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Chemical oxidation of graphite and subsequent exfoliation allow the large-scale production of isolated graphene oxide (GO), in which the
induced oxygen-containing functional groups on GO surface were then removed by means of reduction processes. The residual functional
groups including carbonyl, hydroxyl and epoxy groups as well as the newly formed defects, significantly influence the physical properties
of reduced GO (RGO). Here, RGO structures were generated through a thermal reduction process of GO using molecular dynamics
simulations, in which the transformation of functional groups and the formation of non-hexagonal rings/defects were captured. The results
suggested the formation of two RGO structures with different contents of functional groups at C/O ratios of about 11 and 13. These
structures were obtained using various durations of the thermal reduction process. The dependence of tensile behaviour of RGOs on
the structure and chirality as well as the influence of temperature on the tensile properties of RGOs were also evaluated. It was found that
the strength and Young’s modulus of RGOs decreased as a result of the residual functional groups and newly formed defects, and were

decreased with the environment temperature.

1. Introduction: Graphene materials have attracted tremendous
attention in a wide range of areas due to their excellent mechanical,
thermal, electrical and optical properties [1-5]. Furthermore, the
fact that graphene could easily be produced through the reduction
of graphene oxide (GO), this induces diverse structures of
reduced GO (RGO) with varied contents of oxygen-containing
functional groups including epoxy, hydroxyl and carboxyl groups
[6-8]. Nowadays, RGOs are widely applied in various fields such
as nanoelectronics [9, 10], sensors [11-13], actuators [14], superca-
pacitors [15, 16] and transparent conducting thin films [17, 18].
A number of theoretical and experimental investigations have
been devoted to gain further insights into the understanding of
structural characteristics and mechanical properties of graphene
materials. For instance, Lee ef al. [17] measured the elastic proper-
ties and intrinsic strength of free-standing monolayer graphene
membranes using nanoindentation atomic force microscopy. They
recorded Young’s modulus as 1.0+0.1 TPa and intrinsic stress as
130+ 10 GPa at a strain of 0.25. Chen ef al. [19] prepared RGO
paper by an annealing process and measured the mean Young’s
modulus and tensile strength as 41.8 GPa and 293.3 MPa, respect-
ively. Robinson ez al. [20] tuned the frequency response of sus-
pended membranes through a thermal annealing process and
obtained Young’s modulus of RGO thin films as 185 GPa.
Goémez-Navarro et al. [21] examined the real space atomic reso-
lution of RGO structures and revealed a remarkable amount of topo-
logical defects on RGO sheets after the reduction process. In sum,
though graphene membranes with superior mechanical properties
could be obtained, Young’s modulus for practical RGOs constitutes
only a small percentage of expected values, owing to the presence
of defects in the carbon sheets.

Since the experimental research processes aiming to explain the
relationship between the structure and mechanical properties of
RGOs are quite difficult to achieve, atomistic simulation approaches
based on density-functional theory (DFT) and molecular dynamics
(MDs) have shown their usefulness in addressing the mechanical
behaviour of RGOs. For example, Nasehnia et al. [22] examined
the electronic structure and linear optical properties of oxygen-
functionalised graphene using DFT. Zhao and Aluru [23] studied
the variation of ultimate strength in graphene as a function of
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temperature, strain rate and crack length, using MD simulations.
Zhang et al. [24] estimated Young’s modulus, interlayer shear
modulus and ultimate tensile strength of bilayer graphene films
coupled by sp3 bonding, using MD simulations. Finally, Wang
and Zhang [25] calculated the mechanical deformation of a gra-
phene bilayer under in-plane tensile or compressive loadings
using atomistic MD simulations. Overall, the above-utilised simula-
tions to estimate Young’s modulus and elastic strength agreed well
with the experimental data, hence validating the accuracy of atom-
istic MD simulations. Recently, Fonseca et al. [26] confirmed that
MD simulations based on reactive force field provide better
overall results.

