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I
n recent years, grapheneOa single
layer of carbon atoms arranged in a
honeycomb lattice structure1Ohas

emerged as a promising material for novel
applications in nanoelectronic and spin-
tronic devices,2,3 sensing,4 and energy stor-
age technologies.5 Among several tech-
niques used to produce graphene-based
sheets, the chemical treatment of function-
alized graphitic compounds such as
graphene oxide (GO) is an efficient and ver-
satile option.6 Apart from being a precur-
sor for graphene, GO itself can be useful in
flexible electronics,7 in battery electrodes,8

and as a paper-like composite material.9�12

Because of its outstanding mechanical
properties, GO has attracted significant in-
terest as a building block for novel applica-
tions in composites,9,10 transparent paper-
like materials,11,12 mechanical actuators,13

nanorobots,14 and nanoelectromechanical
systems.14 GO composites are typically fab-
ricated from colloidal suspensions of GO
sheets in water.15,16 X-ray diffraction mea-
surements suggest that the composite ma-
terial has a layered structure with a mean in-
terlayer distance in the range of 6�11
Å.11,17,18 Since GO is hydrophilic, interlamel-
lar water molecules are always present in in-
terlayer voids even after prolonged dry-
ing.11 Nevertheless, these materials display
remarkable mechanical properties with ten-
sile moduli being in the range of 6�42
GPa and fracture strengths of 100�132
MPa.11,12

Recent experiments have shown that
the large-scale structural, mechanical, and
electronic properties of GO composites are
strongly influenced by atmospheric
humidity.11,17�19 For instance, when the rela-
tive humidity is increased from a negligible
level to 100%, the composite structure
swells in volume by more than 70% due to

the absorption of water17,18 and the tensile
modulus decreases substantially.11 Al-
though a significant amount of work has fo-
cused on characterizing isolated GO
layers,20�23 the atomic-level origins of the
mechanical properties of GO paperOwhich
is composed of stacked GO platelets and in-
terlamellar water moleculesOremain to be
addressed. The key to understanding the
mechanical properties of GO paper lies in
examining the collective behavior of stacked
platelets along with the interlayer adhesive
(water molecules).

In this article, we elucidate the atomic-
level structure and mechanical properties
of GO paper based on molecular dynamics
simulations using the ReaxFF reactive force
field.24 We find that the individual GO plate-
lets are interlinked via a non-uniform net-
work of hydrogen bonds mediated by
oxygen-containing functional groups and
water molecules. A quantitative analysis of
the formation of hydrogen bond networks
further shows that they play a central role in
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ABSTRACT A multilayered composite structure formed by a random stacking of graphene oxide (GO) platelets

is an attractive candidate for novel applications in nanoelectromechanical systems and paper-like composites.

We employ molecular dynamics simulations with reactive force fields to elucidate the structural and mechanical

properties of GO paper-like materials. We find that the large-scale properties of these composites are controlled by

hydrogen bond networks that involve functional groups on individual GO platelets and water molecules within

the interlayer cavities. Water content controls both the extent and collective strength of these interlayer hydrogen

bond networks, thereby affecting the interlayer spacing and elastic moduli of the composite. Additionally, the

chemical composition of the individual GO platelets also plays a critical role in establishing the mechanical

properties of the compositeOa higher density of functional groups leads to increased hydrogen bonding and a

corresponding increase in stiffness. Our studies suggest the possibility of tuning the properties of GO composites

by altering the density of functional groups on individual platelets, the water content, and possibly the functional

groups participating in hydrogen bonding with interlayer water molecules.
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determining the overall morphology and mechanical
properties of GO paper materials. Our predicted struc-
tural and mechanical properties are in good agreement
with experimental observations.

