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Recent experimental reports on in-plane proton conduction in reduced graphene oxide (rGO) films open
a new way for the design of a proton-exchange membrane essential for fuel cells and chemical filters. In
humid conditions, water molecules attached to the rGO sheet are expected to play a critical role in this
membrane, but theoretical studies of their involvement are scarcely found in the literature. In this study, we
investigate proton migration on water-adsorbed monolayer and bilayer rGO sheets using first-principles
calculations to reveal the mechanism. We devise a series of models for water-adsorbed rGO films by sys-
tematically varying the reduction degree and water content, and we optimize their atomic structures in
reasonable agreement with experiments using a density functional that accounts for van der Waals correc-
tion. After suggesting two different transport mechanisms, epoxy-mediated hopping and water-mediated
hopping, we determine the kinetic activation barriers for these in-plane proton transports on the rGO
sheets. Our calculations indicate that water-mediated transport is more likely to occur due to its much
lower activation energy than epoxy-mediated transport and reveal new prospects for developing efficient
solid proton conductors.
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I. INTRODUCTION

A proton-exchange membrane is an essential component
in electrochemical-energy-generating and electrochemical-
energy-storage devices such as fuel cells and batteries as
well as selective material sieving systems such as sensors
and chemical filters. Nafion and Nafion-based artificial
materials have been widely used as an efficient proton-
exchange membrane, but they have serious problems, such
as high cost and conductivity loss at temperatures above
353 K [1–3]. Recently, graphene oxide (GO) and reduced
GO (rGO) films with a controlled reduction degree have
attracted considerable attention as a superior solid elec-
trolyte for proton exchange to Nafion due to their low cost,
easy fabrication, and environmental friendliness [4–7].

Protons can pass across monolayer graphene [8–10] or
a few-layer GO sheet [4–6], and even water molecules can
pass across a rGO sheet [11], but only through atomic-
scale defects created on those nanosheets. If there is no
defect, graphene and GO sheets are impermeable to pro-
tons under ambient conditions due to a dense, delocalized-
electron cloud formed by the π orbitals of graphene
[12,13]. Hu et al. [8] measured the proton areal conduc-
tivity across a monolayer graphene sheet as σ = S/A ≈
2–4 mS/cm2 (S = I/V is the conductance and A is the area
of the sample) at room temperature, with a corresponding
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activation barrier of Ea ≈ 0.78 eV. For such proton trans-
port, first-principles calculations yielded even higher val-
ues of 1.25–1.56 eV due to different proton-transport path-
ways from experiments such as transport in a vacuum
rather than in an aqueous environment [14–17]. Decorat-
ing graphene with catalytic metal nanoparticles such as
Pt nanoparticles reduces the activation barrier by approxi-
mately 0.5 eV [8], which is still relatively high. Therefore,
research has focused on creating nanopores with a pre-
cisely controlled narrow size distribution on multilayer
graphene or GO films to achieve easy passage of protons
[18]. In these porous multilayer films, protons can move in
one layer and pass to another through nanopores [19]. Then
the problem changes from the through-plane conductivity
to the in-plane conductivity, but the activation barrier for
proton or hydrogen-atom transport on a graphene sheet is
still high, 0.9 eV, due to a strong binding of hydrogen to
the graphene sheet [20].

Unlike graphene, GO has oxygenated functional groups
such as epoxy (—O—) and hydroxy (—OH) groups, which
form one-dimensional hydrogen-bonded channels for pro-
ton transport [21–25]. Hatakeyama et al. [26–31] reported
that multilayer GO films have high in-plane proton con-
ductivity at room temperature and high relative humidity
(RH). They measured the in-plane proton conductivity of
rGO film to be σ = (S × L)/(T × D) ≈ 2.4 mS/cm (L, T,
and D are the width, thickness, and length of the sample)
at 278 K and 90% RH, with a corresponding activation
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barrier of 0.12 eV. When some functional groups were
added to GO, forming, for example, GO-Nafion hybrid
[3,32] or sulfonated GO complexes [26,28,30,33], the
in-plane proton conductivity was enhanced. These experi-
mental findings imply that uptake and retention of water in
the GO sheet are a key factor for high proton conductivity;
even for the case of graphene the activation barrier reduces
by 0.42 eV when mediation is by water molecules [20]. It
was expected that hydrophilic functional groups such as
epoxy groups in the GO sheet can readily adsorb water
molecules and support the channel formation for proton
transport on the sheet. In this context, it is urgent to the-
oretically reveal the mechanism behind enhanced proton
transport by water adhesion to a GO sheet for the design
of a functional GO-based solid electrolyte. To the best
of our knowledge, however, theoretical studies of these
phenomena have been scarcely reported, although there
are first-principles studies for proton penetration through
graphene and other two-dimensional materials [8,14–17].

