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Abstract
We predict that graphane functionalized with
hydroxyl groups, hydroxygraphane, can con-
duct protons in the complete absence of water,
as shown from density functional theory calcu-
lations. Hydroxygraphane’s anhydrous intrin-
sic proton conductivity results from the self-
assembling two-dimensional network of hydro-
gen bonds on its surface. We show that the
proton conduction occurs through a Grotthuss-
like mechanism, as protons hop between neigh-
boring hydroxyl groups, aided by their rotation.
Our calculations predict that hydroxygraphane
has a direct bandgap of 3.43 eV, a phonon dis-
persion spectrum with no instabilities, and a 2-
D Young’s modulus and Poisson’s ratio stiffer
than those for graphane—the parent material
for hydroxygraphane. Hence, hydroxygraphane
has the desired electronic and mechanical prop-
erties to make it a viable candidate for a proton
exchange membrane material capable of oper-
ating under anhydrous or low-humidity condi-
tions.
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Proton conduction is of fundamental impor-
tance in fields as diverse as cell function,1,2
photosynthesis,3,4 enzyme catalysis,5 and bat-
tery and fuel cell technologies.6–9 Proton trans-
port in aqueous systems has been widely in-
vestigated through theoretical10,11 and experi-
mental techniques11,12 for decades and is still
an active area of research, as seen from recent
intriguing findings of proton transport for wa-
ter dissociation in nanoconfined channels13,14
and unusual proton transport characteristics at
the temperature of maximum density.15 In con-
trast, the study of of proton transport under
anhydrous conditions has not been studied as
extensively.16
Proton exchange membrane (PEM) fuel cells

are increasingly important in applications such
as fuel cell vehicles and portable power gener-
ation.17 Limitations of current PEM fuel cells
include the requirement that the operating tem-
perature not exceed about 80◦C and that the
membrane be sufficiently hydrated. Both of
these requirements are the result of materials
property limitations of the polymer electrolyte
membrane, Nafion,18 used in the current gen-
eration of fuel cells. The fundamental issue is
that Nafion is not an intrinsic proton conduc-
tion material—it is only capable of conducting
protons when sufficiently hydrated. There are
significant advantages to increasing the operat-
ing temperature of PEM fuel cells and elimi-
nating the need for membrane humidification,
including increased kinetic rates, the availabil-
ity of higher quality waste heat, higher resis-
tance to electrode poisoning, and simplified wa-
ter management.16,19,20 Hence, there is a need
to develop new materials that facilitate pro-
ton transport under anhydrous or low humidity
conditions.21,22
Recent work has focused on the discovery and

synthesis of new materials capable of proton
conduction under low-humidity or anhydrous
conditions.23–30 Porous metal organic frame-
works and related materials have been proposed
as Nafion replacements.22,24,27,28,31–35 However,
most of these materials have conductivities that
are lower than Nafion or require water to be
bound to the porous structure to facilitate pro-
ton conduction.28 Even materials that have

high intrinsic proton conductivity have high re-
sistance to conduction across grain boundaries
and could suffer from stability issues. Hence,
there is still a need to both understand proton
conduction under anhydrous conditions and to
develop materials that have higher conductivity
and stability than those now available.
In this letter we show that graphane (an

sp3 hydrogenated version of graphene36) that
is functionalized with hydroxyl groups, which
is known as graphanol or hydroxygraphane,37
has the potential to conduct protons via a
Grotthuss-like mechanism38 in the complete ab-
sence of water. We have used density functional
theory (DFT) to study proton conduction on
hydroxygraphane—a quasi two-dimensional (2-
D) material constructed by replacing all the hy-
drogen atoms on one side of graphane with hy-
droxyl groups (OH),39 as shown in Figure 1.
We note that hydroxygraphane has been re-
ported to be thermodynamically stable, ac-
cording to ab-initio calculations.40 More impor-
tantly, synthesis of hydroxygraphane has been
reported, based on hydroboration of graphane
oxide,37 yielding stoichiometric ratios of OH
and H groups.
We note that there have been two experi-