RESULTS AND DISCUSSION
To obtain the atomic-level structure of hydrated

GO at equilibrium, we constructed a periodic supercell
containing four 3.4 nm � 3.0 nm GO platelets. We chose
two chemical compositions of individual GO layers:
C10O1(OH)1 and C10O2(OH)2 (i.e., one and two epoxy and
hydroxyl groups per 10 carbon atoms, distributed ran-
domly on either side of the graphene basal plane).
While a significant control over the overall composi-
tion and the distribution of oxygen-containing func-
tional groups can be achieved during the preparation
of GO, the two cases we have chosen represent a typi-

cal and likely outcome of the oxidation process during
the preparation of GO platelets.25 Using this supercell,
we performed extensive molecular dynamics simula-
tions using the reactive force field ReaxFF in order to
understand the atomic-level structure and the origins
of mechanical properties of GO composites.26,27 See
Methods for a detailed description of the supercell ge-
ometry and the computational procedure to obtain the
equilibrium structure and mechanical properties.

To study the influence of interlamellar water cover-
age on the structure of multilayered GO, we first sys-
tematically varied the water fraction from 1 to 26 wt %.
Figure 1 shows the atomic structure of multilayer GO
with a chemical composition of C10O1(OH)1 obtained
for two different hydration levels; we readily note sev-
eral qualitative differences between the structures at
different hydration levels. When the water content is

negligible (Figure 1a), the composite displays
a more uniform, tightly bound structure with a
small interlayer distance of 5.1 Å. In contrast,
GO at 26 wt % water content displays a signifi-
cantly non-uniform structureOthe individual
layers are separated by clusters of water mol-
ecules, resulting in a large interlayer distance
of 9.0 Å. This observation of the agglomeration
of the water molecules is consistent with the
neutron scattering measurements at high hu-
midity levels that report a significant nonlocal
motion associated with the agglomerated wa-
ter molecules in the clusters.17 A more quanti-
tative analysis of our data shows that the inter-
layer distance for hydrated GO paper varies
linearly with water content, as shown in Fig-
ure 2. When the water content is increased
from negligible levels to 26 wt %, the inter-
layer distance increases from 5.1 to 9.0 Å; the
volume of GO swells by 76%. The variation of
interlayer distance is independent of the
chemical composition of the GO layers and de-
pends only on the water content. We find
that these observations are in excellent agree-
ment with experimental measurements, which
report typical interlayer distances in the range
of 6.0 to 11.0 Å, depending on the relative
humidity.17,18

The humidity-dependent properties of the
GO paper can be understood by examining
the hydrogen bond (H-bond) network be-
tween the interlayer water molecules and the
epoxy and hydroxyl functional groups on indi-
vidual GO platelets. A hydrated GO compos-
ite typically displays various configurations of
the O · · · H bonds, as shown schematically in
Figure 3a. While the donor hydrogen and the
acceptor oxygen atoms are, in general, co-
valently bonded to different functional
groups, the strength of the O · · · H bonds

Figure 1. Atomic structure of hydrated multilayer GO at 300 K containing (a) 0.9 and
(b) 25.8 wt % of water. The individual GO layers are 3.4 nm � 3.0 nm and have a chemi-
cal composition of C10O1(OH)1. The average interlayer distances are (a) 5.1 Å and (b)
9.0 Å. Carbon, oxygen, and hydrogen atoms are represented by gray, red, and white
spheres, respectively.
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shown in Figure 3a is similar. By computing the energy
of interaction between two water molecules connected
by a single H-bond (see Figure 3b), we determined the
optimal O · · · H bond distance to be 2.55 Å with a bond
strength of 320 meV. These values are in agreement
with earlier reported estimates for a typical O · · · H
bond,28 which indicates that the ReaxFF potential is ex-
pected to predict reasonable structural and mechani-
cal properties for materials dominated by H-bonds.

