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G
raphene oxide, an oxygenated de-
rivative of graphene, has been em-
ployed in the fabrication of myriad

materials1 with a wide variety of applica-
tions including supercapacitors2 and drug
delivery vehicles.3 This broad application
range is made possible given the ver-
satile chemical composition of these two-
dimensional nanosheets, which feature hy-
droxyl and epoxy groups on the basal plane
along with carboxyl and carbonyl moieties
lining the nanosheet edge.4,5 Among the
manymacroscopic structures that havebeen
made from graphene oxide, one of the most
remarkable is graphene oxide paper, a self-
supporting thin film consisting of aligned
graphene oxide nanosheets.8 These ordered
structures exhibit excellentmechanical prop-
erties (stiffness up to 40 GPa, in the range
of engineered materials such as con-
crete,6 and tensile strength up to 125 MPa,
similar to that of cast iron7) while remaining
highly flexible and ductile.8 This desirable
combination of properties has been attrib-
uted to the numerous hydrogen-bonding
interactions between adjacent layers in the
paper structure, as mediated by a small
number of intercalated water molecules
(∼5�15 wt %) that interact with the func-
tional groups on the adjacent nanosheets
(Figure 1a).9,10 The ensuing multitude of
water�water, water�nanosheet, and na-
nosheet�nanosheet hydrogen bonds have
been proposed to generate a hydrogen-
bonding network that strengthens the pa-
per structure dramatically. Indeed, when
water (both a hydrogen-bond acceptor
and donor) is intercalated within graphene

oxide paper, its stiffness and strength are
respectively 35% and 25% greater than
when N,N-dimethylformamide (DMF, a
hydrogen-bond acceptor only) is present in
the intersheet gallery.10

Hydrogen-bonding networks, similar to
that proposed in graphene oxide paper,
are known to play an important role in
enhancing the mechanical properties of
several natural materials.11 For example,
spider silk features a robust network of
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ABSTRACT The mechanical properties of pris-

tine graphene oxide paper and paper-like films of

polyvinyl alcohol (PVA)-graphene oxide nanocompo-

site are investigated in a joint experimental�
theoretical and computational study. In combina-

tion, these studies reveal a delicate relationship

between the stiffness of these papers and the water

content in their lamellar structures. ReaxFF-based

molecular dynamics (MD) simulations elucidate the role of water molecules in modifying the

mechanical properties of both pristine and nanocomposite graphene oxide papers, as bridge-forming

water molecules between adjacent layers in the paper structure enhance stress transfer by means of

a cooperative hydrogen-bonding network. For graphene oxide paper at an optimal concentration of

∼5 wt % water, the degree of cooperative hydrogen bonding within the network comprising

adjacent nanosheets andwater molecules was found to optimally enhance themodulus of the paper

without saturating the gallery space. Introducing PVA chains into the gallery space further enhances

the cooperativity of this hydrogen-bonding network, in a manner similar to that found in natural

biomaterials, resulting in increased stiffness of the composite. No optimal water concentration could

be found for the PVA-graphene oxide nanocomposite papers, as dehydration of these structures

continually enhances stiffness until a final water content of∼7 wt % (additional water cannot be

removed from the system even after 12 h of annealing).

KEYWORDS: grapheneoxide . grapheneoxide paper . polymer nanocomposite .
mechanical properties . molecular dynamics simulations
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hydrogen bonds between aligned β-sheet crystals
that is key to its exceptional tensile strength and
extensibility.12,13 Likewise, a hydrogen-bonding network
playsavital role inmaintaining thestrengthandelasticityof
the triple helix in collagen.14,15 Unfortunately, water mol-
ecules are limited to confined molecular-scale regions
within the aforementioned biomaterials,13,16 making it
difficult to systematically analyze dehydrated forms of
these structures. In contrast, water content in the graphene
oxide paper structure can be readily tuned in a similar
fashion to the hydration of lamellar clays,17,18 given the
large repeat distance of adjacent graphene oxide nano-
sheets (∼6�11 Å)8,19,20 that can accommodate a wide
variety ofwater compositions. To our advantage, graphene
oxide paper also has significant long-range order, allowing
the water intercalation process to be readily monitored
bypowderX-raydiffraction21 (PXRD) in the same fashionas
the swelling of clay.22

The strong influence of intercalated water on the
structure of graphene oxide paper8,9,23 or its unexfo-
liated precursor, graphite oxide (GO),20,24,25 has been
reported in the literature, with multiple studies reveal-
ing tunable properties through variation of water
content. For example, increasing the water content in
the interlayer spacing of graphene oxide paper has
been known to cause swelling,23 with decreasing
mechanical stiffness,8 in a similar fashion to cellulose-
based paper.19 Previous studies have suggested that
such changes in the mechanical properties of graph-
ene oxide paper are linked to the presence of water
molecules in its intersheet gallery space,8,9 which
greatly change its mechanical properties through hy-
drogen bonding to the multitude of functional groups
on adjacent sheets in the paper structure. As this
hypothesis was not systematically explored, either
experimentally8 or theoretically,9 we were prompted
to quantify the contribution of intercalated water to
the mechanical properties of graphene oxide paper as

well as the role that polyvinyl alcohol (PVA, a material
that not only is water-like in its hydrogen-bonding
ability, but also possesses strong covalent bonds
between the hydrogen-bonding-capable repeating
units) plays in a PVA-graphene oxide nanocomposite
film. We further hypothesize that the macroscopic
mechanical properties of these paper-like materials
can be tuned through the precise control of their
molecular composition (i.e., the water molecules and
polymer chains in the gallery space of these graphene
oxide based material), unlike the aforementioned nat-
ural protein-based materials, whose compositions are
not readily modifiable.26

