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Negative Poisson’s ratio in graphene oxide

Jing Wan,a Jin-Wu Jiang*a and Harold S. Parkb

We perform molecular dynamics simulations to investigate the Poisson’s ratio of graphene oxide. We find

that the Poisson’s ratio can be effectively tuned by increasing the degree of oxidation of graphene oxide.

More specifically, the Poisson’s ratio decreases linearly from positive to negative with increasing oxidation,

turning negative at room temperature for a degree of oxidation of 0.27, and reaching a value of −0.567
for fully oxidized graphene. The oxidation dependence of the Poisson’s ratio is attributed to the tension-

induced suppression of the ripples resulting from the oxidation, whose amplitude increases with increas-

ing oxidation. Finally, we also demonstrate the temperature dependence of the Poisson’s ratio in the

graphene oxide.

I. Introduction

The Poisson’s ratio is the ratio of the resultant lateral strain to
applied longitudinal strain. Most materials will contract in the
lateral direction when they are stretched, resulting in a positive
value for the Poisson’s ratio. However, the Poisson’s ratio is
allowed to have a negative value within the classical elastic
theory. For instance, the Poisson’s ratio is limited to the range
of −1 < ν < 0.5 for isotropic three-dimensional materials.1

Negative Poisson’s ratios (NPRs) are desirable properties for
bulk materials, because they enable unique behaviors such as
enhanced sound and vibration absorption,2 enhanced indenta-
tion resistance,3 enhanced toughness,4 and increased plane
strain fracture resistance and increased shear modulus.5 Due
to the significant interest in finding materials with these
unique properties, many researchers have illustrated that
various materials do exhibit NPR, including in crystalline
SiO2,

6 cubic metals,7 ceramics,8 etc., where the intrinsic NPR
may emerge from a combination of the atomic structure and
the type of bonding for a given material.7,9 Besides intrinsic
NPR, NPR can be achieved through specific engineering of the
structure, for example in permanent compressed metal
foam,10 cellular structures,11,12 hinged frameworks,13 origami
structures,14,15 and low porosity metallic periodic structures.16

While most NPR research has focused on bulk materials
and structures, the field of NPR in nanomaterials has begun to
emerge in recent years.17 Hall et al. found that the in-plane
Poisson’s ratio of carbon nanotube sheets (buckypaper) can be

tuned from positive to negative by mixing single-walled with
multi-walled nanotubes.18 Yao et al. found that NPR might be
possible in single-walled carbon nanotubes by substantial
modifications of some structural parameters of bonding
strength using the valence force field model.19 The Poisson’s
ratio for metal nanoplates can be made negative by
a surface stress-induced phase transformation.20 NPR was
found to be intrinsic in single-layer black phosphorus due
to its puckered configuration.21–23 NPR was also predicted
to be intrinsic for few-layer orthorhombic arsenic using first-
principles calculations.24

As one of the most widely studied low-dimensional nano-
materials, graphene has also been found to exhibit NPR.
The intrinsic NPR for single-layer graphene is a nonlinear
phenomenon occurring at tensile strains larger than 6%.25

The Poisson’s ratio in graphene can also be changed into a
negative value by some specific patterning. For instance, it has
been shown that randomly oriented cuts,26 periodic voids,27

and pre-designed graphene kirigami28 (kirigami (‘kiru’ cut;
‘ori’ fold; ‘kami’ paper) is the art of folding and cutting paper
into beautiful and complex structures; the phrase ‘graphene
kirigami’ indicates the application of this idea to graphene29,30)
will cause NPR for graphene. Meanwhile, out-of-plane rippling
is another important mechanism to induce NPR for graphene,
as the ripples will be flattened out during the in-plane stretch-
ing of graphene. It was found that the Poisson’s ratio for
graphene can be driven into the negative regime by thermally
induced ripples at high temperatures above 1700 K,31 or
vacancy-induced ripples,32 or compressive edge stress-induced
ripples,33 or hydrogenation-induced ripples.34

Graphene oxide (GO) is an important chemically functiona-
lized derivative of graphene. Specifically, GO membranes have
shown great potential in many applications such as trans-
parent conductors,35,36 chemical sensors,37 capacitors,38 polymer
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composites,39 batteries,40 biosensors,41 water desalination
and purification.42,43 For more details on the application
of GO, readers are referred to some comprehensive reviews,
e.g. ref. 37, 44 and 45.