Next, we analyze in detail the nature and extent of
H-bonding within the equilibrated GO structures. Fig-
ure 4a shows the variation of the total number of
H-bonds as a function of water content for chemical
compositions C10O1(OH)1 and C10O2(OH)2. For both
structures, the total number of H-bonds increases al-
most linearly with water content. As expected, the
structure with a chemical composi-
tion of C10O2(OH)2 has more
H-bonds than C10O1(OH)1 at all hy-
dration levels, due to the presence
of twice as many epoxy and hy-
droxyl functional groups that can
participate in the formation of
H-bonds. The H-bonds in the com-
posite structures may be further
subdivided into the following cat-
egories: (1) H-bonds between func-
tional groups attached to the same
graphene sheet (intralayer), (2)
H-bonds between the functional
groups attached to adjacent
graphene sheets (interlayer), and
(3) H-bonds involving water mol-
ecules. These three categories are
displayed separately for the two GO
structures in Figure 4b. At low hy-

dration levels, the H-bond network is dominated by

the bonds between the hydroxyl and epoxy functional

groups (intra- and interlayer). Consequently, the com-

posite attains a compact structure with small interlayer

distances (5�6 Å), as seen in Figure 2. At high hydration

levels, we see that the H-bond network is dominated

by bonds with water molecules. The GO platelets are

now well-separated and do not interact directly with

each other; instead, their interaction is mediated by a

network of H-bonded water molecules.

We further classified the H-bonds involving water

molecules into bonds between a water molecule and a

functional group and the bonds between any two water

molecules, as shown in Figure 5. In the case of GO with
a chemical composition of C10O1(OH)1 (Figure 5a), wa-
ter molecules form H-bonds primarily with epoxy and
hydroxyl functional groups at low hydration levels.
Moreover, due to the low density of functional groups,
water molecules form, on average, either one or zero
H-bonds. With increasing water content, we have more
than one H-bond per water molecule, as seen from Fig-
ure 5a. In other words, some water molecules are
bonded with more than one water molecule or func-
tional group, thereby forming a H-bond network. At the
same time, accumulation of water molecules between
the GO platelets leads to a reduced number of inter-
layer H-bonds, as seen from Figure 4b), and results in a
larger interlayer spacing. As the water content increases
beyond 15 wt %, we see that the H-bond network is
dominated by water�water H-bonds. The GO platelets
are only connected indirectly through chains of water
molecules, as seen in Figure 2. In the case of the
C10O2(OH)2, the formation of H-bond networks is essen-
tially similar with a few minor differences. As seen from
Figure 5b, for low water content, the number of hydro-
gen bonds per water molecule (1.2) is larger than that
for C10O1(OH)1; a larger density of functional groups in

Figure 2. Variation of interlayer distance as a function of
water content for GO with a chemical composition of
C10O1(OH)1 (red) and C10O2(OH)2 (green).

Figure 3. (a) Schematic showing various configurations of hydrogen bonds in the hydrated GO
composite. The horizontal gray lines denote the graphene sheet, while oxygen and hydrogen at-
oms are shown as red and white spheres, respectively. (b) Variation of the O · · · H bond energy (com-
puted as the interaction energy between two water molecules) as a function of bond distance d.
The optimum O · · · H bond distance is 2.55 Å, and the bond strength is 320 meV.
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C10O2(OH)2 implies that some water molecules can
form more than one H-bond with the functional groups.
Again, as in the case of C10O1(OH)1, an extensive H-bond
network is developed at high hydration levels (Figure
5b), resulting in structures with large interlayer
distances.

Finally, we investigate the influence of H-bond net-
works on the mechanical properties of the multilay-
ered GO composite structure. In the experiments char-
acterizing the mechanical properties of these
structures,11 the lateral dimensions of test specimens
(�few centimeters) are much larger than the mean lat-
eral size of GO platelets (�1 �m). In the absence of any
interlayer covalent bonding, the platelets interact with
each other only through H-bond networks. Therefore,
the overall mechanical behavior of the composite is ex-
pected to be governed by the strength of H-bond net-
works. We have estimated the strength of these net-
works by computing the elastic modulus in the
direction normal to the sheets using atomic displace-
ment correlation functions (see Methods). The elastic
modulus is strongly influenced by water contentOit

drops by more than 50% be-
yond 20 wt % water content.
This behavior may be under-

stood as follows. When the struc-

ture is relatively dry, any macro-

scopic deformation essentially

translates to stretching of inter-

layer H-bonds. However, when

there are significant amounts of

water present in the interlayer

space, H-bond stretching is not

the sole mechanism for accom-

modating deformations. Since

the water molecules possess ro-

tational degrees of freedom,

they can also reorient them-

selves (thus breaking and mak-

ing new H-bonds) in response to

the external load. The reorienta-

tion of water molecules thus

minimizes the strain in H-bonds.