In this work, we investigate the atomic structures of
water-adsorbed monolayer and bilayer rGO sheets and pro-
ton migration on these sheets by using a first-principles
method within the density-functional-theory (DFT) frame-
work. The van der Waals (vdW) dispersive interactions
between the graphene sheets and molecules are included
with use of the advantage of the vdW density functional
OB86 method [34]. We predict the migration paths of pro-
tons on rGO sheets by estimating the bond valence sum
(BVS) [35], and calculate the activation barriers for these
in-plane proton migrations by using the climbing-image
nudged-elastic-band (NEB) method [36]. On the basis of
the calculation data, we propose the most reasonable mech-
anism for the enhancement of proton conductivity by water
molecules.

II. COMPUTATIONAL METHODS

We first perform atomistic modeling of rGO sheets and
build the corresponding supercells. For the types of rGO
with different oxidation or reduction degrees, we consider
both monolayer and bilayer rGO sheets with gradually
increasing O/(C + O) ratios from the minimum value
of 14.3% to the maximum value of 33.3%. Orthogonal
(6 × 3) and (4 × 2) cells are used for the basal plane of
the graphene sheet, and contain 72 and 32 carbon atoms,
respectively. On both sides of the graphene sheet, the
same number of oxygen atoms are adsorbed to form epoxy
groups. We arrange the epoxy groups as a continuous row
to form a migration path for the in-plane proton trans-
port, on the basis that the epoxy groups are clustered on
the rGO sheet [21]. Then the number of oxygen atoms is
12 for the case of a (6 × 3) cell and 8, 12, or 16 for the
case of a (4 × 2) cell, which correspond to the chemical
formulas C72O12 [O/(C + O) = 14.3%], C32O8 [O/(C +
O) = 20.0%], C32O12 [O/(C + O) = 27.3%], and C32O16
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FIG. 1. Oxygen binding energy with increasing number of oxy-
gen atoms in rGO. The inset shows an extension to more than 100
oxygen atoms using the interpolation curve. The blue line shows
the previous theoretical result [21].

[O/(C + O) = 33.3%]. A simulated lattice constant of
2.46 Å and a vacuum layer of 15-Å thickness are used
throughout the work.

All calculations are performed with the pseudopoten-
tial plane-wave method as implemented in QUANTUM
ESPRESSO (version 5.3) [37]. We use the Vanderbilt-
type ultrasoft pseudopotentials to describe the interaction
between ions and valence electrons [38]. The Perdew-
Burke-Ernzerhof functional [39] within the
generalized-gradient approximation is used for the
exchange-correlation interaction between valence elec-
trons. For the vdW dispersive interaction between the
graphene sheets and water molecules, the vdW energy pro-
vided by the vdW density functional OB86 method [34]
is added to the DFT total energy. As the major computa-
tional parameters, the plane-wave cutoff energies are set to
be 40 Ry for the wave function and 400 Ry for the elec-
tron density, and the Monkhorst-Pack special k-points are
set to be (2 × 2 × 5) for a bilayer sheet and (2 × 2 × 1) for
a monolayer sheet, providing a total energy accuracy of
5 meV per carbon atom. The self-consistent convergence
threshold for total energy is 10−9 Ry, and the convergence
threshold for atomic force in structural relaxations is 8 ×
10−4 Ry/bohr. The Methfessel-Paxton first-order smear-
ing approach with a 0.2-eV Gaussian spreading factor
is applied for structural optimizations and proton-transfer
simulations, while the tetrahedron approach is applied for
calculations of the electronic density of states.