Several experiments have observed substantial rippling in
the GO,46,47 which can affect its mechanical properties.48 In par-
ticular, these ripples in GO reduce the Young’s modulus of GO
papers up to 60%.47 According to the above studies on the
ripple-induced NPR in graphene, the ripples in GO should
strongly impact its Poisson’s ratio, and may even induce a NPR
in GO. Furthermore, the degree of oxidation is an important
factor for the tuning of many physical or mechanical properties
in GO,49–51 including the insulator–semiconductor–semimetal
transition52 and the electrical conductivity.53 Hence, it is of
practical importance to examine the possible NPR in the GO
and investigate the dependence of the Poisson’s ratio on the
degree of oxidation in the GO, which comprise the focus of the
present study. In this paper, in order to quantify the oxidized
area in GO, the degree of oxidation (p) is defined as the ratio of
the number of the oxidized carbon atoms to the total number
of carbon atoms. In experiments, it is observed that the degree
of oxidation in GO can exceed 80%.54

In this paper, we calculate the Poisson’s ratio of GO with
different degrees of oxidation, and focus on identifying the
relationship between the Poisson’s ratio and the degree of oxi-
dation. We find that the Poisson’s ratio decreases linearly from
positive to negative with the increase of the degree of oxidation
in the range p ∈ [0, 1.0], where the most negative value for the
Poisson’s ratio is −0.567 for fully oxidized graphene (i.e., p =
1.0). The underlying mechanism for the reduction of the
Poisson’s ratio is the suppression of the oxidation-induced
ripples during the stretching of the GO. The temperature effect
on the Poisson’s ratio is also studied for GO of various degrees
of oxidation.

II. Structure and simulation details

Fig. 1 shows the structure for GO of dimension 20 × 20 nm.
The epoxy and hydroxyl groups (of ratio 2 : 3) are distributed

onto both sides of graphene, which can result in structures
with lower energy.55,56 More specifically, in the fully oxidized
graphene, i.e., the degree of oxidation p = 1, the epoxy groups
are first distributed onto both sides of graphene randomly,
followed by the addition of hydroxyl groups in an alternating
manner as shown in Fig. 1(a).57 This alternating distribution
can result in a structure with lower energy.56 Fig. 1(a) shows
the resultant configuration for the fully oxidized graphene, i.e.,
with a degree of oxidation p = 1. The side view clearly shows
that the functional groups are uniform on both sides of the
graphene sheet. The top view shows that the functional groups
are uniform in the plane of the graphene sheet, i.e. the x–y
plane.

In the resultant configuration, the oxygen atoms in the
hydroxyl group are on top of the carbon atom with a distance
of 1.5 Å, and the position of the hydrogen atoms are at 1.0 Å
above the oxygen atoms. Epoxide oxygens are on top of the
middle of carbon–carbon bonds with a distance of 1.3 Å. The
degrees of oxidation are p = 0, 0.175, 0.6125 and 1.0 for these
four configurations shown in Fig. 1(b), all shown at room
temperature. For a given degree of oxidation p, the structure is
obtained by randomly removing (1 − p) groups from the fully
oxidized graphene, so that the structures of different degrees
of oxidation are comparable.

Due to the functionalization of graphene, clear evidence of
oxidation-induced rippling in the GO can be observed as
shown in Fig. 1. The height of the ripples in the z-direction
increases with increasing degree of oxidation, which will be
quantified in the next section. We note the existence of ther-
mally-induced ripples in the pure graphene (p = 0), the heights
of which are considerably smaller than the oxidation-induced
ripples. Furthermore, there are obvious regional differences in
the z-coordinates in the fully oxidized graphene. The configur-
ation of the fully oxidized graphene (p = 1.0) shown in Fig. 1(b)
appears similar to the first vibrational mode of the graphene
oxide, where periodic boundaries have been applied in both
x and y directions. It is because the first vibration mode has
the lowest frequency, so it will make a predominant contri-
bution to most thermally-related quantities.58,59 Our results
indicate that the functional groups may assist the excitation of
the first vibrational mode.

To determine the Poisson’s ratio, we applied tensile mech-
anical strain along the x (armchair)-direction, while the struc-
ture was allowed to fully relax in the y (zigzag)-direction using
molecular dynamics (MD) simulations. Periodic boundary
conditions were also applied in the y-direction, while both
ends in the x-direction were translated rigidly to apply the
tensile deformation to the GO. The standard Newton equa-
tions of motion are integrated in time using the velocity
Verlet algorithm with a time step of 1 fs. In this work, the MD
simulations were performed using the Sandia-developed open
source code LAMMPS.60

The optimized potentials for liquid simulations-all atoms
(OPLS-AA) force field is used to describe the interaction
between functional groups and graphene.61 This force field
has previously been used successfully to simulate graphene