We also see from Table 1 that the

C10O2(OH)2 structure consis-

tently exhibits larger values of

the modulus than the C10O1(OH)1

structure at comparable levels

of water content. This

composition-dependent behav-

ior is readily understood by not-

ing that the C10O2(OH)2 structure

has more hydroxyl and epoxy

groups than the C10O1(OH)1

structure, which then allows for

the formation of more H-bonds

between neighboring layers, thereby strengthening in-

terlayer adhesion.

We find that the computed elastic moduli, which
are completely controlled by interlayer H-bond net-
works, are within the range of experimental measure-
ments (6�42 GPa11,12). Moreover, the hydration-
dependent behavior of the computed elastic moduli
shown in Table 1 is also in qualitative agreement with
experiments, which report a decrease in elastic modu-
lus and tensile strength of GO paper subjected to in-
creasing humidity levels.11 However, two important dif-
ferences between the computation of elastic constants
and the experimental measurements should be noted.
Our computational sample consists of stacked GO
sheets of infinite extent and essentially represents a
simplified model of the realistic test specimens. On the
other hand, the realistic test specimens of the GO paper
used in experiments have lateral dimensions of a few
centimeters and consist of randomly stacked
micrometer-sized GO platelets. Moreover, the test
specimens are also characterized by the presence of
micrometer-sized voids separating the platelets.11

Figure 4. Statistics for O · · · H bonds in hydrated GO composites with chemical compositions of
C10O1(OH)1 and C10O2(OH)2 as a function of water content. (a) Total number of O · · · H bonds, and (b)
the fraction of total O · · · H bonds contributed by the different configurations shown in Figure 3a: in-
tralayer and interlayer O · · · H bonds between the functional groups, and O · · · H bonds involving wa-
ter molecules.
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Unfortunately, these realistic length-scales are prohibi-

tively large for fully atomically resolved simulations.

The second noteworthy difference with the experi-

mental measurements is that the realistic test speci-

mens always contain platelets that are crumpled,

folded, and entangled with each other. Consequently,

the direction of load transfer among the neighboring

GO platelets can be along or perpendicular to the mac-

roscopic deformation depending on their local orienta-

tions. Nevertheless, in the absence of interlayer cova-

lent bonding, the overall strength can only be

attributed to the stretching of individual hydrogen

bonds between adjacent platelets. In our model geom-

etry, the elastic modulus that is completely governed

by the stretching H-bond interactions is the tensile

modulus in the direction normal to the GO sheets. We

find that the computed shear modulus is much lower

than the normal modulus, as the epoxy and hydroxyl

groups and water molecules can reorient with relative

ease when the composite structure is subjected to

shear deformation in the direction along the sheets in

comparison with the deformation in the direction nor-

mal to the sheets.

Despite the differences between the model geom-

etry and the realistic test specimens, our model clearly

establishes the role of H-bond networks in determining

the overall structural properties as seen earlier from

the variation of interlayer distance with hydration lev-

els. Our approach also captures the key deformation

mechanism involving the stretching of H-bonds. While

the elastic moduli computed for chemical compositions

C10O1(OH)1 and C10O2(OH)2 of the model geometry are

lower than 20 GPa, they nevertheless provide the cor-

rect order of magnitude estimates for the measured

elastic moduli (6�42 GPa). In more realistic morpholo-

gies, the interactions between entangled and folded

platelets can add to the H-bond-induced strengthen-

ing effects and may perhaps explain the higher moduli

(larger than 30 GPa) measured in some test specimens.