We calculate the oxygen binding energy as a function
of the number of oxygen atoms in rGO and compare it
with previous data from first-principles calculations [21]
to check the validity of the computational parameters and
our rGO supercell models. The oxygen binding energy per
atom Eb can be calculated as follows:

Eb = − 1
NO

(ErGO − EG − NOEO), (1)
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FIG. 2. Optimized atomic structures of water-intercalated bilayer rGO with chemical formula (a) C72O12 · 12H2O in perspective
(center), top (left), and side (right) views and (b) C32O8 · 8H2O, (c) C32O12 · 12H2O, and (d) C32O16 · 16 H2O in side view. The
interlayer distance and hydrogen-bond lengths in angstroms are shown. (e) Interlayer distance d as a function of oxidation degree
[O/(C + O) (%)], where the experimental values are from Ref. [27] and the calculated values are from this work. The inset shows the
interlayer distance and water binding energy per molecule (Eb) as a function of water content.

where ErGO, EG, and EO are the total energies of rGO,
graphene, and an isolated oxygen atom, and NO is the num-
ber of oxygen atoms involved in the rGO model. The result
is shown in Fig. 1. Similarly, the water binding energy per
molecule can be calculated as follows:

Eb = − 1
NH2O

(Ehyd-rGO − ErGO − NH2OEH2O), (2)

where Ehyd-rGO and EH2O are the total energies of a water-
adsorbed rGO supercell and an H2O molecule, and NH2O
is the number of water molecules. The proton adsorption
energy in the water-adsorbed rGO sheet can be calculated
as follows:

Ead = Ep-hyd-rGO − Ehyd-rGO − 1
2

EH2, (3)

where Ep-hyd-rGO and EH2 are the total energies of proton-
adsorbed hydrous rGO and an H2 molecule.

To predict possible positions of protons inserted into the
water-adsorbed rGO sheets, we apply the BVS method
[35]. The BVS at position r, B(r), can be calculated as

follows:

B(r) =
∑

i

exp
(

R0 − Ri(r)
b

)
, (4)

where Ri(r) = |r − Ri| (Ri for oxygen positions), b
(0.37 Å) is a constant, and R0 is a constant specific to the
pair of hydrogen and oxygen atoms. The constant R0 is
estimated with use of the atomic size (r) and electronega-
tivity (c) as follows [40]:

R0 = rH + rO − rHrO
(√

cH − √
cO

)2

cHrH + cOrO
, (5)

where rH = 0.38 Å, rO = 0.63 Å, cH = 0.89, and cO =
3.15 [41]. The values of B(r) at the positions of the hydro-
gen atoms are evaluated to be almost 3, and the difference
of B(r) from this value is calculated for the whole space
with a grid resolution of 0.1 Å.

To calculate the migration barriers for the in-plane pro-
ton transport, we use the NEB method [36]. The supercell
dimensions are fixed at the optimized supercell size dur-
ing the NEB runs, while all the atoms are relaxed until
the forces converge to within 0.05 eV/Å. The number
of images is tuned so that the distance between neigh-
boring NEB images is less than 1 Å. Both the image
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FIG. 3. Isosurface plot of electronic charge density difference between hydrous and anhydrous states of (a) monolayer C72O12 · 6H2O,
(b) bilayer C72O12 · 12H2O, (c) bilayer C32O8 · 8H2O, (d) bilayer C32O12 · 12H2O, and (e) bilayer C32O16 · 16H2O rGO at a value of
0.002 |e|/Å3. Yellow (cyan) represents the charge accumulation (depletion). Small gray and pink balls represent carbon and hydrogen
atoms, while brown and red balls represent oxygen atoms of the epoxy group and water molecule, respectively.

energies and their derivatives are used to interpolate the
path energy profile that passes exactly through each image,
as implemented in the neb.x code included in QUANTUM
ESPRESSO [37].

III. RESULTS AND DISCUSSION

A. Atomic structures

We check the validity of the computational parameters
and supercell models by estimating the oxygen binding
energy per atom in monolayer rGO sheets with (6 × 3)
cells by increasing the number of oxygen atoms (n = 1,
2, 3, 4, 12, 16, 20). For the cases of n = 12, 16, and 20, the
epoxy groups are arranged to form a row as mentioned ear-
lier. We perform the atomic relaxations of these monolayer
rGO supercells and calculate the oxygen binding ener-
gies, confirming that they agree well with previous results
[21], as shown in Fig. 1. In the special case of C72O12,
the value of 2.64 eV in this work is in reasonable agree-
ment with the previous value of 2.90 eV. Furthermore,
interpolation of the calculation data into a square-root
function of the oxygen number gives the function Eb(n) =
2.83 − 0.76/

√
n (eV), which is comparable with the previ-

ous result, Eb(n) = 3.27 − 1.24/
√

n (eV). We emphasize
that although our calculation data are slightly underesti-
mated compared with the previous data, possibly due to a

difference in the computational method from the previous
work, the increasing tendencies are coincident with each
other as the square-root function of the oxygen number.