Fig. 1 Structure for graphene oxide of size 20 × 20 nm at room
temperature. (a) The configuration of the functional groups on the fully
oxidized graphene. The left panel is the view of groups above graphene.
The right panel is the view of groups below graphene. The red color
atom is the oxygen atom, and the yellow color atom is the hydrogen
atom. (b) The left top panel shows pure graphene (i.e., the degree of
oxidation, p = 0). The other three panels show graphene oxide with p =
0.175, 0.6125, and 1.0, respectively. The color bar is with respect to the
z-coordinate of each atom.
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oxide.62,63 The harmonic interactions are used to describe
both bond stretching and angle bending. Dihedral interactions
are described by the OPLS potential.64,65 van der Waals inter-
actions between atoms are described by using a 12-6 Lennard-
Jones (LJ) potential. The parameters of the LJ potential for the
O–O interaction are εO–O = 0.1553 kcal mol−1 and σO–O =
3.166 Å.66 For the C–C LJ potential, the parameters are εC–C =
0.0553 kcal mol−1 and σC–C = 3.4 Å.67 The LJ potential para-
meters for the C–O interaction are obtained following the
Lorentz–Berthelot combining rules.66

III. Results and discussion

We first show in Fig. 2 the resultant strain in the y-direction
for a given applied strain in the x-direction for GO at room
temperature. The Poisson’s ratio is obtained as the slope of the
curve in the small strain range εx ∈ [0, 0.01]. The mechanical
response, and also the Poisson’s ratio, is clearly sensitive to
the degree of oxidation. The obtained values for the Poisson’s
ratio are 0.234, 0.064, and −0.505 corresponding to the
degrees of oxidation of 0, 0.175, and 0.875, respectively. As can
be seen, the Poisson’s ratio becomes negative between oxi-
dation degrees of 0.175 and 0.875. We show later that the exact
degree of oxidation at which the Poisson’s ratio becomes nega-
tive at room temperature is about 0.27.

To understand the NPR in the GO with a high degree of oxi-
dation, we point out that the GO shown in Fig. 1 looks similar
to a wrinkled paper sheet. It is well known that a highly
wrinkled paper sheet will exhibit a significant NPR due to the
suppression of the ripples during the stretching process.32,68

This behavior was attributed to the disorder-related auxetic
egg-rack mechanism, rather than the intrinsic properties of
the paper itself.69 It is thus possible that the NPR of the GO is
induced by the oxidation-induced ripples.

To verify the oxidation-induced ripple effect on the NPR in
GO, we present some snapshots in Fig. 3 for the configuration
of GO with a degree of oxidation p = 0.6125 during the stretch-
ing process, where the figure color bars indicate the atomic
coordinates in the z-direction. As can be seen, the rippling
amplitude decreases markedly with increased tensile de-
formation, which implies flattening of the initial oxidation-
induced ripples. To provide a more quantitative description
for this flattening of the ripple, we simplify the configuration
of the ripple by a three-dimensional tetrahedron structure
shown in Fig. 4(a). The dihedral angle for the tetrahedron
reflects the amplitude of the ripple. Fig. 4(b) shows that the di-
hedral angle decreases during the stretching of the GO, which
results in the expansion of the structure in the y-direction,
indicating a NPR phenomenon. It should be noted that these
out-of-plane ripples in GO can induce in-plane NPR during the
in-plane stretching, but the Poisson’s ratio is positive in the
out-of-plane direction.

Fig. 2 The resultant strain in the lateral direction versus the applied
strain along the longitudinal direction at room temperature during the
stretching of the graphene oxide with degrees of oxidation p = 0, 0.175,
and 0.875.

Fig. 3 Structural evolution of the ripples in the graphene oxide with a
degree of oxidation p = 0.6125 during stretching. The color bar is with
respect to the z-coordinate of each carbon atom.

Fig. 4 A simplified geometrical model for the ripple. (a) The ripple is
represented by the tetrahedron ABCD. The dihedral angle between the
planes ACB and ACD quantifies the amplitude of the ripple. (b) The di-
hedral angle versus the applied strain. The color bar corresponds to the
z-coordinate of each carbon atom.
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Fig. 5 shows the dependence of the Poisson’s ratio on the
degree of oxidation in the GO at room temperature. The
Poisson’s ratio decreases almost linearly with the increase of
the degree of oxidation, which can be fitted to a linear func-
tion of y = −0.84x + 0.23. This also implies that the Poisson’s
ratio becomes negative for GO with the degree of oxidation
above 0.27. The slope of −0.84 is close to the slope value of
−0.77 for hydrogenated graphene.34 We note that the degree of
oxidation of GO can be controlled in experiments,50,70 and
thus graphene oxide samples with different degrees of oxi-
dation can be prepared. As recent experiments have demon-
strated the ability to stretch graphene kirigami over a wide
range of uniaxial strains,30 we expect that it will also be poss-
ible to stretch graphene oxide. Based on these experiments, we
believe it will be possible to experimentally stretch and
measure the Poisson’s ratio of graphene oxide in the near
future.