CONCLUSIONS
In conclusion, we have performed systematic molec-

ular dynamics simulations to elucidate the structural

and mechanical properties of GO paper-like samples.

We have shown that the properties of these compos-

ites are essentially controlled by H-bond networks in-

volving both functional groups attached to GO plate-

lets as well as water molecules within the interlayer

cavities. We find that moisture content controls both

the extent as well as the collective strength of interlayer

H-bond networks, which is in turn manifested in the

overall macroscopic response of these materials. Dry

GO sheets are structurally more compact and more stiff

than moist sheets. Furthermore, the stiffness of these

paper-like materials increases with the density of

Figure 5. Variation of the number of hydrogen bonds per water molecule as a function of the water content for GO with
chemical compositions of (a) C10O1(OH)1 and (b) C10O2(OH)2. The hydrogen bonds formed by water molecules are further clas-
sified into the bonds between a water molecule and a functional group and the bonds between any two water molecules.

TABLE 1. Elastic Modulus (GPa) Controlled by the
Interlamellar Hydrogen Bond Networks in the GO
Composite Structures as a Function of Water Content (wt
%)a

C10O1(OH)1 C10O2(OH)2

water content modulus water content modulus

0.9 6.3 0.7 14.4
10.3 4.8 8.6 18.6
17.9 3.9 15.8 9.7
25.6 3.6 22.6 5.0

aThe modulus is computed at 300 K using the atomic displacement correlation
functions (see Methods).
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functional groups due to greater interlayer adhesion.
Our studies suggest the possibility of tuning both the
structural and mechanical properties of GO papers by
varying the extent of functionalization of individual
platelets as well as the overall water content in the ma-
terial. Finally, since the mechanical behavior of this

composite is controlled largely by H-bond networks
(O · · · H in the present study), one may also envision
tuning the strength of the GO paper by functionalizing
the individual platelets with other atomic species/func-
tional groups that are capable of participating in
H-bonding with water.

METHODS
The periodic supercell used in molecular dynamics simula-

tions consists of four 3.4 nm � 3.0 nm GO platelets separated ini-
tially by a distance of 7 Å. Epoxy and hydroxyl functional groups
were randomly distributed on the two sides of the graphene
sheets, while water molecules were randomly dispersed in inter-
layer cavities. The molecular dynamics simulations were carried
out using the ReaxFF reactive force field as implemented in the
LAMMPS simulation package.26,27 This force field has been shown
to provide an accurate description of hydrocarbons and wa-
ter.27 ReaxFF also allows for an explicit consideration of long-
range and nonbonded interactions such as van der Waals, Cou-
lombic, and hydrogen bond interactions, making it particularly
suitable for our study of multilayer GO. The structure was first
equilibrated using an NPT ensemble with the Nosé�Hoover
thermostat29 and barostat30 for temperature and pressure con-
trol, respectively, at a time step of 0.025 fs. The supercell was first
gradually heated from 10 to 1000 K over a time span of 625 fs,
then annealed at 1000 K for 625 fs, and subsequently quenched
to 300 K over a time span of 625 fs. Finally, the supercell was fur-
ther annealed at 300 K and zero pressure for the duration of
4.25 ps to ensure complete equilibration of the structure.

After this equilibration phase, we switched to an NVT en-
semble at 300 K in order to estimate the mechanical strength of
GO composites due to the interlamellar hydrogen bond net-
works. The atomic displacement data were recorded at every
50 time steps to compute the displacement correlation func-
tions. The elastic constant of the structure determined by the hy-
drogen bond networks can then be readily obtained in the long
wavelength approximations from the correlation function in
the direction normal to the sheets.31,32 Since this method of com-
puting elastic constants relies solely on atomic displacements
rather than local strain or stress measures, it is particularly appro-
priate for our study of nonhomogeneous GO structures.
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