Water molecules are allowed to be adsorbed on the
monolayer rGO sheet or intercalated into the interlayer
space in the bilayer rGO sheets. The intercalated water
molecules are placed at the center of the carbon hexagon of
the graphene sheet in the bilayer rGO, while the adsorbed
water molecules are anchored to the epoxy groups on
the monolayer rGO sheet, weakly binding with the epoxy
oxygen atoms through hydrogen-bonding interaction. We
consider a series of rGO films with gradually increas-
ing water content by controlling the number of water
molecules, such as monolayer C72O12 · 6H2O (water con-
tent 9.3 wt%) and bilayer C72O12 · 12H2O (water con-
tent 17.0 wt%), C32O8 · 8H2O (water content 21.9 wt%),
C32O12 · 12H2O (water content 27.3 wt%), and C32O16 ·
16H2O (water content 31.0 wt%). Water contents of 21 and
31 wt% correspond to about 30% and 90% RH, respec-
tively, in previous experimental work [19,42,43], indicat-
ing that low-, intermediate-, and high-humidity conditions
are considered in this work.

We perform variable cell relaxations of these water-
intercalated rGO supercells allowing atoms to be relaxed
but only atomic relaxations for the monolayer rGO
supercells. The optimized atomic structures of the

034018-4



ROLE OF WATER MOLECULES IN ENHANCING... PHYS. REV. APPLIED 10, 034018 (2018)

-4 -2 0 2 4
Energy (eV)

0.0

0.2

0.4

0.6

D
O

S
far C s
far C p
near C s
near C p
H s

C72 + p monolayer

-2 -1 0 1 2
Energy (eV)

0.0

0.1

0.2

D
O

S

C s
C p
O s
O p
H s

C72O12 + p bilayer

-2 -1 0 1 2
Energy (eV)

0.0

0.1

0.2

D
O

S

C s
C p
O s
O p
H s

C72O12·6 H2O + p

monolayer

(a)

(b)

(c)

FIG. 4. Electronic density of states (DOS; left panel) and integrated local density of states (ILDOS; right panel) in charged supercells
for (a) monolayer C72 with one proton, (b) bilayer C72O12 with one proton, and (c) monolayer C72O12 · 6H2O with one proton. The
Fermi energy (EF ) is set to be zero in the DOS plot and the ILDOS is drawn in the energy range from 0 to 0.5 eV.

water-intercalated bilayer rGO sheets are shown in
Figs. 2(a)–2(d), where their interlayer distances and
hydrogen-bond lengths are also indicated. For the bilayer
models the interlayer distance increases from 6.1 to 8.6
Å as a linear function of the oxidation degree, agreeing
well with distances in rGO films prepared by a photore-
duction process [27], as shown in Fig. 2(e). On the other
hand, we see in the inset in Fig. 2(e) that the interlayer
distance increases but the water binding energy decreases
from 1.10 to 1.05 eV, both as linear functions of water
content. The increase of interlayer distance with increas-
ing water content is obvious given that the epoxy oxygen
atoms attract water molecules through hydrogen-bonding
interaction and thus more oxygen atoms can bind more
water molecules, resulting in expansion of the interlayer
space. In the case of the monolayer C72O12 · 6H2O model,
the water binding energy is calculated to be 0.96 eV, being
lower than in the bilayer models.

Hydrogen bonds are observed between the water
molecule themselves, which are of zigzag type on the plane
parallel to the basal graphene sheet, as shown in Fig. 2(a),
and between the epoxy oxygen atoms and water molecules.

While the the lengths of the hydrogen bonds between the
water molecules are more or less invariable with a mean
value of 1.9 Å, the lengths of the hydrogen bonds involv-
ing epoxy oxygen atoms increase gradually from 1.9 Å at
a water content of 17.0% to 2.0, 2.1, and 2.4 Å at water
contents of 21.9%, 27.3%, and 31.0%, respectively. This
gradual increasing tendency of the length of the hydro-
gen bond between the epoxy oxygen atom and a water
molecule with increasing water content is consistent with
that of the water binding energy, indicating a weakening
of hydrogen-bonding interaction in high-humidity condi-
tions. The lengths in the monolayer C72O12 · 6H2O sheet
are 1.7 Å for the former hydrogen bonds and 2.3 Å for the
latter hydrogen bonds.

