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ABSTRACT: The proton conduction capability of graphene oxide (GO) sheets opened up
a new avenue for the design of high-performance solid-state electrolytes, which is urgently
needed in areas such as fuel cells and flow batteries. However, the proton conduction
mechanism of GO sheets is still unclear, impeding the optimization and further utilization
of GO-based proton-conducting electrolytes. In this work, we systematically investigate the
proton conduction behavior on the surface of GO sheets with water molecules involved. We
find that both epoxide and hydroxyl functional groups can effectively attract water
molecules onto the surface of GO sheets to form a dense hydrogen-bonding network.

Graphene;.oxlde

Protons can hop between adjacent as well as nonadjacent hydroxyl functional groups with

low energy barriers through the hydrogen-bonding network. On the other hand, the proton conduction capability of epoxide
functional groups is relatively low, and spontaneous proton conduction can rarely be observed. Our work suggests that increasing the
content of hydroxyl functional groups can lead to a higher proton conductivity of GO sheets.

1. INTRODUCTION

The emergence of two-dimensional (2D) materials opened up
a new avenue for the design of the se{paration membrane. By
the drilling of pores on 2D materials' ™ or the utilization of the
intrinsic pores formed by the electron clouds of 2D crystals,*°
selective mass transport can be achieved. Another way to
realize molecular sieving is restacking exfoliated 2D materials.
By tuning of the interlayer spacing of 2D materials, the layer-
stacked membrane can be applied in areas such as wastewater
treatment, desalination, gas separation, batteries, and so on.”
Graphene oxide (GO) is one of the most popular candidates
for the construction of the layer-stacked membrane due to its
tunable physicochemical properties and easy preparation.'’
Joshi et al.'' demonstrated that when immersed in water,
micrometer-thick GO laminates can effectively block all solutes
with hydrated radii larger than 4.5 A. Zhou et al."* showed that
water permeation through the GO membrane could be
controlled via changing the electric field. By introducing
interlaminar short-chain molecular bridgesm or cations,'* the
interlayer spacing of GO membranes can be precisely
manipulated, and the membrane stability can be improved.
In 2013, Hayami et al."> reported that the hydrophilic
functional groups of GO (—O—, —OH, —COOH) could
attract protons and form a hydrogen-bonding network with
adsorbed water molecules. Protons can propagate through the
hydrogen-bonding network with an activation energy barrier of
0.284 eV, making GO a new candidate for solid-state proton-
conducting electrolytes. The proton-conducting GO nano-
sheets have wide range applications in areas such as fuel
cells,"*™"® electrolysis,” capacitors,”® and so on. By the
introducion of sulfate ions into the GO interlayers, the proton
conduction capability of GO could be further improved.”"**
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It is now widely agreed that the hydrogen-bonding network
formed between the hydrophilic functional groups of GO and
adsorbed water molecules can facilitate proton conduction,””**
while the detailed proton propagation mechanism is still
unclear. Hatakeyama et al.”® proposed that epoxide functional
groups are the major contributor to efficient proton transport.
They found that when blocking epoxide groups using
ethylenediamine (EDA), the proton conductivity of GO
would be significantly decreased. However, Jiang et al.’®
argued that modification of GO with EDA would inevitably
neutralize protons associated with the GO/water interface,
which may also decrease the proton conductivity. They found
that after HCl treatment, the protonation effect of EDA
blocked GO can be recovered.

In this work, we comprehensively investigated the detailed
proton conduction mechanism on the basal plane of GO by
performing extensive reactive force field molecular dynamics
(ReaxFF MD) simulations.”’ > The recently developed
CHON-2017 force field’””' was employed to characterize
the Grotthuss proton-hopping process accurately. Our MD
simulations found that both epoxide and hydroxyl functional
groups can effectively attract water molecules onto the surface
of GO sheets to form a hydrogen-bonding network. Instead of
forming hydronium ions with the adsorbed water molecules,
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protons tend to bond with the epoxide or hydroxyl functional
groups on the surface of GO sheets. Protons can hop between
adjacent epoxide functional groups with a moderate energy
barrier of 0.21 eV. In comparison, the energy barrier for water-
mediated proton conduction between nonadjacent epoxide
functional groups is higher than 0.42 eV, which can barely
occur at room temperature. On the other hand, the proton-
hopping process between adjacent hydroxyl functional groups
is nearly barrierless (E, = 0.016 eV), and the energy barrier for
water-mediated proton conduction between nonadjacent
hydroxyl functional groups is about 0.12—0.14 eV. The low
energy barriers make proton conduction between both
adjacent and nonadjacent hydroxyl functional groups feasible
at room temperature and can contribute to a good proton
conductivity. Our work clarified the detailed water-mediated
proton conduction mechanism along the surface of GO sheets
and shed light on the future design of GO-based proton-

conducting solid-state electrolytes.