Herein, we report a combined experimental�
theoretical study that elucidates the crucial role played
by intercalated water molecules in stiffening the la-
mellar structure of graphene oxide paper, where an
optimal amount of water affords maximum stiffness.
Very small changes (∼1 wt %) above and below this
optimal water content lead to dramatic decreases in
the storage modulus, or stiffness, of the structure in a
manner that was previously unobserved.8,9 Extending
this concept further, an associated PVA-graphene
oxide nanocomposite (Figure 1b) was also investigated
to vary the hydrogen-bonding capacity of the inter-
layer gallery and explore the effect of incorporating
covalent bonding into the gallery spacing of graphene
oxide paper, much like the multicomponent structures
found in natural biocomposites. As expected, the effect
of water content on the stiffness of the paper is
reduced when PVA is present; continual dehydration
of the structure serves only to increase the storage
modulus of the composite. Full atomistic reactive
molecular dynamics (MD) simulations reveal the dis-
crete nature of the hydrogen-bonding networks in
both pristine graphene oxide and PVA-graphene oxide
papers to elucidate the mechanisms involved in their
stiffeningof these structures as they cross-link adjacent
sheets in a stack of graphene oxide nanosheets. These
modeling resultswere thenused to interpret themechan-
isms that govern the macroscopic material properties of
graphene oxide paper and its associated composites.

RESULTS AND DISCUSSION

Mechanical Properties of Pristine Graphene Oxide Paper. To
quantify the relationship between the interlayer water
content and the mechanical properties of graphene
oxide paper, wemonitored the dynamic variance in the
storagemodulus of as-prepared graphene oxide paper
during a controlled dehydration. Several thin strips of
graphene oxide paper were heated at 95 �C in the oven
of a dynamicmechanical analyzer (DMA), with only one
strip mounted on the sample stage for continuous
modulus measurements. Over the course of the DMA
experiment, as water was slowly evaporated from the
strips, the unmounted samples were removed and

Figure 1. Model snapshots of (a) a stack of pristine graph-
ene oxide nanosheets with intercalated H2O (10% water
content shown) and (b) a PVA-GO composite (5.5 wt %
polymer content shown). These lamellar models were sub-
jected to equilibration, with the equilibrium spacing (seq)
determined by averaging the five gallery spacings.
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subjected to coulometric Karl Fischer water titration.
At the beginning of the experiment, the graphene
oxide paper was found to have a storage modulus of
34 GPa with a corresponding water content of ∼15 wt
%, a value commonly observed in unexfoliated GO
powder.25 As the sampleswere continually dehydrated
in the DMA oven, its modulus increased to 40 GPa at
a water content of∼7wt%. Further dehydration to the
lowest achievable water content (∼4 wt %) dramat-
ically decreases stiffness to only 23 GPa, suggesting
the presence of an optimal water content at which the
paper structure achieves maximum stiffness (Figure
2b). Assuming continual dehydration during the
course of our experiment, this enhancement and
degradation of storage modulus is most striking when
viewed as a function of time (Figure 2a). The dramatic
enhancement of modulus after ∼4000 s of annealing
at 95 �C,27 followed by a quick decline in stiffness,
illustrates the crucial role that water molecules play in
affecting the mechanical properties of graphene oxide
paper.

To simulate the aforementioned experimental sys-
tem, graphene oxide paper models were constructed
from four and six layers of nanosheets, with periodic

boundaries as depicted in Figure 3. We note that the
relatively homogeneous bulk structure of graphene
oxide paper makes it an ideal candidate for a param-
etric study, wherein the regular stacked geometry
facilitates the construction of a representative, fully
atomistic, model system. We intentionally limited
nanosheet�nanosheet interactions (i.e., those that
occur directly between two layers when they come in
contact) by imposing idealized geometries and bound-
ary conditions so that the effect of hydrogen bond
density in the interlayer spacing can be isolated. Thus,
the interactions between layers of graphene oxide
consist of weak dispersive attractions (van der Waals),
Coulombic forces, and hydrogen bonding between the
epoxy and hydroxyl groups on the basal plane.19,28,29

The surface energy of two simulated graphite oxide
sheets with a stoichiometry of C6O3H1 in a vacuum
was determined by MD energy minimization to be
∼516 mJ m�2, in the vicinity of the adhesion energies
of pristine graphene (from 260 to 345 mJ m�2), pre-
viously determined by computational and experimen-
tal investigations.30�32 For comparison, this value is an
order of magnitude higher than the adhesion energies
(48.6 to 62.5 mJ m�2) reported for the spatulae of a