Figure 3 shows the electronic-charge-density difference
when the water-adsorbed or water-intercalated rGO sheets
are formed. It is clear that electronic charge transfer occurs
on the uptake of water into rGO sheets, where carbon
and hydrogen atoms donate electrons and oxygen atoms
receive them. This charge transfer becomes weaker with
increasing water content. The benefit of GO or rGO com-
pared with pristine graphene is that it is easy to hold water

034018-5



RI, KIM, and YU PHYS. REV. APPLIED 10, 034018 (2018)

(a)

(b)

monolayer

monolayer, epoxy

monolayer, epoxy

bilayer

monolayer

bilayer

monolayer

FIG. 5. Activation energy for proton migration (a) along the
C—C bond in monolayer graphene (red), bilayer graphene
(black), and monolayer graphene with one epoxy group (green)
and (b) along the one-dimensional hydrogen-bonded channel
formed by epoxy and hydroxy groups in monolayer GO (red) and
bilayer GO (black) with the C72O12 model. The insets show the
corresponding migration paths, where small balls denoted with
numbers in purple indicate proton positions.

molecules through hydrogen-bonding interaction due to
their functional groups, such as epoxy and/or hydroxy
groups.

B. In-plane proton transport

Using the determined structures from the models, we
proceed to study in-plane proton transport on rGO sheets.
For the proton simulations, we insert a hydrogen atom into
the appropriate position of the optimized or relaxed super-
cells as discussed earlier, and allow the supercells to be
charged with one electron missing from the system. To
make it clear whether the electron will be removed from
the hydrogen atom, we present the electronic density of
states and the integrated local density of states in typi-
cal systems such as monolayer C72, bilayer C72O12, and
monolayer C72O12 · 6H2O in Fig. 4. In these plots, only
the density of states of the inserted H atom and the nearest
C and O atoms and the integrated local density of states in
the energy range from 0 to 0.5 eV when the Fermi energy is
set to be zero are shown for clarity. In these three systems,
we observe the empty s-type state of the hydrogen atom

above the Fermi level, indicating its transition to a pro-
ton. When hydrogen forms a certain chemical bond with
another element in a compound, it delivers an electron to
become a proton, and thus it is not meaningful to distin-
guish the inserted hydrogen atom from the one bonded
with the oxygen atom of a water molecule in the hydrous-
rGO systems. In this context, the empty state of C and O
atoms observed above the Fermi level can be explained by
chemical bonding.

As a preliminary check for the difficulty of in-plane pro-
ton transport on a graphene sheet, we first consider proton
migration on monolayer and bilayer graphene sheets. In
these cases the proton can be adsorbed on top of the carbon
atom with adsorption energies of −3.10 eV (monolayer)
and −13.87 eV (bilayer), and migrates along the C—C
bond with an activation energy of 0.93 eV in the mono-
layer, which is in good agreement with the previous result
[20], and 0.79 eV in the bilayer, as can be seen in Fig. 5(a).
The existence of an epoxy group around the migration path
slightly reduces the activation energy by 0.91 eV, possibly
due to the hydrogen-bonding interaction between the pro-
ton and the oxygen atom. At this point, it is worth noting
that the oxygen atoms or epoxy groups should form a row
rather than a randomized distribution on graphene, making
a kind of “epoxy bridge” for fast in-plane proton migration;
otherwise the proton should pass along the C—C bond,
which has a higher activation barrier.

We next consider proton transport on a rGO sheet using
the C72O12 model, where the proton is adsorbed on top of
the epoxy oxygen atom to form a hydroxy group [44] with
adsorption energies of −7.37 and −14.47 eV for the mono-
layer and bilayer sheets. The proton of the hydroxy group
is enforced to hop to the neighboring epoxy oxygen atom
(i.e., —OH → —O—) with activation energy of 0.35 eV
for the monolayer rGO sheets and 0.28 eV for the bilayer
rGO sheets, as shown in Fig. 5(b). This confirms that
the one-dimensional hydrogen-bonded channels formed by
epoxy groups on the rGO sheet can remarkably reduce the
activation energy for in-plane proton transport [22–25].
In both cases of graphene and rGO sheets, bilayer sheets
have lower activation energy than monolayer sheets, indi-
cating that enhanced hydrogen-bonding interaction makes
the proton transport fast.