2. COMPUTATIONAL METHODOLOGY

All MD simulations were performed using the LAMMPS*>*’
software package. The CHON-2017_weak ReaxFF force field
parameters”””" were used to capture the Grotthuss proton-
hopping process, which has been widely adopted to study the
proton/hydroxide transportation behavior.”””*** Detailed
validation of the CHON-2017 weak force field has been
carried out in our previous work.”’ For all of the MD
simulations, the time step was set to be 0.25 fs. A Nose—
Hoover chain thermostat was employed, and the temperature-
damping constant was set to be 100 fs for the NVT
simulations. For MD simulations calculating detailed proton-
hopping energy barriers, the trajectories were recorded every 1
MD step, and for other simulations, the trajectories were
recorded every 100 MD steps.

The atomic structure of single-cell graphene was taken from
our previous density functional theory (DFT) work® as shown
in Figure SI1. Afterward, 21 X 12 and 8 X 4 supercells were
generated to construct the 5.17 X 5.13 nm” and 1.97 X 1.71
nm? graphene sheets. It is now widely accepted that the surface
oxygen functional groups of graphene oxide mainly contribute
to the lateral proton conduction capability, and protons can
change from the conduction path in one layer to another
through nanopores.”® In our previous work,”’ we have
investigated the proton conduction capability of graphene
nanopores with different kinds of terminations. Therefore, in
this work, we concentrate on the lateral proton conduction
mechanism along the basal plane of GO. The detailed
preparation processes of GO models are elaborated in Figures
S2 and S3.

As GO sheets fluctuate during the MD simulations, the
distance between the oxygen atom in the water molecule and
its nearest carbon atom in GO sheets was defined as the
distance between a water molecule and the GO sheets. The
water density distribution as a function of distance to GO
sheets was calculated as

Neame
pla) = Za=it
NAAB AzN, frame (1)
where M is the mass for 1 mol of water, N, is the number of
frames, n; is the number of water molecules found inside the
slice at frame i, N, is the Avogadro constant, A and B are the

cell dimensions in the x and y directions, which are 5.17 and
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5.13 nm in our case, and Az is set to be 0.2 A. The spatial
distribution of adsorbed water molecules was visualized by
calculating the water density based on the hexagonal graphene
grid. For each adsorbed water molecule with a distance to GO
sheets smaller than S A, its (x, y) position was defined as the
initial (x,, y,) position of its nearest carbon atom in the GO
sheets before the MD simulations. The water density at each
grid point was calculated as

Nframe
M Zi: o,

X = —
p( ,y) NAAheXZNframe

)
where Ay, is the area of a hexagonal grid, and Z is set to be 5
A. In all the calculations involving water density, both sides of
the GO sheets were considered. The coverage of adsorbed
water molecules was calculated as

Nnonzero X 100%
all

Coverage =

&)

where N n,cro is the number of hexagonal grids with nonzero
adsorbed water density, and N,y is the number of all hexagonal
grids.

To track the proton trajectories, we analyzed the
coordination number of each oxygen atom. If one oxygen
atom bonds with three hydrogen atoms, we will identify it as
the hydronium ion. For GO sheets covered by epoxide
functional groups, if one oxygen atom bonds with one/two
carbon atom(s) and one hydrogen atom, we will identify it as
the epoxide functional group that carries the proton. For GO
sheets covered by hydroxyl functional groups, if one oxygen
atom bonds with one carbon atom and two hydrogen atoms,
we will identify it as the hydroxyl functional group that carries
the proton. The C—O bond length threshold was set to be 2.0
A, and the H-O bond length threshold was set to be 1.35 ATt
is worth noting that in some of our MD simulations, the
oxygen functional groups are not stable and may react with
water molecules or desorb from the graphene sheets. During all
the MD simulations, the state of the oxygen functional groups
was monitored. Once the oxygen functional groups desorb
from the GO sheets or react with water molecules, the
simulation would be terminated, and new structures containing
randomly attached oxygen functional groups would be
generated. The calculation of proton-hopping energy barriers
requires long-time simulation, and the atomic trajectories need
to be recorded every step. To enhance the system stability and
reduce memory cost, we employed smaller simulation cells
(1.97 X 1.71 nm?).

