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Graphane functionalized with hydroxyl groups is shown to rapidly conduct protons under an-
hydrous conditions through a contiguous network of hydrogen bonds. Density functional theory
calculations predict remarkably low barriers to diffusion of protons along a 1-D chain of surface
hydroxyls. Diffusion is controlled by local rotation of hydroxyl groups, a mechanism that is very
different from that found in 1-D water wires in confined nanopores or in bulk water. The proton
mean square displacement in the 1-D chain was observed to follow Fickian diffusion, rather than
the expected single-file mobility. Charge analysis reveals that the charge on the proton is essentially
equally shared by all hydrogens bound to oxygens, effectively delocalizing the proton.

Transport of protons through membranes is of vital
importance across a broad range of processes, ranging
from biological systems to industrially-important tech-
nologies. We here report the first principles design of a
novel material capable of facile conduction of protons in
the complete absence of water, which addresses a critical
challenge related to proton exchange membrane (PEM)
fuel cells [1]. The most widely used PEM materials are
polyelectrolyte polymers, such as Nafion [2]. These poly-
mers conduct protons at appreciable rates only when
hydrated. As a result, the upper limit for the oper-
ating temperature of PEM fuel cells is typically about
80°C because higher temperatures result in dehydration
of the polyelectrolyte polymer [3], which causes a dra-
matic decrease in the rate of proton conduction. We show
that functionalized graphane can conduct protons anhy-
drously at elevated temperatures, making it a potential
material for intermediate temperature PEM fuel cells.
There are several advantages to operating PEM fuel cells
at intermediate temperatures (100–200°C), including in-
creased electrochemical reaction rates, the availability of
higher quality waste heat, and decreased CO poisoning
of the anode [4]. Hence, there is a practical need for an-
hydrous proton transport (PT) membrane materials that
has motivated research in this area [5].

A key requirement for a material to exhibit fast PT is
optimal donor-acceptor spacing. Thus, facile anhydrous
PT should occur on a surface having a fixed contiguous
network of hydrogen bonded hydroxyl (OH) groups. Ac-
cordingly, we have used density functional theory (DFT)
calculations to show that graphane (fully hydrogenated
graphene) functionalized with hydroxyl groups has inher-
ent near-optimal spacing for forming a surface network
of hydrogen bonds capable of facilitating fast anhydrous
PT. We show that this novel material offers both the op-

portunity for fundamental studies of anhydrous PT and
the potential for creating new practical PEM membrane
materials. The mechanism of PT in aqueous systems has
been extensively studied and is well understood. In con-
trast, the PT mechanisms under anhydrous conditions
appear to depend on the material and are a matter of de-
bate [5–8]. This work provides atomic-level insight into
how PT takes place on OH-functionalized graphane and
why the barriers to PT on this material are so low.

Why Graphane? There are at least two advantages for
use of graphane instead of graphene as the platform for
constructing PT membranes: (1) proton exchange mem-
branes must be electronic insulators and graphene is a
semimetal, whereas hydroxylated graphane is an insula-
tor with a direct band gap of 3.22 eV [9]; (2) graphane
has sp3 structure, whereas functionalized graphene has
both sp2 and local sp3 structures, resulting in more strain
compared with functionalized graphane. In addition, hy-
droxylated graphane is predicted to be stable [9]. Our
model system is shown in Fig. 1 and consists of a peri-
odic supercell of graphane having a one-dimensional (1-
D) chain of OH groups spanning the cell. This system
contains 4 OH groups and a single proton; the system
has a +1e total charge. The hydroxyl groups can rotate
about the C–O bonds and our relaxed structures show
that these OH groups spontaneously orient to form a 1-D
chain of hydrogen bonds as a result of the inherent struc-
ture of graphane, i.e., the natural distance of OH groups
on graphane is nearly ideal for hydrogen bonding, with
O–O distances of about 2.3 to 2.4 Å.