For the cases of water-adsorbed or water-intercalated
rGO sheets, it is not easy to clarify the adsorption sites
and migration paths of protons. We propose two different
transport mechanisms—namely, epoxy-mediated hopping
and water-mediated proton hopping—in which protons of
the hydroxy group (—OH) for the former mechanism or
the hydronium group (—OH3) for the latter hop from one
group site to another. The concept of proton transport by
hopping is similar to the case in water via the Grotthuss
mechanism and in Nafion through sulfonic acid (SO3H)
[45]. In addition, we do not rule out a mixing mecha-
nism (i.e., epoxy-water-mediated proton transport). In the
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FIG. 6. Top view of migration paths for epoxy-mediated proton transport in (a) monolayer C72O12 · 6H2O, (b) bilayer C72O12 ·
12H2O, and (c) bilayer C32O16 · 16H2O rGO sheets. The insets show the perspective view, and arrows indicate the path. (d) Activation
energies for these proton migrations.

former case, we follow the same procedure as in the case
of the above-mentioned anhydrous-rGO sheet, whereas in
the latter case we perform �BVS analysis to predict the
adsorption sites and migration paths of protons.

The activation barrier for epoxy-mediated proton migra-
tion in the monolayer C72O12 · 6H2O model is 0.21 eV,
which is lower than that in its anhydrous counterpart,
the C72O12 model (0.35 eV) (Fig. 6). Such enhance-
ment of proton migration is attributed to hydrogen-
bonding interaction between the proton and adsorbed
water molecules that are placed over epoxy groups, form-
ing a hydrogen-bonded water channel. In contrast, the
activation energy in the case of the bilayer C72O12 ·
12H2O model is higher, 0.63 eV. By inspecting the migra-
tion path, we find that unlike the former case there is
no hydrogen bond between the proton and the inter-
calated water molecule in this model, in which water

molecules are placed an interlayer space away from the
row of epoxy groups. In the case of bilayer C32O16 ·
16H2O, proton migration is realized according to the
epoxy-water-mediated mechanism, although we enforce
epoxy-mediated migration. The activation energies are
estimated to be 0.48 eV for proton movement from water to
the epoxy group, which occurs without hydrogen-bonding
interaction, and 0.37 eV along the epoxy-mediated path
with the effect of a hydrogen bond. These results indicate
that the hydrogen-bonding interaction between the pro-
ton and the water molecule can enhance in-plane proton
transport.

Finally, we present the results for water-mediated
proton transport in the monolayer C72O12 · 6H2O and
bilayer C72O12 · 12H2O and C32O16 · 16H2O models in
Figs. 7(a)–7(c). As mentioned above, water molecules are
connected to their neighbors by hydrogen bonds, forming a
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FIG. 7. Top view of migra-
tion paths for water-mediated
proton transport in (a) mono-
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zigzag-type two-dimensional channel on top of the epoxy
group in the case of monolayer C72O12 · 6H2O and bilayer
C32O16 · 16H2O or in the interlayer space in the case
of C72O12 · 12H2O. As clarified by �BVS analysis, the
inserted proton attaches to the water molecule with adsorp-
tion energies of −7.39, −13.11, and −12.76 eV in these
sheets, forming a hydronium ion (H3O+), and then the
nearest of its three hydrogen atoms moves to the neighbor-
ing water molecule. Rotation of water molecules to some
degree is observed during the proton hopping. As shown in
Fig. 7(d), the corresponding activation energies are calcu-
lated to be 0.16, 0.17, and 0.23 eV in these hydrous-rGO
sheets, being much lower than along the epoxy-mediated
paths and in the anhydrous-GO sheet. Moreover, they
are comparable with the experimental value of 0.12 eV
[26]. The similar values in monolayer C72O12 · 6H2O and
bilayer C72O12 · 12H2O can be explained by the simi-
lar water-mediated paths, evidencing an indirect effect of
epoxy groups, which play a role in holding the water
molecules. The slightly higher value in bilayer C32O16 ·
16H2O indicates that too many water molecules around
the path may disturb the proton hopping due to attrac-
tion of the proton by another water molecule through
hydrogen-bonding interaction.

In Table I, we summarize the main result for rGO
and hydrous-rGO models with their oxidation degrees and
water contents, including the interlayer distance in the
bilayer models and the activation energy for the in-plane
proton transport. It is revealed that the in-plane proton
conductivity is enhanced through the hydrogen-bonding
interaction between the proton and water when mediated
by water in humid conditions. There are several options
to further enhance the in-plane proton conductivity (e.g.,
by functionalizing GO films with sulfonic acid groups).

TABLE I. Overview of calculation data for rGO and the
series of water-adsorbed rGO models with oxidation degree [O/

(C + O)] and water content. The interlayer distance (d) and
activation energy (Ea) are given.