In addition to predicting the mechanical properties of pure gra-
phene, MD simulations are also aimed to clarify how the functional
groups affect the structural and mechanical behaviours of RGOs.
With respect to this, Paci e al. [27] employed MD simulations to
examine the behaviour of GOs on heating to room and thermal re-
duction temperatures. Abolfath and Cho [28] employed MD simula-
tions to study the chemical reduction process of GOs in
environments enriched with hydrogen. Both MD and DFT calcula-
tions were exploited by Kumar et al. [29] to assess the influence of
various functional groups on stability, work function and photolumi-
nescence of RGOs. Their results demonstrated a significant tunabil-
ity in the work function of RGOs up to 2.5 eV when the composition
of oxygen-containing functional groups was altered at fixed oxygen
concentration. Recently, Dewapriya et al. [30] studied the effects of
hydrogen functionalisation on fracture strength of RGO using MD
simulations and classical continuum concepts. Furthermore, com-
bined effects of functional groups, lattice defects and edges on infra-
red spectra of GO, were examined by means of first-principle
calculations [31]. Wang et al. [32] studied the effects of the struc-
tural characteristics of GO on the mechanical properties and
failure mechanisms along both the armchair and zigzag directions
using MD simulations. Wei et al. [33] explored the mechanical
behaviour of GO sheet subjected to equibiaxial tension using
density-functional-based tight-binding modelling. Finally, Lawson
and Beregszaszy [34] estimated the binding energies of mono and
bilayers graphene sheets coated with up to 24 oxygen atoms sequen-
tially added to one surface of a monolayer and bilayer.
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As discussed above, though atomistic structures of RGOs pre-
pared by thermal and chemical reduction processes were studied
by MD simulations, insufficient research still exists with regard to
effects of the atomic structure of RGOs on their resulting mechan-
ical behaviours. Owing to the variations in RGO structures arising
from differences in the reduction methods, more realistic models
integrating the functional groups and lattice defects are required
for proper interpretation of the mechanical behaviours of the result-
ing materials. In this Letter, the atomic-scale structures of realistic
RGOs were evaluated by means of atomistic MD simulations in
an effort to provide useful insights into the effect of functional
groups and lattice defects on the mechanical behaviours of the
resulting materials. These results may also help in gaining a
better understanding of the RGO thin films.

2. Models and methods: All MD simulations were conducted with
an large-scale atomic/molecular massively parallel simulator
program [35]. ReaxFF (‘reactive force field”) was employed to cal-
culate the potential energy of the system in MD simulations. The
ReaxFF is a bond-order-based force field developed by Duin
et al. [36] at the California Institute of Technology. The method
employed distance-dependent bond-order functions to display the
chemical bonding contributions to the potential energy, and allow-
ing the continuous bond formation/breaking. In this Letter, ReaxFF
was used to study the structural evolution of graphene materials at
different temperatures, where the qualitative agreement with the ex-
perimental data was previously demonstrated [37]. Briefly, the
thermal reduction process of GO and mechanical properties of the
obtained RGOs at different temperatures were calculated by
ReaxFF using both force fields features. The energy terms of the
total potential energy for each force field are described below.

First, the total potential energy in ReaxFF force field was com-
puted as the sum of various energy terms

Etotal = Ebond + Eover + Eval + Etors + EVdW + Ecoul (1)

where Evong, Eovers Evals Etorss Evaw and E.qy are the respective
energies of the bond, over coordination, angle, torsion, van der
Walls and Coulomb interactions.

As discussed in previously published MD simulation reports
[36, 38], the GO structures formed by carbonyl, hydroxyl and
epoxide groups distributed in a disordered manner on basal
planes were found to be the best model describing the experimental
data. Accordingly, GO structures decorated with disordered
carbonyl, epoxy and hydroxyl groups were designed and produced
(Fig. 1). The primary GO sheet was 5 nmx5 nm decorated with
30 epoxy groups, 60 carbonyl groups and 45 hydroxyl groups.
Hence, the total number of atoms on the GO sheet was 1110 includ-
ing 930 carbon atoms, 135 oxygens and 45 hydrogens, resulting in a
typical C/O ratio range of GO around 6.88 [39]. It is important to
note that due to limitations in the simulation timescale, the struc-
tural transformation during thermal reduction, as well as the mech-
anical performance calculated based on MD simulations should be
considered qualitative as opposed to quantitative in nature.

3. Results and discussion: Before the reduction process, a
preliminary energy minimisation of GO structures with a stopping
tolerance of 1x107'" for both force and energy was performed,
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Fig. 1 Primary GO structure for thermal reduction

Micro & Nano Letters, 2017, Vol. 12, Iss. 9, pp. 638-642
doi: 10.1049/mnl.2017.0072

which then was followed by multistep MD simulations of thermal
reduction process of GO. First, the system containing the relaxed
GO was further released under periodic boundary condition in a
canonical constant temperature and constant pressure (NPT)
ensemble with a Nose—Hoover thermostat for temperature control
at 300 K and time step of 0.25 fs. During this process, the total
number of atoms, system pressure and temperature remained
unchanged. The temperature of the system was then raised at a
rate of 3 K/ps until reaching 1500 K. Next, the system was
maintained for a certain time (100 and 200 ps) at 1500 K to allow
the formation of RGO. The NPT ensemble allows control over
both the temperature and pressure. The unit cell vectors are
allowed to change and the pressure is adjusted by adjusting the
volume. This ensemble is chosen because the correct pressure,
volume and densities are important in the present simulations.