Calculation Method. We carried out DFT calcula-
tions using the Vienna Ab-initio Simulation Package
(VASP) [18] and an in-house modified version of Quan-
tum Espresso (QE) [19]. An energy cutoff of 520 eV
was used with the Perdew-Burke-Ernzerhof form of the
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FIG. 1. (Color online) (a) Top view of the hydroxylated
graphane supercell containing 24 carbons and 4 hydroxyl
groups with one excess proton (carbons in gray, oxygens in
red, hydrogens bound to oxygens in dark blue, hydrogens
bound to carbon in light blue, red lines indicate hydrogen
bonding). (b) Side-on view for the configuration in (a). Su-
percell lattice parameters are given in Table S1 of the Sup-
plemental Material [10]. Solid lines show the cell boundaries
in the a and b directions.
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FIG. 2. Self-diffusion coefficients at temperatures of 400, 600,
and 800 K as determined from AIMD simulations.

generalized gradient approximation [20]. We checked the
convergence of the k-point grid and vacuum spacing to
validate our computational setup. The minimum energy
pathway (MEP) for PT was obtained using the climb-
ing image nudged elastic band (cNEB) method [21]. The
size of the supercell in the direction perpendicular to the
graphane plane was 20 Å, ensuring interactions between
the layers were negligible. Proton diffusivities were com-
puted from Born-Oppenheimer ab-initio molecular dy-
namics (AIMD) simulations in the NVE (microcanon-
ical) ensemble with a step size of 0.25 fs. Details are
given in Supplemental Material [10].

Proton Transport Dynamics. The self-diffusion coeffi-
cients, D, at different temperatures are plotted in Fig.
2. Extrapolation of the data gives an estimate of D at
room temperature of 4×10-5 cm2s-1, which is fortuitously
close to the self-diffusion coefficient of protons through
bulk water computed from molecular simulations [22].
Diffusion coefficients of protons through Nafion depend
dramatically on the hydration level. Simulations predict
that diffusivity increases from 1.4 × 10−6 to 1.7 × 10−5

cm2s-1 at room temperature as the number of water
molecules increases from 6 to 15 per sulfonic acid group
[23]. These simulations are in good agreement with ex-
perimental measurements for Nafion under similar con-

ditions [24]. Our data were fitted to an Arrhenius ex-
pression, which yielded an activation energy of 60 meV.
This is significantly lower than the experimentally mea-
sured activation energy for proton conductance in Nafion,
which ranges from 0.1 to 0.36 eV, depending on water
content [25]. Analysis of the AIMD simulations indicated
that proton hopping takes place in concert with the ro-
tation of hydroxyl groups and this rotation is expected
to be the rate limiting step in PT.

Proton Transport Energetics. The rate limiting step
was confirmed by computing the MEP for PT from the
cNEB method. Our calculated barrier height for proton
hopping along the OH chain is about 70 meV, as shown
in Fig. 3. This barrier height is in very good agree-
ment with the activation energy of 60 meV estimated
from AIMD diffusivity calculations. We note that ex-
act agreement is not expected between barrier heights
from cNEB and apparent activation energies from Ar-
rhenius plots for several reasons: (1) the barrier heights
from cNEB calculations are zero Kelvin electronic ener-
gies while activation energies are temperature-averaged
Gibbs free energies, (2) the AIMD calculations include
anharmonic effects that are not captured in the cNEB
calculations, and (3) the diffusivities are subject to statis-
tical errors. The very low barrier computed from cNEB
(Fig. 3) provides a second confirmation (with the AIMD
results) of our expectation that hydroxylated graphane
will conduct protons at fast rates under anhydrous con-
ditions. As we tentatively observed in the AIMD simu-
lations, cNEB confirms that the PT pathway consists of
a concerted hopping mechanism involving rotation of hy-
droxyl groups about the C–O bond axis, along with the
displacement of a proton. Key configurations from the
MEP are shown in Fig. 4. We note an unexpected feature
in the MEP that is elucidated by examining the config-
urations in Fig. 4: the MEP has two transition states,
separated by a very shallow local minimum metastable
state. The two end-point geometries, (a) and (e) in Fig.
4, are identical by translational symmetry and are char-
acterized by a single OH bond pointing perpendicular to
the 1-D chain of OH groups, with the H atom pointing
to the center of a hexagon in the underlying graphane.
The metastable intermediate, Fig. 4 (c), is similar in
structure, except that the OH group perpendicular to
the chain is oriented over a graphane C–C bond. The
two transition states are almost isoenergetic (Fig. 3)
and are visually identical, as seen in Fig. 4 (b) and
(d). The transition states correspond to an OH group
just before and just after the C–C bond center cross-
ing. We also note two distinct proton hopping events in
Fig. 4, as defined by a change in the nearest O for a
given H. We have ignored quantum diffraction effects in
our calculations. Zero-point energy corrections obtained
from vibrational frequency calculations reduce the clas-
sical barrier height from 70 to 40 meV. We have esti-
mated rate constants for PT using three different transi-
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FIG. 3. (Color online) Minimum energy pathway (MEP) com-
puted from the cNEB method for proton hopping on a 4-OH
group system (see Fig. 1) computed from VASP (red circles)
and Quantum Espresso (QE) without (green triangles) and
with (blue squares) density-countercharge corrections. The
MEP for a 7-OH group system is also shown (black diamonds)
as a test of finite system size effects.