Model Layer type
O/(C + O)

(%)
Water
(wt%)

d
(nm)

Ea
(eV)

C72O12 Monolayer 14.3 . . . . . . 0.35
C72O12 · 6H2O Monolayer 14.3 9.3 . . . 0.16
C72O12 · 12H2O Bilayer 14.3 17.0 0.61 0.17
C32O8 · 8H2O Bilayer 20.0 21.9 0.71 . . .

C32O12 · 12H2O Bilayer 27.3 27.3 0.76 . . .

C32O16 · 16H2O Bilayer 33.3 31.0 0.86 0.23
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This work may contribute to the development of efficient
solid proton-exchange membranes based on GO films. It
is worth noting that smaller supercells (C32 models) yield
a slightly higher activation barrier compared with larger
supercells (C72 models), due to an enhancement of periodic
image interaction. Quantitative analysis of the influence
of different concentrations of water molecules on in-plane
proton conductivity should be performed.

IV. CONCLUSIONS

In conclusion, we study the atomic structures of water-
adsorbed monolayer and water-intercalated bilayer rGO
sheets, varying the oxidation degree and water content, and
calculate the activation energies for in-plane proton trans-
port using the first-principles method. Our calculations
agree well with the experimental results for the inter-
layer distances of a bilayer series with increasing oxidation
degree, shedding light on the hydrogen bond between the
water molecule and the epoxy group. We suggest that in
these hydrous-rGO sheets the proton can hop by two dif-
ferent mechanisms, epoxy-mediated and water-mediated
paths, and conclude that water-mediated proton transport
is more likely to occur due to its much lower activation
energy (0.16, 0.17 eV) compared with epoxy-mediated
transport, which is close to that in experiments. Our
study may contribute to the understanding of the proton-
conductivity enhancement of rGO films in humid condi-
tions, and reveals new prospects for developing efficient
solid proton-exchange membranes based on GO films.
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Vukajlović, Binding of atomic oxygen on graphene from
small epoxy clusters to a fully oxidized surface, Carbon 54,
482 (2013).

[22] L. Wang, Y. Y. Sun, K. Lee, D. West, Z. F. Chen, J. J.
Zhao, and S. B. Zhang, Stability of graphene oxide phases
from first-principles calculations, Phys. Rev. B 82, 161406
(2010).

[23] M. Topsakal and S. Ciraci, Domain formation on oxidized
graphene, Phys. Rev. B 86, 205402 (2012).

[24] A. M. Dimiev, L. B. Alemany, and J. M. Tour, Graphene
oxide. Origin of acidity, its instability in water, and a new
dynamic structural model, ACS Nano 7, 576 (2013).

[25] K. Raidongia and J. Huang, Nanofluidic ion transport
through reconstructed layered materials, J. Am. Chem. Soc.
134, 16528 (2012).

[26] K. Hatakeyama, M. R. Karim, C. Ogata, H. Tateishi, T.
Taniguchi, M. Koinuma, S. Hayami, and Y. Matsumoto,
Optimization of proton conductivity in graphene oxide by
filling sulfate ions, Chem. Commun. 50, 14527 (2014).

[27] K. Hatakeyama, H. Tateishi, T. Taniguchi, M. Koinuma,
T. Kida, S. Hayami, H. Yokoi, and Y. Matsumoto, Tun-
able graphene oxide proton/electron mixed conductor that
functions at room temperature, Chem. Mater. 26, 5598
(2014).

[28] K. Hatakeyama, M. S. Islam, K. Michio, C. Ogata,
T. Taniguchi, A. Funatsu, T. Kida, S. Hayami, and Y.
Matsumoto, Super proton/electron mixed conduction in
graphene oxide hybrids by intercalating sulfate ions, J.
Mater. Chem. A 3, 20892 (2015).

[29] M. R. Karim, K. Hatakeyama, T. Matsui, H. Takehira, T.
Taniguchi, M. Koinuma, Y. Matsumoto, T. Akutagawa, T.
Nakamura, S. Noro, et al., Graphene oxide nanosheet with
high proton conductivity, J. Am. Chem. Soc. 135, 8097
(2013).

[30] K. Wakata, M. S. Islam, M. R. Karim, K. Hatakeyama, N.
N. Rabin, R. Ohtani, M. Nakamura, M. Koinuma, and S.
Hayami, Role of hydrophilic groups in acid intercalated
graphene oxide as a superionic conductor, RSC Adv. 7,
21901 (2017).