mental reports in the literature of proton con-
duction on graphene oxide (GO).41,42 Karim
et al.42 found that GO conducts protons on
the surface when humidified. They hypothe-
size that protons are conducted through a hy-
drogen bonded network of water adsorbed on
the surface. This work supports our hypothe-
sis that a hydrogen bonded network on the sur-
face of graphene-related materials will facilitate
the conduction of protons. Cao et al.41 demon-
strated that sulfonated GO nanosheets can be
used to create three-dimensional networks when
integrated with Nafion to form a polymer ma-
trix. This composite material was found to con-
duct protons at rates comparable with Nafion.
Cao and co-workers posit that the sulfonate
groups favor formation of well-connected water
channels. Neither of these materials can con-
duct protons at low humidity because they lack
a sufficient density of hydrogen bonding groups
on the surface to create a contiguous network
of hydrogen bonds. In related work, Bagusetty
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et al. have predicted that graphane functional-
ized with a 1-D chain of hydroxyl groups can
conduct protons under anhydrous conditions at
appreciable rates.43 However, this hypotheti-
cal material has not been made and is prob-
ably very difficult to make. Moreover, a sin-
gle defect (e.g., a single missing OH group)
will completely block proton conductivity along
the 1-D chain.43 Hydroxygraphane, in contrast,
has been synthesized37 and because the OH
groups form a 2-D network of contiguous hy-
drogen bonds across the surface,39 it should ex-
hibit robust proton conductivity with respect
to defects such as missing OH groups or car-
bon atoms. Hydroxygraphane also features a
key descriptor for the facile conduction of pro-
tons, namely, an ordered and consistent dis-
tance between donor and acceptor (OH) groups
of the hydrogen bonds, which was reported to
enhance proton diffusivity in comparison to tor-
tuous and amorphous morphologies present in
most polymer electrolyte membranes.44,45
The successful synthesis of hydroxy-

graphane37 suggests that it is possible to exper-
imentally test this material for proton conduc-
tion. Before doing so, it is highly advantageous
to use atomistic simulations to identify the po-
tential for hydroxygraphane to function as a
PEM material. Some of the requirements that
an effective intermediate temperature PEM
material must have are: (1) an ability to con-
duct protons at acceptably high rates over a
range of temperatures, even in the absence of
water; (2) electrical insulation, i.e., it must be
a wide bandgap semiconductor; (3) mechanical
robustness. It is the aim of this letter to evalu-
ate in silico the suitability of hydroxygraphane
with respect to these three criteria.

Computational Methodology. Our calcula-
tions were carried out with DFT methods as
implemented in the Vienna ab-initio simula-
tion package (VASP).46–48 The structural re-
laxation of the supercell shown in Figure 1
gave lattice parameters of: a = 10.703 Å,
b = 8.027 Å, c = 20.0 Å, α=β=90◦, γ=120◦.
Projector augmented-wave (PAW) pseudopo-
tentials49 were employed to describe the inter-
actions between valence electrons and frozen
cores. A kinetic energy cutoff for the plane-

Figure 1: Top and side view of hydroxy-
graphane in the herringbone configuration (car-
bons in gray, oxygens in red, hydrogens in
white). The primitive cell (containing 10
atoms) is shown by the solid blue lines. Solid
black lines show the supercell which is a 3 × 2
replication of the primitive cell.