Figure 2. (a) Time-resolved plot of the dynamic storagemodulus of a sample of graphene oxide paper during dehydration at
115 �C. (b) Experimental and simulation plots of the storagemodulus of graphene oxide paper as a function of water content.
(c) Time-resolved plot of the dynamic storagemodulus of a PVA-graphene oxide nanocomposite paper during dehydration at
115 �C. (d) Experimental and simulationplots of the storagemodulus of PVA-grapheneoxide composite paper as a functionof
water content. The experimental composite contains 22 wt % PVA whereas simulated model contains 5.5 wt % PVA.
All dashed lines are included only as guides to the eye.
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gecko,33 noted for its dry-adhesion capabilities. We note,
however, that such high surface energy in the paper
structure is only applicable in a vacuum and physically

unattainable in solution, as epoxy and hydroxyl func-
tional groups imbue the nanosheets with a strongly
hydrophilic character. It is this hydrophilicity that allows

Figure 3. (a) Multilayer axial or “stacked”model of graphene oxide paper consisting of six 25 Å � 25 Å sheets with periodic
boundary conditions implemented along sheet edges to represent continuous graphite oxide in-plane and continuity along
the strain axis. The initial interlayer spacing is set larger than the unknown equilibrium spacing (seq) to allow placement of
water and PVAmolecules. (b) Multilayer shear or “transverse”model consisting of four 50 Å� 100 Å sheets staggered by 10 Å
in the longitudinal direction; periodic boundary conditions implemented along the short direction (x-axis) and out-of-plane
direction (z-axis) to allow shear loading of the system without direct stretching of the graphene oxide nanosheets. Shear-
strain loading was applied to measure the stiffness of the hydrogen-bonded structure in the shear direction.

Figure 4. (a) Simulated stress�strain curve for a graphene oxide paper containing 2.5wt%water. Stiffness (modulus) is fitted
to the initial, linear regime of the stress�strain profile (∼21GPa). The insetmodel snapshotwas captured at 10%strain, where
virial stresswas calculated on the interior region (encircled in the inset) of the structure. (b) Simulated stress�strain curve for a
PVA-graphene oxide nanocomposite paper containing 5.5 wt % PVA and 15 wt % water. Stiffness (modulus) is fitted to the
initial, linear regime of the stress�strain profile (∼26 GPa). The insetmodel snapshot was captured at 25% strain, where virial
stress was calculated on the interior region (encircled in the inset) of the structure.
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graphite oxide and graphene oxide paper to readily
swell in water to variable interlayer distances ranging
from approximately 6 to 11 Å,8,19,20 depending upon the
water content of the experimental sample.

The experimental DMA measurements were then
simulated by in silico pulling of the alternating layers in
a four-layer model in opposite directions, resulting in
stress�strain curves from which stiffness (modulus)34

can be extracted (Figure 4). These simulated values
nicely confirm the presence of our experimentally
determined optimal water content. The simulated
modulus was found to remain at a constant ∼21 GPa
value when the water content was kept in the high
(10�20 wt %) range (Figure 2b). As the water content
was lowered to 5 wt %, a maximum modulus of
∼25 GPa was observed. This optimal point is similar
to that observed in our experiment, further supporting
the hypothesis that intercalated water is a key con-
tributor to the mechanical properties of graphene
oxide paper (Figure 2b). As in the experimental study,
stiffness was found to decrease when the water con-
tent was lowered past the optimal 5 wt % value.
Notably, a completely dehydrated structure, which
cannot be achieved in experiment, resulted in a mod-
ulus of 18 GPa, significantly below that of water-
intercalated samples.

As shown above, themodulus values obtained from
our molecular simulations are substantially lower than
the experimentally measured stiffness of the paper.
Such variance can be attributed to the ideally applied
in silico loading, where alternating graphene oxide
sheets are strained perfectly in-plane during molecular
simulations, eliminating any potential for sheet mis-
alignment, entanglement, or edge effects. Our ide-
alized graphene oxide papermodel consists of stacked
graphene oxide sheets of infinite extent (Figure 1a),
while the actual material comprises randomly stacked
nano- and micrometer-sized nanosheets that are likely
crumpled, folded, and entangled with each other.
Consequently, the load-transfer mechanism among
the neighboring graphene oxide sheets in the experi-
mental sample would include strengthening mechan-
ical interactions that significantly deviate from the
simple computational model. Additionally, the stress
extracted from theMD simulations is solely the uniaxial
component of the virial stress [see Supporting Infor-
mation (SI)], where the load is only transferred through
the interlayer hydrogen-bonding network that bridges
adjacent sheets. In this way, any possible contribution
from the shear effects that are likely present during
experimental measurements would be neglected and
a lower stiffness compared to experimental data is
expected. We note that a previous full atomistic study
of graphene oxide paper, where stiffness was calculated
using atomistic displacement correlation functions nor-
mal to the graphene oxide basal plane, reported stiffness
values that are in the same range as our work.9

In silico compression of the six-layer stack further
confirmed the competency of our simulated model by
capturing a proportional relation between the inter-
calation-induced increases in interlayer distance and
water content, from approximately 5.5 to 6.6 Å over
the 0�20 wt % range of water content (Figure S1 in
the SI). While these values are lower than those pre-
viously reported for graphene oxide paper (∼8�10 Å),8

the relatively small scale of our molecular model,
combined with periodic boundary conditions, limits
out-of-plane rippling of individual graphene oxide
layers and is representative of a relatively flattened
ideal stacking. In addition, it is expected that smaller
interlayer spacings would result from the MD simula-
tions due to the relatively small, periodic, planar ar-
rangement that precludes mismatched edges and
misaligned layers. We note that our simulations were
carried out with a homogeneous distribution of water
in each interlayer gallery to limit the potential for the
clustering of watermolecules observed in previousMD
simulations,9 reduce any discontinuities in the beha-
vior of the layers, and match the narrow distribution of
intersheet spacings observed experimentally in PXRD.