In this Letter, two RGO structures with different reduction
degrees named as RGOI and RGOII, were obtained over the
thermal reductions of 100 and 200 ps, respectively. Afterwards,
the system was cooled down to 300 K at a rate of 3 K/ps over a
time interval of 40 ps. Finally, the obtained RGO structures were
fully relaxed to confirm stable structures. The detailed vertical
views of both RGOI and RGOII structures are depicted in
Figs. 2a and b, respectively. Yet, it should be pointed out that the
surface wrinkle degree of RGO sheets was further intensified
after the reduction process.

For clear comparisons, the number of functional groups and
defects available on primary GO and subsequent RGOs are listed
in Table 1. After thermal reduction process, some of the oxygen
and hydrogen atoms are exfoliated from the primary molecules
and form new molecules, while some of them are exfoliated out
of the GO structure. It was shown that the number of carbonyl,
epoxy and hydroxyl groups decreased in both RGO structures,
leaving room to the formation of a new type of oxygen-containing
groups, namely ethers. Furthermore, some non-hexagonal rings and
defects emerged in the structures after the thermal reduction
process. Since the carbonyl, epoxy and hydroxyl groups have dif-
ferent molecular structures, the numbers of these groups can be
counted from the integral structure of the RGO after the reduction
process.

By comparing the number of functional groups and defects in
RGOI and RGOII, it was found that removal amount of previous
oxygen-containing groups and formed groups related ethers,

3. 3. ambered
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Fig. 2 Structures of RGO induced by thermal reduction processes over
a 100 ps
b 200 ps
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Table 1a Number of functional groups and defects recorded on GO and
RGO surfaces

Type Atom number Carbonyl Epoxy Hydroxyl
GO 1110 60 30 45
RGOI 1054 35 25 7
RGOII 1016 42 7 1
Table 1b

Ether Non-hexagonal ring Defect
GO — — —
RGOI 20 5 7
RGOIL 22 8 13

non-hexagonal rings and defects increased in numbers as the reduc-
tion time increased. Briefly, the C/O ratio of RGO rose to 10.98 and
12.92 after reduction periods of 100 and 200 ps, respectively.
Previously reported experimental data suggested that GO at C/O
ratio of 4: 1-2: 1 could be improved to ~12 : 1 after the reduction
process [8, 39-41]. Therefore, the C/O ratios of obtained RGO
structures were found to agree well with the experimental data.
To study the mechanical behaviour and fracture characteristics of
RGOs, tensile tests of primary GO and obtained RGO structures
were performed using MD simulations. The tensile tests of pure gra-
phene structures with the same size as RGOs were also simulated to
confirm the accuracy of the present simulation method. The deform-
ation controlled uniaxial tensile tests at a strain rate of 0.002 s~
along both the armchair and zigzag directions of the structures
were thus examined. The strain increment is applied to the structure

after every 10,000 time steps with the step size of 0.1 fs. It should
be noted that the simulated strain rate is several orders of magnitude
higher than typical experimental strain rates. This is due to the fun-
damental limitation on the time scale of MD simulations, but is
necessary to obtain significant amount of deformation within a
reasonable computation time. Although the strain rate is 5 orders
of magnitude higher than the experimental values, the overall
characteristics of structures to deformation can be well captured.
The velocity-Verlet algorithm is employed to integrate the equa-
tions of motion. The pressure component perpendicular to the
loading direction is controlled to maintain the uniaxial tensile con-
dition. The dimension of the simulation box along the tensile direc-
tion is changed at the constant strain rate, while the dimension along
the direction perpendicular to the tensile direction is free to shrink.

The tensile stress of the materials was calculated by dividing the
applied load by the cross-sectional area

F F
T4TLD @
where L and D represent the length and thickness (0.34 nm) of
RGO, respectively. The total force F' is calculated by summing
the forces of all atoms on the loaded end. Tensile stress—strain
curves of graphene materials along the zigzag and armchair direc-
tions are plotted in Figs. 3 and 4.

The Young’s modulus, E, can then be calculated by dividing the
tensile stress by extensional strain in elastic portion of the stress—
strain curve

o F/LD
Te Al

€)

where /y and A/ are the initial length and extension of the material
along the tensile direction, respectively. In these curves, the elastic
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Fig. 3 Tensile stress—strain curves and fracture morphology of graphene materials under tensile loading along zigzag direction

£ (%) graphene

RGOII

100 - graphene
-~ GO
80
o — RGOI 12:5
560 — RGOII
% 40
W
£20
0 ']
00 01 02 03 2%
stramn

Fig. 4 Tensile stress—strain curves and fracture morphology of graphene materials under tensile loading along armchair direction

640
© The Institution of Engineering and Technology 2017

Micro & Nano Letters, 2017, Vol. 12, Iss. 9, pp. 638-642
doi: 10.1049/mnl.2017.0072



Table 2 Tensile strength and Young’s modulus of various graphene
materials

Type Strength, GPa Young’s modulus, TPa
Zigzag Armchair Zigzag Armchair
graphene 78 96 1.1 1.3
GO 35 29 0.29 0.18
RGOI 23 26 0.15 0.12
RGOIL 21 27 0.15 0.12

strain is considered as 0.05. The tensile strength and calculated
Young’s modulus of graphene materials are listed in Table 2.