wave expansion was set to 520 eV and total en-
ergy convergence for self-consistent field calcu-
lations was set to 10−9 eV to attain sufficient
accuracy. The generalized gradient approxi-
mation exchange-correlation (XC) functional of
Perdew-Burke-Ernzerhof (PBE) was used.50,51
The Brillouin zone sampling was performed us-
ing a Monkhorst-Pack k-point grid size of 7 ×
7 × 1. All the ionic positions were relaxed until
the forces were less than the tolerance of 10-3
eV/Å. A vacuum spacing of 20 Å in the direc-
tion perpendicular to the surface of hydroxy-
graphane was employed to mitigate the interac-
tions between the layers under periodic bound-
ary conditions. The calculated bond lengths
for C—C, C—H, C—O were found to be 1.57
Å, 1.11 Å and 1.43 Å, respectively, for the op-
timized configuration in Figure 1. These values
agree well with those reported by Wang et al.39
Proton mobility was assessed by examin-

ing proton mean square displacements, which
were computed from a set of ten independent
Born-Oppenheimer ab initio molecular dynam-
ics (AIMD) simulations. These were performed
on a 2 × 2 × 1 configuration of the system
shown in Figure 1 having one excess proton,
such that the system has an overall charge of
+1 e. The average temperature of the simula-
tions was about 800 K. Simulation details are
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given in the Supporting Information.
Calculations performed using DFT for

charged systems under periodic boundary con-
ditions impose an artificial counter-charge jel-
lium background, which results in an error. 52
Bagusetty et al.43 showed that this background
charge error is not significant for computing the
diffusion barriers for a similar charged system
of 1-D hydroxylated graphane by comparing
results with and without density-countercharge
corrections.53 Their results imply that back-
ground charge errors will be small for our sys-
tem as well. We also note that quantum effects
such as diffraction and proton tunneling are ne-
glected in this study. Based on previous work,43
we estimate that proton conduction rates will
increase significantly when quantum diffraction
is accounted for, but that proton tunneling will
have a negligible impact.
The Heyd-Scuseria-Ernzerhorf (HSE06)

short-range screened hybrid functional54,55 was
used for accurate band structure calculations
because the PBE functional is known to under-
estimate the bandgap of semiconductors. We
have evaluated the structural stability by ex-
ploring the harmonic phonon dispersion spec-
trum computed using the PHONOPY soft-
ware package56 in conjunction with VASP. The
phonon calculations were carried out on a 3
× 3 × 1 supercell (containing 90 atoms) con-
structed from the primitive cell configuration
shown in Figure 1.

Dynamics of Proton Conduction. We investi-
gated the dynamic stability and proton conduc-
tion ability of hydroxygraphane containing one
excess proton (H+) by performing AIMD simu-
lations at high temperatures (about 800 K). We
observed that hydroxygraphane with an excess
proton is stable (or at least metastable) because
aside from proton hopping, no bond break-
ing events of the underlying structure were ob-
served in any of the ten independent simula-
tions at 800 K. Our analysis of the AIMD tra-
jectories indicated that proton conduction oc-
curs by hopping of an excess proton from one
OH group to the next over a 2-D network of
hydrogen bonds. We noted that the hydroxyl
groups surrounding the center of excess charge
(i.e., OH group with an excess proton) reorient

themselves to accommodate the local changes
made to the morphology due to the presence
of the excess proton. The key to facile intrin-
sic proton conduction is the presence of a con-
tiguous network of hydrogen bonds having an
appropriate hydrogen bonding distance across
the hydroxygraphane surface, coupled with the
ability of the OH groups to rotate.45,57 We
observed that proton conduction on hydroxy-
graphane takes place through a Grotthuss-like
mechanism, where a proton is transferred from
one OH group to another, followed by a differ-
ent H+ moving to the next OH group, as illus-
trated in Figure 2. The mechanism of proton
conduction is associated with a slight reorien-
tation of the hydroxyl groups surrounding the
excess charge, resulting in a reconfiguration of
the hydrogen bonding network.
The proton mobility was quantified from the

mean squared displacement (MSD) averaged
over x and y directions along the plane of hy-
droxygraphane. The profile of MSD as a func-
tion of time at 800 K is plotted in Figure 3.
We have estimated the mean value of the self-

