain reaching values above ∼0.04 at high oxidation
levels. In contrast, systems with intermediate OH/O ratios
(0.8, 1, and 2.5) remain largely brittle across the entire
oxidation range, exhibiting only minimal postyield deforma-
tion (�ε = ε f − εu < 0.01). Hydroxyl-rich systems (OH/O
= 3) show a limited increase in ductility at high oxidation,

which remains significantly smaller than that of epoxy-rich
systems.

Another relevant aspect concerns the absolute magnitude
of the fracture strain. The values predicted by PBE-MACE-
FT remain consistently lower than that of pristine graphene
(∼0.19), reflecting the progressive weakening of the carbon
network induced by oxygen functionalization. In contrast,
ReaxFF predicts higher fracture strain values in some cases
(e.g., around 30% oxidation), suggesting an overestimation of
ductility by the empirical force field.

To better understand the fracture mechanism, we analyze
the atomistic processes underlying deformation and failure.
We first focus on the epoxy-to-ether transformation, which
is a known key mechanism underlying ductility in graphene
oxide [33,46]. We focus on the deformation of a GO nanorib-
bon with 40% oxidation and epoxy-rich functionalization
(OH/O = 0), shown in Fig. 4, in a simulation driven by
PBE-MACE-FT. At low strain, the oxygen atom in the shaded
region of Fig. 4(a) forms an epoxy group bonded to two
neighboring carbon atoms, as depicted in Fig. 4(d). At higher
strain, this epoxy group transforms into a bridging ether con-
figuration near the fracture site [see Fig. 4(e)]. To elucidate
the effects of the epoxy-to-ether transformation we analyze
the nonaffine displacements for this system. In Fig. 4(a)
we show that at low strain (ε = 0.03), deformation is lim-
ited and relatively homogeneous across the lattice. Instead,
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(c) (d) (e) (f) (g)

(a) (b)a)

FIG. 5. Representative deformation and local structural transformations in GO, 40% (OH/O = 2.5) under tensile loading in MACE-PBE-
FT. (a), (b) GO nanoribbon before deformation and at the fracture point, respectively. (c), (g) magnified views of a representative region
highlighting the sequence of atomistic transformations. (c) Initial configuration prior to deformation. (d) Detachment of a hydroxyl group from
the carbon lattice. (e) Formation of a water molecule (H2O) through hydrogen transfer, accompanied by the reformation of an epoxy group.
(f) Subsequent epoxy-to-ether transformation at ε = 0.08, where the epoxy group rearranges into a bridging C-O-C configuration. (g) Final
configuration near fracture [corresponding to (b)].

close to fracture (ε = 0.12), and at the fracture point (ε =
0.17) the deformation becomes strongly localized, as shown
in Figs. 4(b) and 4(c), respectively. We can also observe
in Figs. 4(b) and 4(c) that the regions with high nonaffine
displacement are spatially correlated with ether-rich areas.
Together, these observations indicate that the epoxy-to-ether
transformation plays a key role in accommodating strain. In
regions of high local deformation, epoxy groups rearrange
into ether configurations, acting as a stress-relief mechanism
and delaying crack propagation. This mechanism is consistent
with previous studies, where the epoxy-to-ether transforma-
tion has been identified as a primary source of ductility in
GO [46].

While the epoxy-to-ether transformation is observed in
all systems containing epoxy groups, it is not clear whether
its effect on ductility is the same across different oxidation
levels and functional group compositions. To address this,
we analyze the evolution of ether formation during defor-
mation following the approach of Ref. [33]. Our analysis
shows that a rapid epoxy-to-ether conversion alone is not
sufficient to delay fracture, which explains the absence of sig-
nificant ductility in low-oxidation epoxy-rich systems (below
∼20%). Instead, ductility correlates more consistently with
the net ether content, defined as the product of the ether frac-
tion and the oxidation level, i.e., as the percentage of ethers
relative to carbons. Systems exhibiting enhanced ductility

reach net ether contents above ∼12%, whereas systems with
limited ductility fall within ∼3% to 7%, and brittle systems
remain below ∼2%. For more information, see Supplemental
Material [59].

Up to this point, we have focused on the role of epoxy func-
tional groups. We now turn to the effect of hydroxyl groups
on the ductility and fracture behavior of GO. In simulations
performed with PBE-MACE-FT, particularly for systems with
oxidation levels above ∼25% and OH/O ratios greater than 1,
we observe hydroxyl detachment accompanied by the forma-
tion of water molecules. This behavior is illustrated in Fig. 5
for GO with 40% oxidation and OH/O = 2.5. A representa-
tive local configuration containing two neighboring hydroxyl
groups (vicinal diols) is shown in Fig. 5(c), which corresponds
to the shaded area of Fig. 5(a). This local configuration trans-
forms according to the reaction path shown in Figs. 5(c)–5(g).
One of the hydroxyl groups detaches from the carbon ring,
as shown in Fig. 5(d), followed by the formation of a water
molecule, while the remaining oxygen atom reconfigures into
an epoxy group [Fig. 5(e)]. We refer to this sequence as a
dehydration process, which can occur during energy min-
imization, equilibration, or deformation. At later stages of
deformation, around ε = 0.08 and near fracture [Fig. 5(f)],
this epoxy group further transforms into an ether configura-
tion. In Fig. 5(g) we show the same ether configuration at the
fracture point.
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This hydroxyl detachment mechanism is consistent with
previous theoretical studies reporting the intrinsic instability
of vicinal diols in GO [67]. In our simulations, however, the
process proceeds further through proton transfer and water
formation, introducing a pathway for the creation of new
epoxy groups. Its occurrence increases with both oxidation
level and hydroxyl content, as higher concentrations favor
unstable hydroxyl arrangements.