Mechanisms for Stiffness Variance in Pristine Graphene Oxide
Paper. Under the ideally applied strain conditions of
our MD simulations, water molecules only contribute
to the stiffness of the graphene oxide paper structure
via the hydrogen bonds that they form between
adjacent layers. Given the finite number of oxygen-
containing functional groups on the graphene oxide
surface, there is an upper bound to the number of
potential locations where water molecules can form
hydrogen-bonding intersheet bridges. Once this limit
is reached (Figure 2b), additional intercalation of water
molecules into the intergallery spacing simply serves
to swell the structure and facilitate lateral “sliding” of

Figure 5. Plots of hydrogen-bonding density for (a) graph-
ene oxide paper and (b) PVA-graphene oxide nanocompo-
site paper as a function of water content. The lines are linear
fits to the data.
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the nanosheets. Thus, an optimal water content exists
that maximizes the mechanical properties of the struc-
ture and minimizes this extraneous “sliding”. In silico

equilibration of hydrogen bond density in the paper
structure over a range of water content reveals an
almost-linear relation between this variable and the
number of water molecules (Figure 5). Approximately
9 ( 0.4 hydrogen bonds/nm2 exist at 20 wt % water
content, a slightly lower value than previously ob-
served in studies with more reduced graphene oxide
models9 (∼10 and 15 hydrogen bond/nm2 for C10O2-
(OH) and C10O2(OH)2 stoichiometries, respectively).
The higher concentration of epoxy and hydroxyl
groups in our model, which more accurately reflect
the compositions in our experimental samples (see
elemental analysis data in the SI), serve to limit hydro-
gen bonding between water molecules and yield a
more homogeneous (i.e., no clustering) distribution of
hydrogen bonds in the gallery space (Figure 6). Such
homogeneity is key to the consistent estimates of
paper stiffness in our MD simulations.

The balance of hydrogen-bond acceptors and do-
nors between intercalated water and graphene oxide
layers plays a crucial role in determining the optimal
water content for the graphene oxide paper structure,
at which point the modulus peaks. Based on the
C6O2(OH) stoichiometry, the nanosheets in our molec-
ular model were found to exhibit a maximummodulus
whena sufficient numberofwatermolecules (∼100water
molecules per interlayer spacing, or 2 molecules/nm2

at 5 wt % water content) are present to maximize the
amount of interlayer bridges to ∼70 hydroxyl groups
and ∼35 epoxy groups per layer, leaving no under-
utilized functional groups on the nanosheet surface.
Given the random distribution of hydroxyl and epoxy
groups on graphene oxide, the addition of more water
molecules optimizes the necessary interlayer bridging

with efficient molecular packing, where extraneous
water molecules are homogeneously distributed
throughout the intersheet gallery, forming multi-
ple water�water interactions in addition to water�
nanosheet hydrogen bonds. At 10 wt % water content
(∼200 water molecules per interlayer spacing, or
4 molecules/nm2), the amount of water in the gallery
spacing far exceeds the available hydroxyl and epoxy
groups, saturating the interlayer gallery with super-
fluous water molecules. While the total number of
hydrogen bonds increases due to water�water hydro-
gen bonding, there is no increase in the stiffness of the
graphene oxide paper, as the interlayer network is
weakened by the addition of numerous water�water
interactions. These additional degrees of freedom
allotted to the hydrogen-bonding network then allow
for the reorientation of water molecules with minimal
strain,10 thus overwhelming the stiffness-inducing
water�nanosheet interactions.

Upon the introduction of tension, the stress�strain
response of our in silico model (Figure 4) initially
exhibits an approximately linear regime from which
themodulus can be calculated. A yielding occurs in the
range of 3�4% strain, followed by a regime of almost
constant, or “flow”, stress. For example, at 15 wt %
water content, the flow stress is on the order of
1100�1800 MPa and can be attributed to the plastic
deformation of the paper caused by the breaking
and reformation of the hydrogen bonding network
as the graphene oxide layers slide past each other.
Unfortunately, as flow stress is determined on a nano-
second time scale, well below the resolution of our
dynamic mechanical analyzer, its behavior cannot be
accessed experimentally. The reformation of hydrogen
bonds in this system prompted an analysis of their
evolution under strain (Figure 7). As the layers are
equilibrated during MD simulation, water�water,
water�nanosheet, and nanosheet�nanosheet hydro-
gen bonds form to generate interlayer bridges. Under
strain, we observe a maximum hydrogen-bond con-
tent during the initial elastic response where the
stiffness was calculated. The onset of yield corresponds
to a drop in the number of hydrogen bonds, whose
magnitude is independent of the variation of water
content, indicating the failure of multiple hydrogen
bonds simultaneously upon yield. Thenumber of hydro-
gen bonds then remains approximately constant un-
der further strain, with this region encompassing both
water�water and intralayer (i.e., where the water
molecule forms more than one hydrogen bond with
the same nanosheet) hydrogen bonds. While these
nonbridging hydrogen bonds are merely carried along
during deformation and do not contribute to the
overall mechanical stiffness or stress of the paper
structure, they are not held at a constant configuration
but are subjected to breaking and reformation aswater