tion state theory (TST) approximations. Rate constants
were determined using classical and quasi-classical treat-
ment of TST [26], and tunneling effects were estimated
using the semi-classical TST approximation [27]. Results
from these calculations are shown in Fig. S1 of the Sup-
plemental Material [10]. Tunneling effects were found to
be negligible for the temperatures considered here. This
is not unexpected because the proton hopping barrier is
both small and broad (Fig. 3). On the other hand, quan-
tum effects estimated from zero-point energy corrections
through the quasi-classical TST approximation increase
the rate constant by about a factor of 1.7 near room
temperature. Therefore, our classical treatment can be
viewed as a lower bound estimate to the diffusivity.

Interestingly, although there is formally only one pro-
ton in the system, each of the H atoms involved in hy-
drogen bonding behave essentially as protons, i.e., each
H atom bound to an O atom can potentially hop. More-
over, the effective charges on the H atoms, as computed
from the DDEC6 population analysis method [28], are
almost identical (Table. S2, Supplemental Material [10].
Thus, the H atoms are, in a sense, indistinguishable, and
the proton is highly delocalized. The charge delocaliza-
tion is an unexpected feature and so we have verified that
this is not an artifact due to system size effects by using
a larger super cell; we also eliminated the possibility that
the charge delocalization was due to self-interaction error
by computing charges from Hartree-Fock level of theory
(see Table S3 & S4, Supplemental Material [10]). Charge
delocalization decreases the barrier to PT by reducing
the polarization associated with moving a proton from
one O atom to another.

We have estimated finite-size effects in our calculations

FIG. 4. (Color online) Atomic configurations computed from
cNEB for the 4-OH group system (Fig. 1) for the (a) initial,
(b) first transition state, (c) metastable intermediate, (d) sec-
ond transition state, and (e) final state. The concerted motion
in each step is indicated with arrows (colors defined in Fig. 1).

by constructing a supercell consisting of 70 C atoms, 7
OH groups, and a single proton. Note that this system
has different symmetry than the 4 OH system because
of the odd number of OH groups in the unit cell. We
have computed the cNEB MEP in this 7 OH system and
plotted the results in Fig. 3. The MEP for the larger
system has the same features as the smaller system and
a barrier that is about 12 meV higher. The one quali-
tative difference between the two systems is that the 7
OH system has only a single proton hop (see Fig. S2 of
the Supplemental Material [10]). This difference can be
attributed to finite-size effects because rotation of an OH
group in the smaller system has a larger influence due to
periodic boundary conditions. Note also in Fig. 3 that
the reaction coordinate ξ is somewhat larger for the 7 OH
system, because of the larger number of moving atoms.

Challenges in charged systems. Periodic DFT calcula-
tions of charged systems are problematic because of er-
rors due to imposing an artificial jellium background [29].
We have estimated the extent of this error by implement-
ing the density-countercharge (DCC) method of Dabo et
al. [30] in an in-house modified version of QE. We com-
puted the cNEB pathways for the 4 OH system using
both the original QE code (no DCC) and the DCC cor-
rected code. These MEPs are plotted in Fig. 3. Adding
the DCC corrections increases the barrier by about 5
meV, indicating that the errors introduced due to the
jellium background are very small. We also note that
the 7 OH system provides an independent check of the
error due to the charge because the system is larger but
has the same net charge. However, in this case, the differ-
ence between the two systems includes other effects due
to flexibility and periodicity, in addition to the charge
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density.
Transport mechanism details. One might assume that