diffusion coefficient from the MSD profile using
the Einstein relation. Our computed value is
D = 1.1 × 10−5 cm2/s with an uncertainty of
±2.6 × 10−6 cm2/s (twice the standard devia-
tion). For comparison, the value of D for 1-D
hydroxylated graphane at 800 K is 1.56× 10−4

cm2/s.43 The observed reduction in the proton
mobility is expected in going from a 1-D chain
of hydroxylated graphane to a 2-D network in
hydroxygraphane, and is due to the difference
in the hydrogen bonding topology. There is a
maximum of two hydrogen bonds (one donor
and one acceptor) on any given OH group on
1-D hydroxylated graphane because there are
only two neighboring OH groups. However, any
OH group on hydroxygraphane has a coordi-
nation of six neighboring OH groups to which
it can hydrogen bond. Hence, any given OH
group could have three hydrogen bonds, one
donor and two acceptors, and therefore the en-
ergy required to rotate an OH group is, on av-
erage, significantly higher than for the 1-D sys-
tem.
Another difference between the 1-D hydroxy-

lated graphane and 2-D hydroxygraphane cases
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Figure 2: Snapshots of a proton conduc-
tion event in protonated hydroxygraphane from
AIMD simulations at 800 K. An excess pro-
ton associated with a hydroxyl group is marked
with a dashed circle to indicate the charge cen-
ter. Protons participating in the conduction
event are colored blue and green to aid in visu-
alization. Hopping of these protons illustrate a
Grotthuss-like mechanism (atom colors defined
in Figure 1).

is that protons can obviously only diffuse along
the 1-D chain of OH groups in the former, but
protons can diffuse in any direction on the hy-
droxygraphane surface. Indeed, our MSD data
show that proton mobility in the x and y direc-
tions is statistically equivalent, as can be seen
from Figure 3(b). Hence, hydroxygraphane
having defects (e.g., missing OH groups or
missing C atoms) will still conduct protons,
whereas a missing OH group on 1-D hydroxy-
lated graphane will result in a complete block-
age of proton conduction.43
The purpose of this paper is to establish

that proton conduction does occur on hydrox-
ygraphane, and to explore its mechanical and
electronic properties. This paper does not at-
tempt to fully characterize the diffusion coef-
ficients and the corresponding conductivities,
which can be determined from the Einstein re-
lation and Nernst-Einstein equation,58 respec-
tively. We will explore the temperature depen-
dence of diffusivity and conductivity at longer
time scales and with higher statistical precision
in a future paper.
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Figure 3: (a) Profiles of proton mean squared
displacement as a function of time for hydrox-
ygraphane with an excess proton at an average
temperature of about 800 K. Thin lines in var-
ious colors are results from each of the ten un-
correlated simulations. The mean MSD profile
is shown as the thick black curve. (b) Contribu-
tions of the proton MSD in x and y directions.

Electronic Properties. It is an obvious re-
quirement that PEM materials be electronically
insulating. We have computed the bandgap of
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hydroxygraphane using four different exchange-
correlation functionals. We compared results
from the PBE50,51 semi-local generalized gra-
dient functional and three hybrid functionals,
HSE06,54,55 PBE0,59 and B3LYP,60 which in-
clude different amounts of Hartree-Fock (HF)
exchange. Results of these calculations are
shown in Table 1. As expected, the bandgap
predicted from PBE is significantly smaller
than values computed from the hybrid function-
als. We believe that the HSE06 functional is
the most accurate of the exchange-correlation
functionals we tested because it is known to
be accurate for semiconductors.61 The larger
bandgap computed from PBE0 is likely a result
of using a larger amount (25%) of full-range HF
exchange, in comparison to B3LYP, which has
20% full-range HF exchange and HSE06 with
25% short-range HF exchange.
The band structure for hydroxygraphane

computed from the HSE06 functional is shown
in Figure 4. We see from this figure that the
bandgap is direct and is located at the Γ point.
We note that the band gap reported by Wang et
al. computed from the PBE functional is about
1 eV larger than our PBE value.