Figure 6. Model snapshots highlighting the hydrogen-
bondingnetworks between the grapheneoxide nanosheets
in (a) a graphene oxide paper and (b) an ∼5.5 wt % PVA-
graphene oxide nanocomposite paper. While water mol-
ecules are included in the simulations for both models,
water molecules were not shown in the snapshot of the
composite model to emphasize the clusters of hydrogen
bonds that form between PVA and the nanosheets in this
system.
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molecules reconfigure, resulting in a “flow-stress”
regime.

Our combined experimental and simulation data
reveal twomain reasons for the existence of an optimal
water concentration in the graphene oxide paper
structure. First, water is necessary in the structure to
bridge the hydrogen-bonding sites (i.e., the hydroxyl
and epoxy) on the adjacent nanosheet surface. The
generated hydrogen-bonding network produces ro-
bust interlayer connections, while marginally affecting
interlayer spacing; however, introducing additional
water in the structure causes superfluous water�water
hydrogen bonding (clustering/aggregation) and in-
duces swelling that weakens the interlayer bridges.
Second, the reversible nature of the hydrogen bonds
allows for the breaking and reformation of those bonds
under strain,12 with optimalwater content ensuring the
reformation of interlayer bridges, rather than passive
water�water clusters or direct intrasheet connections.

As discussed above, our results mark the first time
that the mechanical properties of graphene oxide
paper were observed, by both experiment and model-
ing, to vary significantly in such a small range of water
content (5�8 wt %). Our results quantify a relationship
previously reported in experiments that only qualita-
tively observed increased stiffness during the dehydra-
tion of graphene oxide paper.8 In addition, it fills in the
gap left by a theoretical manuscript9 that discusses
only initial values of graphene oxide paper stiffness,
as determined by atomic displacement correlation
functions, leaving unaccounted any changes in the
hydrogen bond network during tension. We note that

the water-content increments (∼1, ∼10, ∼15, and
∼25wt%water) studied in this referencewas probably
too coarse to catch the small optimal water content
that we found herein, especially as the hydrogen-
bonding network was changed during tension.

Mechanical Properties of PVA-Graphene Oxide Nanocompo-
site Paper. From the discussion above, water molecules
clearly play a key role in affecting the stiffness of
pristine graphene oxide paper, which have only two
components (stiff nanosheets and water molecules).
While this simple system can be easily evaluated by our
model, many natural materials, like nacre, contain a
flexible protein (chitin and lustrin) component in addi-
tion to a stiff inorganic (aragonite platelets) material
and molecular water.35 To better mimic these more
complex materials (and to probe the effect of control-
ling the organization of H-bonds at the molecular
level), we incorporated a moderate amount (22 wt %)
of PVA into the graphene oxide paper structure to
serve as the flexible component that can interact
strongly with the stiff graphene oxide nanosheets.
Such composite papers can be readily fabricated via

vacuum-assisted self-assembly (VASA),10 where the
dissolved polymer is combined with the graphene
oxide dispersion prior to the generation of the desired
layered paper structure featuring intercalated polymer
chains between the graphene nanosheets. Not surpris-
ingly, the presence of PVA within the paper structure
significantly modifies its behavior during dehydration.
Low-temperature annealing (115 �C) of the PVA-gra-
phene oxide composite paper consistently enhances
the storagemodulus fromanoriginal value of 35GPa at

Figure 7. (a) Model snapshot highlighting the dense hydrogen-bonding network in a PVA-graphene oxide nanocomposite
structure containing 5.5 wt % PVA and 15 wt % water. (b and c) Plots depicting the total number of hydrogen bonds as a
function of applied strain for graphene oxide paper (b) and a 5.5 wt % PVA-graphene oxide nanocomposite (c) at water
contents of 0, 5, and 10 wt %. Shaded regions indicate that the systemwas subject to energyminimization and equilibration,
not applied strain.
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12wt%water up to 55GPa at 7wt%water after 24 h of
treatment (Figure 2a and 2c). This increase in modulus,
which occurs as the nanocomposite is dehydrated,
further emphasizes that PVA can effectively replace
water in forming the hydrogen-bond network that
serves to stiffen the paper structure. Since no further
dehydration could be achieved in the composite sam-
ple, even after 95 h of annealing under our experi-
mental conditions, this is likely the minimum amount
of water achievable in the sample at atmospheric
pressure. That this minimum water content is greater
than the amount observed for pristine graphene oxide
paper suggests that some water molecules may be
trapped within the PVA chains in the interlayer gallery,
not surprisingly given the known hygroscopic nature
of PVA.36 While this “trapping” of water may preclude
the conclusive determination of whether an optimal
water content exists in our PVA-graphene oxide com-
posite, our theoretical work suggests its absence in the
composite system (see next paragraph).