3. RESULTS AND DISCUSSION

3.1. Water Adsorption Behavior on the Surface of GO
Sheets. It is widely accepted that epoxide and hydroxyl
functional groups are the dominant functionalities on the basal
plane of GO sheets.'”*® To clarify the detailed proton
conduction capability of these two kinds of functional groups,
GO sheets covered by pure epoxide or hydroxyl functional
groups were modeled separately. The atomic structures of GO
were constructed based on a 5.17 X 5.13 nm” graphene sheet.
Epoxide or hydroxyl functional groups were added onto both
sides of the graphene sheet randomly following the previous
report37 until the oxygen content reached 10, 20, and 30 wt %,
respectively. The resulted GO sheets were labeled as E10, E20,
E30 and H10, H20, H30 for the GO sheets containing 10, 20,
and 30 wt % epoxide or hydroxyl functional groups,

https://dx.doi.org/10.1021/acs.chemmater.0c01512
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respectively. For each kind of oxygen functional group with
specific content, three different GO structures were con-
structed and studied.

To clarify the interaction between GO/graphene and water,
the prepared GO sheets and pure graphene were put into a
5.17 X 5.13 X S5.00 nm® cubic box containing randomly
distributed water molecules. Water weight ratio (H,0/GO)
ranges from 10% to 50% were considered, which correspond to
different humidity conditions. The estimated relationship
between the water weight ratio and relative humidity from
experimental results®® are listed in Table S1. The systems first
went through 500 ps ReaxFF MD simulations in the NVT
ensemble (T = 300 K) for equilibration. Afterward, we
analyzed the water distribution by collecting data from another
1 ns ReaxFF MD simulation in the NVT ensemble (T = 300
K). Figure la shows the atomic geometry of pristine graphene

“1b)

e)

© Carbon atom

© Oxygen atom o

Hydrogen atom

Figure 1. Atomic geometries of graphene and GO in 30% water
weight ratio condition: (a) pristine graphene (201 water molecules),
(b) E20 GO sheet (241 water molecules), and (c) H20 GO sheet
(244 water molecules).

in 30% water weight ratio condition®® after MD simulations. It
can be found that water molecules tend to cluster on the
surface of graphene and exhibit a contact angle larger than 90°,
which agree well with experimental observations.”” Results for
different water weight ratio conditions vary slightly. The water
density distribution as a function of distance to the graphene
sheet in different water weight ratio conditions can be found in
Figure S4. Figures 1b and lc show the atomic geometries of
one of the E20 and H20 GO sheets in 30% water weight ratio
condition after MD simulations. We can see that the
appearance of oxygen functional groups significantly changes
the water adsorption behavior. For GO sheets covered by
either epoxide or hydroxyl functional groups, water molecules
tend to uniformly adsorb onto the surface of GO sheets and
form a dense hydrogen-bonding network.

The water density distributions as a function of distance to
E10, E20, E30 and H10, H20, H30 GO sheets in different
water weight ratio conditions are shown in Figures S5 and S6.
The water densities were calculated by averaging data from the
three different atomic geometries containing the same oxygen
content. It can be found that for either epoxide or hydroxyl
functional groups, the first density peak of adsorbed water
molecules appears at a distance of 3 A away from the GO
sheets. Both the content of oxygen functional groups and water
weight ratio influence the water density distribution. Figure 2a
shows the peak water density as a function of water weight
ratio for different GO sheets. Generally, larger water weight
ratio corresponds to higher peak density. For hydroxyl
functional groups with the same water weight ratio, more
functional groups can attract more water molecules onto the
GO surface, which corresponds to higher peak density, while
for epoxide functional groups, when the content of functional
groups reaches 20 wt %, the water adsorption will become
saturated. A further increase in functional groups will not lead
to higher peak density. It is widely reported that the local water
density can be quite different from the bulk value at the water/
2D material interfaces. For example, the local water density can
reach higher than 3.0 g/cm?® on the surface of graphene and h-
BN."**" The oxygen functional groups of GO can form
hydrogen bonds with water molecules, and it is not surprising
that water molecules tend to aggregate on the GO surface,
which can result in a local water density higher than the bulk
value.