[31] M. Koinuma, C. Ogata, Y. Kamei, K. Hatakeyama, H.
Tateishi, Y. Watanabe, T. Taniguchi, K. Gezuhara, S.
Hayami, A. Funatsu, et al., Photochemical engineering of
graphene oxide nanosheets, J. Phys. Chem. C 116, 19822
(2012).

[32] C.-Y. Tseng, Y.-S. Ye, M.-Y. Cheng, K.-Y. Kao, W.-C.
Shen, J. Rick, J.-C. Chen, and B.-J. Hwang, Sulfonated
polyimide proton exchange membranes with graphene
oxide show improved proton conductivity, methanol
crossover impedance, and mechanical properties, Adv.
Energy Mater. 1, 1220 (2011).

[33] L. Zhao, Y. Li, H. Zhang, W. Wu, J. Liu, and J.
Wang, Constructing proton-conductive highways within
an ionomer membrane by embedding sulfonated polymer
brush modified graphene oxide, J. Power Sources 286, 445
(2015).

[34] J. Klimeš, D. R. Bowler, and A. Michaelides, Van der
Waals density functionals applied to solids, Phys. Rev. B
83, 195131 (2011).

[35] I. D. Brown and D. Altermatt, Bond-valence parameters
obtained from a systematic analysis of the inorganic crystal
structure database, Acta Crystallogr. B. Struct. Sci. 41, 244
(1985).

[36] G. Henkelman, B. P. Uberuaga, and H. Jónsson, A climb-
ing image nudged elastic band method for finding saddle
points and minimum energy paths, J. Chem. Phys. 113,
9901 (2000).

[37] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, et
al., QUANTUM ESPRESSO: A modular and open-source
software project for quantum simulations of materials, J.
Phys.: Condens. Matter 21, 395502 (2009).

[38] We use C.pbe-van_ak.UPF, O.pbe-van_ak.UPF, and H.pbe-
van_ak.UPF, which are provided in the package.

[39] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized Gra-
dient Approximation Made Simple, Phys. Rev. Lett. 77,
3865 (1996).

[40] M. O’Keeffe and N. E. Brese, Atom sizes and bond lengths
in molecules and crystals, J. Am. Chem. Soc. 113, 3226
(1991).

[41] G. S. Rohrer, Structure and Bonding in Crystalline Materi-
als (Cambridge University Press, 2004).

[42] A. Paneri and S. Moghaddam, Impact of synthesis condi-
tions on physicochemical and transport characteristics of
graphene oxide laminates, Carbon 86, 245 (2015).

[43] A. Paneri, Y. Heo, G. Ehlert, A. Cottrill, H. Sodano, P. Pin-
tauro, and S. Moghaddam, Proton selective ionic graphene-
based membrane for high concentration direct methanol
fuel cells, J. Memb. Sci. 467, 217 (2014).

[44] J.-A. Yan, L. Xian, and M. Y. Chou, Structural and Elec-
tronic Properties of Oxidized Graphene, Phys. Rev. Lett.
103, 086802 (2009).

[45] S. Hu, Ph.D. thesis, School of Physics and Astronomy, The
University of Manchester, 2014.

034018-10

https://doi.org/10.1103/PhysRevLett.112.076101
https://doi.org/10.1016/j.carbon.2012.12.008
https://doi.org/10.1103/PhysRevB.82.161406
https://doi.org/10.1103/PhysRevB.86.205402
https://doi.org/10.1021/nn3047378
https://doi.org/10.1021/ja308167f
https://doi.org/10.1039/C4CC07273A
https://doi.org/10.1021/cm502098e
https://doi.org/10.1039/C5TA05653E
https://doi.org/10.1021/ja401060q
https://doi.org/10.1039/C7RA01634D
https://doi.org/10.1021/jp305403r
https://doi.org/10.1002/aenm.201100366
https://doi.org/10.1016/j.jpowsour.2015.04.005
https://doi.org/10.1103/PhysRevB.83.195131
https://doi.org/10.1107/S0108768185002063
https://doi.org/10.1063/1.1329672
https://doi.org/10.1088/0953-8984/21/39/395502
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1021/ja00009a002
https://doi.org/10.1016/j.carbon.2015.01.024
https://doi.org/10.1016/j.memsci.2014.05.002
https://doi.org/10.1103/PhysRevLett.103.086802

	I. INTRODUCTION
	II. COMPUTATIONAL METHODS
	III. RESULTS AND DISCUSSION
	A. Atomic structures
	B. In-plane proton transport

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