MD simulations using a six-layer PVA-graphene
oxide stack (Figure 1b) confirm the experimental
DMA results for this composite system, where the
removal of water molecules from the structure con-
tinually enhances stiffness. We note that our MD
simulations utilized a model containing a smaller
amount of PVA (5.5 wt %) than our experimental paper
sample (22 wt %) due primarily to modeling con-
straints. During model construction, the algorithm
used for the random addition of PVA chains into the
paper structure becomes hindered at PVA contents
exceeding ∼10 wt %, as the water molecules do not
sufficiently disperse among the polymer chains during
the short equilibration period (restricted by computa-
tional cost). Under such nonequilibrium conditions,
planar arrangement of nanosheets is lost under ten-
sion, and the effect of varying water concentration is
more difficult to quantify. Fortunately, since interac-
tions between PVA, nanosheet, and water occur ex-
clusively through hydrogen bonding, the behavior of
composites with different compositions should quali-
tatively agree, as in the case of our experimental (22wt%
PVA) and simulated (5.5wt%PVA) systems.Wenote that
our simulations of the composite with 5.5 wt % PVA
showahomogeneous distribution of the polymer chains
that exclude the possibility of having gallery regions that
are void of the effects from PVA chains.

Interestingly, the addition of PVA into the structure
increased the interlayer spacing more drastically than
the addition of water (see Figure S1 in SI), as the larger
PVA oligomers cannot disperse throughout the inter-
layer spacing as efficiently as the smaller water mol-
ecules. This results in several “cavities” between PVA
and the nanosheet surface, where many of the sheet-
bound hydroxyl and epoxy groups do not form hydro-
gen bonds with the PVA but with water molecules. In
this sense, water molecules can readily serve to bridge

PVA and graphene oxide, utilizing all sheet-bound
functional groups. Such cavities afford a more hetero-
geneous distribution of interlayer bridges, where the
pendant hydroxyl groups of PVA form clusters of
hydrogen bonds with the nanosheet surfaces
(Figure 6b). Due to the presence of the polymer back-
bone, these hydrogen-bonded clusters form a more-
stable arrangement than the homogeneous distribu-
tion of hydrogen bonds in the graphene oxide paper
(Figure 6a), providing a shared cooperative mode of
stress transfer by means of the polymer backbone.
Previous studies concerning hydrogen-bond assem-
blies in proteins (β-strands and β-sheet structures)
have suggested that hydrogen bonds deform coop-
eratively within small protein domains to achieve
maximum strength, with clusters limited in size to only
a few hydrogen bonds.13,37,38 Similar cooperativity is
exploited in our model by the limited number of epoxy
and hydroxyl groups in the vicinity of each PVA chain.

While further stiffening of the PVA-graphene oxide
structure at lower water concentrations may be ex-
pected (as in the pristine graphene oxide sample),
when the water content in our composite model
(5.5 wt % PVA) was varied from 0 to 20 wt %, little
variation in stiffness was observed from 0 to 5 wt % (33
to 34 GPa). Past a 5 wt % water-content “saturation
point”, the addition of water into the system constantly
degraded stiffness with the modulus falling to 27 GPa
at 20 wt % water (Figure 2c), suggesting that excess
water molecules in the composite structure promoted
water�water, water�PVA, and water�nanosheet in-
teractions that then replaced the original structure-
stiffeningdirect PVA�nanosheet hydrogenbondswith
these weaker links or bridges. In this sense, too much
water would be detrimental to the composite struc-
ture, since there is less likelihood for direct transfer of
stress between the mechanically robust components
of the composite. Notably, the stiffness of the theore-
tical PVA-graphene oxide composite is again lower
than that observed experimentally at all water con-
centrations (Figure 2d). Along with the previous differ-
ences between our experimental and theoretical
results discussed (e.g., ideal loading and system
geometry), this discrepancy can further be attributed
to both the difference in polymer chain length (∼50
repeat units in experiment vs 5 repeat units in
simulation) and content (22 wt % in experiment,
5.5 wt % in simulation) between our two evaluation
methodologies.

Mechanisms for Stiffness Variance in PVA-Graphene Oxide
Nanocomposite Paper. In agreement with a previous
investigation,9 we found that the graphene oxide
layers in the PVA-graphene oxide paper structure are
interlinked via a nonuniform network of hydrogen
bonds mediated by oxygen-containing functional
groups, water molecules, and PVA chains. PVA was
found to replace some of the water molecules in
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intersheet hydrogen bonding and enhance the struc-
ture stiffness in comparison to the pristine graphene
oxide paper at the same water content. Interestingly,
the addition of PVA to graphene oxide paper appears
to result in a much higher capacity of the structure for
hydrogen bonding, up to a 50% increase for equivalent
levels of hydration. Similar to that observed in the
pristine graphene oxide, the PVA-graphene oxide
compositemodel exhibits amaximumhydrogen-bond
content during the initial elastic response. Analysis of
the stress�strain response of a 5.5 wt % PVA-graphene
oxide composite structure reveals a linear response
until rupture of the hydrogen-bonding network, fol-
lowed by yielding from∼4 to∼6% strain (Figure 4, for
representative stress�strain responses; Figure 7 for the
decrease in the number of hydrogen bonds). This yield
strain is marginally greater than that of the pristine
graphene oxide system and can be attributed to the
initial alignment of PVA chains to the direction of strain
prior to hydrogen-bond-based stress transfer upon the
introduction of tension. As in the pristine graphene
oxide structure, the system is again subjected to
“flow stress” after yielding, which correlates to the
plastic breaking and reformation of the hydrogen-
bonding network. This heterogeneous network facil-
itates a smooth failure at the molecular scale, allowing
for the formation of secondary PVA-nanosheet hydro-
gen bonds during deformation. Notably, the forced
cooperativity of hydrogen bonds in the composite
system, where the polymer backbone naturally groups
the bonds into finite clusters, also serves to enhance
stiffness in this structure. Together, the resulting
nonuniform distribution of hydrogen bonds between
PVA and nanosheet increases the cooperativity of
those weak bonds to maximize stiffness, as they can
cumulatively transfer more stress than water molecu-
les alone.