The values of the tensile strength of graphene along the zigzag
and armchair directions were estimated as 78 and 96 GPa, respect-
ively (Table 2). Meanwhile, the respective Young’s modulus values
of pure graphene along the zigzag and armchair directions were
estimated to 1.1 and 1.3 TPa. These data agreed well with the
experimental results [42]. Yet, the oxygen-containing functional
groups and defects significantly influenced the tensile properties
of GO and RGO. Specifically, the tensile strengths of GO along
the zigzag and armchair directions were reduced by, respectively,
55 and 70%, when compared with the tensile strength of pure
graphene.

According to the simulation results, the thermal reduction
process may also influence the mechanical properties of RGO as
additional defects were formed after long periods of thermal reduc-
tion. As a result, the tensile strength and Young’s modulus of RGO
values along the zigzag direction decreased by about 34 and 48%,
respectively. By contrast, the tensile strength and Young’s modulus
of RGO along the armchair direction declined by only 7 and 33%,
respectively.

The combined effect of functional groups and defects on the
mechanical behaviour of graphene materials were also discussed
in terms of deformation and fracture characteristics. The structural
evolution and fracture of graphene materials under tensile loading
are described in Figs. 3 and 4. For pure graphene structures, exten-
sional strain reaching 12.5% led to the formation of shear band on
the graphene sheet, which, in turn, caused the material to yield. At
strains of 25%, pure graphene was fractured along the shear band.
For GO and RGO structures, extensional strains reaching 12.5%
induced enlargement of previous defects, as well as led to the for-
mation of some initiated additional cracks. Afterwards, weak cross-
sections took place that resulted in fractures of the carbon sheets
with increasing strains.

In the present Letter, the RGO possessed lower tensile properties
along the zigzag direction caused by weaker cross-sections under
loading. By contrast, RGO structures were fractured by discrete
defects under tensile loading along the armchair direction.
Therefore, the tensile strengths of RGO structures along the arm-
chair direction were slightly higher than that obtained along the
other direction.

The dependence of both the tensile strength and Young’s
modulus of RGOs on the environment temperature were also exam-
ined, and the results are gathered in Fig. 5. In general, the tensile
strength and Young’s modulus of RGOs decreased as the tempera-
ture rose. However, while the elastic strength declined uniformly as
a function of temperature, Young’s modulus decreased in a two-
stage trend.

First, it is found from the curves in Fig. 5a that there is an inflec-
tion point at temperature of about 1900 K. Then, further simulations
at temperatures of 2300 and 2700 K were performed. The strength
shows significant decrease relative to the strength at temperature of
1900 K.

Then, as exhibited by Fig. 5b, Young’s modulus of RGOs
decreased slightly as temperature increased up to about 1900 K,
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Fig. 5 Influence of temperature on
a Tensile strength
b Young’s modulus of RGOs

though the critical temperature for RGOI along the zigzag direction
was around 1500 K. For instance, when the environment tempera-
ture reached 1900 K, Young’s modulus of RGOI along the arm-
chair direction was 102 GPa, which was ~30% lower than the
value obtained at room temperature. Beyond that, Young’s
modulus reduced significantly to 44 GPa, suggesting that the mater-
ial became much weaker at this temperature. Moreover, the tensile
strength of RGOI along the armchair direction at 2300 K was esti-
mated to about 47%, which was less than the value registered at
room temperature.

4. Conclusion: This account presented the structural evolution
characteristics and mechanical behaviour of RGOs using MD
simulations. The transformation of oxygen-containing functional
groups and formation of non-hexagonal rings and defects were
tracked from the evolutionary trajectory of RGO structures during
thermal reduction processes. From the obtained RGO structures,
it was shown that the number of carbonyl, epoxy and hydroxyl
groups decreased after the thermal reduction process, leaving the
room for the formation of a new type of oxygen-containing
functional groups, namely ethers. Moreover, the removal amount
of previous oxygen-containing groups, ether  groups,
non-hexagonal rings and defects increased in numbers as a
function of the reduction time. The C/O ratios of the obtained
RGO structures were estimated as 10.98 and 12.92 after reduction
periods of 100 and 200 ps, respectively. The effect of residual
functional groups on the mechanical behaviour of RGO layers
was also analysed. The structural evolutionary trajectory
observations revealed the expansion of defects fractures in RGOs.
Finally, examination of the dependence of mechanical properties
of RGOs on chirality and temperature indicated that the tensile
strength and Young’s modulus of RGOs decreased as the
temperature rose.
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