PT in the 1-D systems studied here would result in single-
file mobility because the protons cannot pass one an-
other. Single-file mobility is characterized by the mean
square displacement (MSD) of protons being propor-
tional to t1/2, where t is time [31]. However, we found
that this system follows the Einstein relation for Fickian
diffusion (MSD ∝ t) [31], as seen in Fig. S4 of the Supple-
mental Material [10]. We constructed a lattice model to
test whether the Fickian diffusion observed from AIMD
simulations was due to artifacts of system size or short
simulation times. The results of the lattice model also
show Fickian diffusion (see Fig. S4). The system with
a single proton effectively behaves as being in the infi-
nite dilution limit even though all of the hydrogens on
OH groups can hop. This unexpected outcome can be
rationalized by considering the case without a proton. In
this case, one has a contiguous chain of hydrogen bonded
OH groups, but no protons and therefore no PT can take
place. Thus, the 1-D system is analogous to a 1-D lat-
tice model, where the OH chain without a proton is like
an empty lattice, the chain with a single proton is sim-
ilar to a lattice with one occupied site, but having the
unique feature that any of the H atoms on the chain can
hop. Simulations of a lattice model with 8000 OH groups
and 4000 protons show that this “half-filled” system ex-
hibits the expected single-file mobility, with the MSD
∝ t1/2 (see Fig. S5, Supplemental Material [10]). Note
that system size effects can give rise to anomalously large
diffusivities for diffusion of fluids through very smooth
nanopores [32, 33]. The hallmarks of this system size
artifact are: (1) calculated diffusion barriers that are in-
consistently large compared with measured diffusivities
and (2) systematic deviations from MSD ∝ t [32]. Our
system does not display anomalous diffusivities because
the calculated diffusion barrier from cNEB is consistent
with the barrier computed from AIMD (Figs. 2 and 3)
and we clearly observe MSD ∝ t (Fig. S4).
Discussion. Several observations can be made based

on our results. Firstly, the PT mechanism identified here
is significantly different from mechanisms in bulk water
and 1-D water wires. It has been shown that concerted
PT through a Grotthuss mechanism [34] in both bulk
water and water wires confined to 1-D channels, such as
carbon nanotubes [35], results in unfavorable polariza-
tion of the water chain, the resolution of which requires
significant solvent reorganization [8, 36]. Hydroxylated
graphane has no hydrogen bonding defects like orienta-
tional D or L configurations as reported for PT in car-
bon nanotubes [36, 37], and hence there is no need for
solvent reorganization. The only reorganization required

is local in nature–involving the concerted rotation of a
pair of adjacent OH groups. Moreover, since this sys-
tem is anhydrous there is no large electrostatic penalty
for desolvation, and the conductance of protons should
not decrease with length of the 1-D path, as with narrow
carbon nanotubes [35].

A second observation is that hydroxylated graphane
is potentially a significantly better material for anhy-
drous proton exchange membranes than existing mate-
rials. Proton conduction on OH functionalized polymers
[5, 38], ionic crystals [39], and doped amorphous carbons
[40] has been demonstrated, but none of these materi-
als have optimal placement of hydrogen bonding groups.
Hence, they lack the contiguous network of hydrogen
bonds required for truly facile water-free PT. As noted
by Nagamani et al., the presence of a hydrogen bond
network is vital to fast and robust PT [38]. Another ad-
vantage of a functionalized surface over polymers is the
reduced flexibility of the surface relative to a polymer;
flexibility in the polymer chain disrupts hydrogen bonds
and decreases the PT rate.

It is interesting to note the similarities between the
contiguous 1-D OH chain of Fig. 4 and the hypotheti-
cal soliton system studied previously [41]. Although the
charge is highly delocalized, our system does not exhibit
soliton-like collective PT. This is because proton trans-
port coupled with rotation of an OH group is inconsistent
with the soliton mechanism [41].

Hydroxylated graphane could potentially be produced
by using electron-beam generated plasmas, which have
been used to functionalize graphene with F, H, and O
atoms [42]. This approach would produce a high degree
of hydroxylation, rather than a 1-D chain of OH groups,
but having a 2-D network of hydrogen bonds will pro-
vide redundant pathways for PT and thus be more ro-
bust than the 1-D system we have studied here. A single
missing OH group in a 1-D chain effectively blocks PT
(the estimated barrier is about 4.4 eV, see Fig. S9 and
the discussion in the Supplemental Material [10]), so for
any practical material, a 2-D network is desired. We are
currently investigating the characteristics of PT in a 2-D
network.
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