CONCLUSION

In summary, we have demonstrated the key role that
water molecules play in affecting the mechanical
properties of pristine graphene oxide paper and its
associated polymer nanocomposites. As in a number of
natural materials, water molecules assemble into a
hydrogen-bonding network that is crucial to the ob-
served stiffness of these paper-like materials. For
single-component graphene oxide paper, a maximum
experimental stiffness of 40 GPa is achieved at an

optimal water content of ∼7 wt %, above and below
which point stiffness is significantly lowered. Theoret-
ical simulations of the graphene oxide paper structure
reveal a similar optimal water content where the pre-
sence of the peak modulus can be attributed to the
saturation of water-mediated interlayer hydrogen bonds.
While addition of more water beyond this optimal
water content increases the density of hydrogen
bonds in the gallery space, the network becomes
dominated by water�water hydrogen bonds that do
not bridge adjacent nanosheets and only serve to
weaken the structure.
The addition of flexible PVA chains into the inter-

sheet gallery of stiff graphene oxide paper, in amanner
that mimics the interaction between flexible proteins
and stiff inorganic platelets in biocomposites, drama-
tically enhances the stiffness of the composite paper
and decreases the role of water in the structure. In our
experiment, stiffness increases continually as water
content decreases up to a maximum value of 60 GPa
(∼50% increase over the case of pristine graphene
oxide paper) when 7 wt % water is present. This
behavior suggests that PVA can serve a similar role to
that of water in graphene oxide paper, as subsequently
confirmed by theoretical simulations, which reveal
the presence of cooperative interactions between
nonuniformly distributed small clusters of hydrogen-
bonding groups located in the intersheet gallery. Such
cooperativity enhances the stiffness of the nanocom-
posite in a similar fashion as that observed in natural
biocomposites (e.g., spider silk and collagen).12,13 Never-
theless, the large molecular structure of the PVA chains
limits their interlayer dispersion, resulting in cavities and
dangling, unutilized surface-bound functional groupson
the surface of adjacent graphene oxide sheets. Fortui-
tously, the presence of small amounts of water mol-
ecules can fill in such underutilized interlayer con-
nections, sufficiently saturating the hydroxyl and epoxy
groups in thegrapheneoxidenanosheets. Togetherwith
optimizing the interactions between these groups (i.e.,
through their density and arrangement) and the inter-
calated PVA chains, tuning the water content in graph-
ene oxide paper nanocomposites can clearly allow for
the translationof thenanoscalehydrogen-bondnetwork
into macroscale mechanical properties. These findings
can serve as guidance for future manipulation of the
properties of other layered structures featuring hydro-
gen bonding networks.

EXPERIMENTAL SECTION
Materials. SP-1 graphite powder was used as received from

Bay Carbon, Inc. (Bay City, MI). A narrowmolecular weight (PDI =
1.2) sample of PVA (Mw = 2120 D) was obtained from Polymer
Source, Inc. (Montreal, Québec, Canada). Ultrapure doubly
deionized water (resistivity >18 MΩ cm) was obtained from
an EMD Millipore (Billerica, MA) Milli-Q Biocel system.

Anodisc membranes (0.2 μm pore size, 47 mm diameter)
from Whatman PLC (Maidstone, Kent, UK) were used during
filtration for support of fabricated papers. Spectra/Por dialysis
tubing (6�8 kD molecular weight cutoff (MWCO)) from Spec-
trum Laboratories, Inc. (Rancho Dominguez, CA) was utilized to
remove excess ions from solution. Sonication was performed
using a VC505 Vibra-cell probe sonicator (500W) equippedwith
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a solid titanium�aluminum�vanadium tip (Sonics & Materials,
Inc., Newton, CT). An Eppendorf model 5804 R centrifuge was
employed for centrifugation.

Preparation of Graphene Oxide and Composite Dispersions. Graphite
oxide (GO) was prepared using a modified Hummers proce-
dure (see SI for synthetic details).39�41 Aqueous graphene oxide
dispersions were prepared following a reported literature pro-
cedure42 by suspending GO in water and sonicating for
60 min (30% amplitude, 10 s pulses alternating with 10 s rest
periods). Purification of this dispersion was achieved via a
combination of centrifugation and dialysis (see SI for purifica-
tion details). Composite dispersions of PVA and graphene oxide
were prepared by combining an aqueous solution of PVA
(30 mg in 20 mL of water) to a dilute aqueous graphene oxide
dispersion (30 mL, 1 mg mL�1).