As a representative example, in the 40% oxidation sys-
tem with OH/O = 3, the OH/O ratio decreases from ∼3,
in the initial structure to ∼2.0 after NPT equilibration and
to ∼1.8 near fracture, while the amount of formed water
reaches approximately 8%. In contrast, for the 25% oxidation
system with OH/O = 3, the OH/O ratio is ∼2.9 after equi-
libration, ∼2.7 at fracture, and the water formation remains
below 1%.

We want to emphasize that the above dehydration process
is only captured by the PBE-MACE-FT models as it was
completely absent in the stress strain dynamics modeled with
the ReaxFF force field. Since all systems were simulated
at the same temperature and strain rate, while dehydration
becomes substantially more pronounced at high oxidation lev-
els and OH/O ratios, the observed differences are primarily
associated with the local chemical composition rather than
with differences in the simulation conditions. Moreover, a
substantial decrease in the OH/O ratio is already observed
during NPT equilibration, before the tensile deformation be-
gins, indicating that the dehydration process is not exclusively
induced by the applied strain or the relatively high MD strain
rate. Nevertheless, the strain rate may influence the extent
and kinetics of dehydration during deformation. The results
reported here were obtained within the PBE approxima-
tion to the exchange-correlation functional. The dehydration
process observed here involves local covalent-bond rearrange-
ments and proton transfer between neighboring hydroxyl
groups, whose energetics are primarily governed by the local
chemical bonding environment. Dispersion interactions may
nevertheless affect the relative stability and spatial arrange-
ment of neighboring functional groups and, consequently,
the hydrogen-bond network involved in proton transfer. The
use of other exchange-correlation approximations, including
meta-GGA, dispersion-corrected, and hybrid functionals, may
therefore quantitatively affect these energetics. However, pre-
vious benchmark calculations have shown that adding D3
or Tkatchenko-Scheffler dispersion corrections to PBE has
only a minor effect on proton-transfer barriers [68]. There-
fore, while the quantitative energetics may depend on the
choice of functional, the qualitative picture of the dehydration
mechanism reported here is not expected to be substantially
altered.

IV. CONCLUSION

In this work, we systematically investigated the ef-
fect of oxidation level and hydroxyl-to-epoxy ratio on
the mechanical response of GO using both a classical
force field (ReaxFF) and a fine-tuned machine learn-
ing potential (PBE-MACE-FT). Our study spans a broad
range of oxidation levels (10%–40%) and functional group
compositions, covering conditions close to experimental

observations while extending to regimes—particularly high
OH/O ratios—that remain largely unexplored in previous
studies.

Consistent with prior literature, both models predict a
decrease in Young’s modulus and UTS with increasing
oxidation, reflecting the progressive disruption of the sp2

carbon network due to sp3 rehybridization. However, sig-
nificant differences emerge in the sensitivity to functional
group composition. The PBE-MACE-FT results show a rel-
atively weak dependence on the OH/O ratio, with smooth
and consistent trends across all oxidation levels. In contrast,
ReaxFF exhibits a strong and irregular dependence on func-
tional group distribution, systematically overestimating both
Young’s modulus and UTS and amplifying variations at fixed
oxidation.

The effect of oxidation and functionalization on ductility
reveals a more complex behavior. Contrary to the common
assumption that increasing oxidation enhances ductility in
epoxy-rich systems through the epoxy-to-ether transforma-
tion, our results show that this trend does not hold at low
oxidation levels, where the response remains predominantly
brittle. Overall, oxidation has a weaker and less systematic
influence on ductility compared to its clear impact on stiffness
and strength. While ReaxFF reproduces qualitatively similar
trends at low oxidation, it predicts an artificial increase in
ductility at higher oxidation levels, indicating limitations in
its description of fracture mechanisms.

At the atomistic level, PBE-MACE-FT provides addi-
tional insight into the mechanisms governing fracture. While
the epoxy-to-ether transformation remains a key strain-relief
mechanism in epoxy-rich systems, we identify a competing
pathway in hydroxyl-rich environments involving hydroxyl
detachment and water formation. This process can occur al-
ready during minimization, equilibration, and deformation,
and becomes more pronounced at higher oxidation levels and
OH/O ratios. These observations show a clear correlation
between the increasing activity of the hydroxyl detachment
pathway and the reduced ductility of highly oxidized OH-
rich systems. Unlike the epoxy-to-ether transformation, which
preserves oxygen within the lattice as a bridging group and
facilitates strain accommodation, hydroxyl detachment and
water formation involve stronger local bond rearrangements
and are associated with increased structural disorder. As a
result, this competing mechanism promotes earlier failure
and contributes to the decrease in fracture strain with in-
creasing oxidation. This behavior is not captured by ReaxFF
as it is unable to describe hydroxyl detachment and water
formation.
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