Table 1: Values of the bandgap of hy-
droxygraphane computed from various
exchange-correlation (XC) functionals

XC functional Bandgap (eV)
PBE 2.23
HSE06 3.43
PBE0 4.10
B3LYP 3.11

One might expect that an excess proton
added to hydroxygraphane would create a lo-
calized charge center, i.e., one H atom bound
to a hydroxyl group could be identified as the
“proton” and would have a significantly larger
positive charge than the rest of the H atoms
bound to other OH groups. We have tested
this hypothesis by computing the charge on
each atom of hydroxygraphane with a single
added proton using the Density Derived Elec-
trostatic and Chemical (DDEC6) charge analy-
sis approach.62,63 We found that the charges on
H atoms bound to OH groups are all very sim-
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Figure 4: HSE06 electronic band structure of
hydroxygraphane along a high-symmetry path.
The Fermi level is shifted to zero energy and
represented by a horizontal red line.

ilar, indicating that the excess proton is fairly
delocalized (see Figure S2 and Tables S1 and S2
of the Supporting Information). This delocal-
ization of the charge is consistent with our ob-
servation of a Grotthuss-like proton conduction
mechanism. This is similar to the case for 1-D
hydroxylated graphane43 and for graphamine.64
We have computed phonon dispersion curves

using the finite-displacement method56 to in-
vestigate the stability of hydroxygraphane (see
Figure S3 in the Supporting Information). In-
stabilities in the form of soft modes (modes
with imaginary frequencies) were not found
along any high-symmetry direction of the Bril-
louin zone under the harmonic approximation.
The lack of soft modes indicates that hydroxy-
graphane is mechanically stable.

Elastic Properties. The elastic properties
were investigated to provide insights into the
mechanical rigidity of the hydroxygraphane.
We have computed the in-plane Young’s mod-
ulus Y , which is a 2-D version of Young’s mod-
ulus, for hydroxygraphane as described in the
Supporting Information. These calculations
gave Y = 252 J/m2. For comparison, this value
of Y falls in-between the reported values for
chair graphane (243 J/m2)65,66 and graphene
(340 ± 50 J/m2).67 The increase in Y for hy-
droxygraphane relative to chair graphane is the
result of the 2-D network of hydrogen bonds on
the surface of hydroxygraphane, which provides
resistance to in-plane stretching and compres-
sion. We have also computed Poisson’s ratio ν
for hydroxygraphane as described in the Sup-

6



porting Information. Our computations gave
ν = 0.11, which is comparable to graphene
(ν = 0.16)67 and almost double that of the
parent material, chair graphane (ν = 0.07).65
Our computed values of Y and ν for hydrox-
ygraphane indicate that it has reasonable me-
chanical properties for a PEM material.
We have demonstrated in silico that hydrox-

ygraphane is an intrinsic proton conduction
material, capable of conducting protons anhy-
drously through a Grotthuss-like mechanism,
whereby a proton hops from one OH group to
another, followed by a different proton hop-
ping to a third neighboring OH group. It
is the contiguous network of hydrogen bonds
on the surface of hydroxygraphane that pro-
vides the necessary pathways for proton trans-
port. We believe that proton conduction will
occur through a similar mechanism for any
surface having a network of hydrogen bonded
moieties, even in the complete absence of wa-
ter. Importantly, morphological defects, such
as the absence of one or more adjacent hydroxyl
groups, will have a minor impact on proton con-
duction because of the presence of redundant
percolating hydrogen bonding pathways. Our
DFT calculations provide evidence that hydrox-
ygraphane has the requisite electronic and me-
chanical properties for making a practical pro-
ton exchange membrane material capable of op-
erating at intermediate temperatures and low
humidities. Given the recently reported syn-
thesis of hydroxygraphane,37 our work provides
strong motivation to experimentally test our
predictions of anhydrous proton transport.
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