Fabrication of Graphene Oxide and PVA-Graphene Oxide Nanocompo-
site Paper. Graphene oxide8 and polymer composite papers10

were prepared by filtering diluted graphene oxide dispersions
or composite dispersions, respectively, through a Whatman
Anodisc filter membrane. A Kontes Ultraware microfiltration
apparatus with a fritted glass support base was utilized for
vacuum filtration. After filtration, samples were air-dried until
they could be peeled off the membrane for analysis.

Mechanical Analysis during Dehydration of Papers. Mechanical
properties were evaluated using an RSA III (TA Instruments,
New Castle, DE) dynamic mechanical analyzer (DMA). Samples
for testing (2- to 6-mm wide and 20- to 40-mm long) were
prepared from fabricated sheets of paper by compression-
cutting with the sharp edge of a razor blade. Paper thickness
was measured via scanning electron microscopy (SEM) images
collected in the NEMS-MEMS Facility at Northwestern University
using a field-emission gun Nova NanoSEM 600 microscope (FEI
Co., Hillsboro, OR). These strips of graphene oxide and PVA-
graphene oxide nanocomposite papers were loaded into the
DMA oven at temperatures of 95 and 115 �C, respectively.
Dynamic uniaxial tensile measurements (frequency = 1 Hz,
strain = 0.025%) were carried out every 10 s under a flowing
dry air stream for 12 h, until no further water could be removed
from the sample. Identical strips of paper were loaded into the
oven during annealing to allow for water content measurement
without disturbing the dynamic evaluation.

Characterization. Water content was monitored using a C20X
Compact Coulometric Karl Fischer titrator (Mettler-Toledo, Inc.,
Coloumbus, OH). Elemental analysis (EA) was performed at
Atlantic Microlabs (Norcross, GA).

Molecular Models. In contrast topristine (purecarbon) graphene,
graphene oxide is heavily oxygenated, with hydroxyl (C�OH) and
epoxide (C�O�C) functional groups heterogeneously distributed
throughout the basal planes (see Figure 1).5 As such, ourmolecular
model was constructed from a basis of pristine graphene oxide
sheets, with functional groups added to the graphene oxide plane
in a randomprocess according to theprescribed ratios of hydroxyls
and epoxides. We constructed graphene oxide sheets with stoi-
chiometries of C6O2(OH) (e.g., two epoxy and one hydroxyl groups
per six carbon atoms, distributed randomly on either side of the
graphene basal plane). Two geometric arrangements were con-
structed for simulation (Figure 3a and 3b). The first model arrange-
ment consisted of six layers of 25 Å� 25 Å graphene oxide sheets
(Figure 3a). This model was implemented for computational
efficiency to determine the equilibrated interlayer spacing as well
as corresponding hydrogen-bond distributions. Such a stacked
system is desirable to monitor average behavior throughout the
multilayers. Periodic conditionswereprescribedalongeachbound-
ary, such that the relatively small systemwas representative of bulk
graphene oxide paper.

The second model was a larger system, constructed speci-
fically to be subject to loading in the transverse (shear) direc-
tion, similar to the experimental load conditions. The data
obtained from the stacked first model were utilized to attain
equilibrium configurations for this large model prior to applica-
tion of strain. The final model consisted of four 50 Å� 100 Å GO
sheets, which were alternatively offset by 10 Å along the y-axis
(Figure 3b). Periodic conditions were prescribed along the x and
z axes only, while loading was applied in the y-direction.
Water molecules were added in the intersheet gallery between

graphene oxide layers via a randomized distribution process.
A short oligomer (five monomers in length) of PVA was mini-
mized and equilibrated in an independent simulation with the
same potential and software package described below. The
equilibrated structure was then distributed within the interlayer
planes in a randomized process (Figure 1b).

Simulation Methodology. The full atomistic investigations uti-
lize the ReaxFF potential as implemented in the LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator)43

simulation package (http://lammps.sandia.gov/), previously de-
veloped for carbon�carbon interactions and hydrocarbon
oxidation.44,45 The first-principles-based ReaxFF force field has
been shown to provide an accurate account of the chemical and
mechanical behavior of hydrocarbons, graphite, diamond, car-
bon nanotubes, and other carbon nanostructures,9,46�48while it
is capable of treating thousands of atoms with near quantum-
chemical accuracy. The time step was chosen to be on the order
of a fraction of femtoseconds (0.3 � 10�15 s) to ensure the
stability of the simulations and reflect the relatively high vibra-
tional frequency of the hydrogen atoms. All full atomistic
simulations were subject to a microcanonical (NVT) ensemble,
carried out at a temperature of 300 K. Temperature control was
achieved using a Berendsen thermostat.49 All MD simulations
were performed using the massively parallelized modeling
code LAMMPS, capable of running on large computing clusters.
Energy minimization runs of the system are performed using
a conjugate-gradient algorithm with an energy-convergence
criterion implemented in the LAMMPS code. Details regard-
ing the calculation of surface energy, determination of
hydrogen bond presence, evaluation of interlayer spacing,
and the analysis of theoretical stress�strain curves are avail-
able in the SI.
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