To examine the dependence of the Poisson’s ratio on the
degree of oxidation, we calculate the amplitude of the ripples
in the GO for different degrees of oxidation. We introduce the
following standard deviation of out-of-plane displacement
(〈h〉) to describe the amplitude of the ripples,

hh i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
i¼1;N

ðhi � havÞ2=N
s

; ð1Þ

where hav is the average of all carbon atoms in the z-direction.
Fig. 6 shows that the standard deviation for the out-of-plane
displacements increases monotonically with increasing degree
of oxidation, which can be fitted to the linear function y = 5.3x
+ 1.0. This means that the overall amplitude for the oxidation-
induced ripples is larger in GO with a higher degree of oxi-
dation, which will lead to smaller Poisson’s ratio as the ripples
have a negative effect on the Poisson’s ratio according to Fig. 4.

The rippling of thin sheets is known to lead to NPR,68 and
has been shown to lead to NPR in graphene. An interesting

finding in the present study is that the ripple amplitude
increases monotonically with the increase of the degree of oxi-
dation, which leads to the monotonic decrease of the
Poisson’s ratio as shown in Fig. 5. This is different from the
hydrogenation effect on the Poisson’s ratio of graphene, in
which the Poisson’s ratio decreases in the small hydrogenation
percentage range but increases for larger hydrogenation per-
centages.34 This is because the fully hydrogenated graphene
becomes a crystal structure, so the amplitude of the hydro-
genation-induced ripples will decrease for highly hydrogenated
graphene. However, there is no crystal structure formation
in fully oxidized graphene due to the randomness in the
distribution of the functional groups.54,57 Furthermore, several
experiments have demonstrated that other physical properties
in graphene oxide, including structural and electrochemical
properties, also change monotonically with the increase of the
degree of oxidation in the range (0.3 < p < 0.8).50,53

It should be noted that the substantial regional difference
of the Z-coordinate in GO is due to the oxidation-induced
changes in the interaction between carbon atoms. More
specifically, the chemical doping of the epoxy and hydroxyl
groups leads to the sp2–sp3 hybridization of carbon atoms.
This chemical doping greatly changes the initial equilibrium
force field parameters (bond length, bond angle and dihedral
angles) of carbon atoms. As a result, the carbon atoms in gra-
phene will change their positions in the out-of-plane direction,
as required by the new equilibrium force field parameters.
That is the origin for the increase of the out-of-plane displace-
ment amplitude of carbon atoms with increasing degree of
oxidation.

As a result of the thermal vibrations, there are some ther-
mally-induced ripples in pure graphene. These thermally-
induced ripples (in the left top panel of Fig. 1(b)) are much

Fig. 5 The Poisson’s ratio of graphene versus the degree of oxidation
for graphene oxide at room temperature. Fig. 6 The mean out-of-plane displacement amplitude of carbon

atoms versus the degree of oxidation. hi is the position of the ith atom,
and hav is the averaged position of all carbon atoms in the z-direction.
N is the total atom number.
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smaller than the oxidation-induced ripples (other panels
shown in Fig. 1(b)). In pure graphene the temperature must be
exceptionally high, i.e. around 2000 K, in order to obtain a
negative Poisson’s ratio.31 Thus, the temperature effect is not as
strong as the oxidation effect. Although the thermally-induced
ripples are much smaller than the oxidation-induced ripples in
the GO, the thermally-induced ripples may have a strong effect
on the Poisson’s ratio of GO at high temperatures. We present
in Fig. 7 the temperature dependence of the Poisson’s ratio of
the GO with three different degrees of oxidation, i.e., p = 0,
0.175, and 0.875. The temperature-induced reduction of the
Poisson’s ratio is less than 0.06 for temperature increasing
from 8 K to 500 K. As can be seen, compared with the changes
in the Poisson’s ratio due to oxidation, the changes in the
Poisson’s ratio due to temperature for GO are much smaller.
We note that the value of the Poisson’s ratio for the pure gra-
phene is 0.28 at 8 K as shown in Fig. 7, which is quite close to
the previous value of 0.3 obtained from the Brenner potential.25

IV. Conclusion

In summary, we have calculated the Poisson’s ratio of graphene
oxide using classical molecular dynamics simulations. We find
that the Poisson’s ratio is sensitive to the degree of oxidation; it
decreases from positive to negative with an increase of the
degree of oxidation. The oxidation-induced reduction of the
Poisson’s ratio is attributed to the flattening of the oxidation-
induced ripples in the GO, whose amplitude increases with
increasing GO oxidation. The largest negative Poisson’s ratio we
find is −0.567 when graphene is fully oxidized.
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