To better understand the interaction between functional
groups and water molecules, we visualized the spatial
distribution of adsorbed water molecules on the surfaces of
GO sheets in 30% water weight ratio condition, as shown in
Figure 3. The spatial distribution of adsorbed water on GO
sheets in 10%—50% water weight ratio conditions can be found
in Figures S7—S12. It can be seen that water molecules tend to
aggregate around oxygen functional groups. As the content of
the oxygen functional group increases, the distribution of
adsorbed water molecules will become more uniform. Figure
2b shows the coverage of adsorbed water molecules as a
function of water weight ratio for different GO sheets, where
the coverage was defined as the ratio of nonzero adsorbed
water density area. Larger water weight ratio corresponds to
higher coverage. For both epoxide and hydroxyl functional
groups, the coverages for the oxygen content of 20 and 30 wt
% show little difference when water weight ratio is larger than
30%, indicating that 20 wt % oxygen functional groups are
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Figure 3. Spatial distribution of adsorbed water molecules on the surface of GO sheets containing different kinds and amounts of functional groups
in 30% water weight ratio condition. The gray hexagonal mesh represents the graphene sheet, and the white dots represent oxygen functional

groups.
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Figure 4. (a) Illustration of the proton migration distance. (b) Averaged proton migration distance for different GO sheets as a function of water

weight ratio.

enough to induce a uniform distribution of adsorbed water
molecules under these circumstances.

3.2. Proton Conduction Capability on the Surface of
GO Sheets. To test the proton conduction capability of GO
sheets with different kinds of functional groups, we introduced
one extra proton into the prepared GO sheets with different
amount of adsorbed water molecules. The extra proton was
initially bonded with a randomly chosen epoxide or hydroxyl
functional group. After a 100 ps ReaxFF MD simulation with
the NVT ensemble (T = 300 K) for equilibration, we tracked
the proton trajectories in another 1 ns ReaxFF MD simulation
with the NVT ensemble (T = 300 K). During the 1 ns ReaxFF
MD simulation, the relative position of adsorbed water
molecules barely changes due to the strong hydrogen bonding,
and a proton can hop among different oxygen atoms. As shown

6065

in Figure 4, oxygen atoms involved in the proton conduction
process during the 1 ns ReaxFF MD simulation were identified,
and the longest distance between pairs of involved oxygen
atoms was defined as the proton migration distance as shown
in Figure 4a. The averaged proton migration distance for
different GO sheets as a function of water weight ratio is
shown in Figure 4b. We can see that for epoxide functional
groups, the extra proton prefers to stick on one of the epoxide
functional groups and barely move during the entire simulation
time. For hydroxyl functional groups, the extra proton hops
frequently, and the proton migration distance generally
increases along with the number of functional groups and
adsorbed water molecules. The proton-hopping data in both
the cases of epoxide and hydroxyl functional groups are not

https://dx.doi.org/10.1021/acs.chemmater.0c01512
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sufficient enough to calculate the mean-square displacement
(MSD) and diffusivity.

We analyzed the proton migration trajectories and identified
four proton-hopping modes, as shown in Figure 5. For GO

5] © carbon atom Cb-“Water

© Oxygen atom in functional
groups involved in proton
conduction

° Oxygen atom in water
molecule involved in proton
conduction

O Proton

Figure S. Illustration of four proton-hopping modes: (al) proton
hopping between adjacent epoxide functional groups, (a2) water-
mediated proton hopping between nonadjacent epoxide functional
groups, (bl) proton hopping between adjacent hydroxyl functional
groups, and (b2) water-mediated proton hopping between non-
adjacent hydroxyl functional groups.

sheets covered by epoxide functional groups, proton hopping
between adjacent epoxide functional groups contributed most
of the observed proton migration behavior. Only one case of
water-mediated proton hopping between nonadjacent epoxide
functional groups has been observed (see Figure 5a2). For GO
sheets covered by hydroxyl functional groups, both proton
hopping between adjacent hydroxyl functional groups and
water-mediated proton hopping between nonadjacent hydroxyl
functional groups can be observed. The water-mediated proton
hopping between nonadjacent oxygen functional groups can
result in a considerable proton migration distance and play a
key role when GO serves as the proton conduction electrolyte.

3.3. Proton Conduction Energy Barriers on the
Surface of GO Sheets. We quantitatively calculated the
proton-hopping energy barriers on water-adsorbed GO sheets
by analyzing the proton migration trajectories. As oxygen
functional groups are unstable at high temperature,’
accelerating proton motion by elevating simulation temper-
ature*”* is impracticable. To collect enough proton-hopping
data for further statistical analysis, we prepared smaller
graphene sheets (1.97 X 1.71 nm?) decorated by 20% epoxide
or hydroxyl functional groups for long-time ReaxFF MD
simulations. These GO sheets were put into a 1.97 X 1.71 X
2.50 nm® cubic box containing 30 wt % water molecules, which
agrees with most of the experimentally reported GO oxygen
contents and humidity conditions.'® Afterward, the systems
went through 500 ps ReaxFF MD simulations in the NVT
ensemble (T = 300 K) for equilibration. For both epoxide and
hydroxyl GO sheets, 10 samples containing an extra proton
with different initial proton positions were prepared. In five
samples, the proton was randomly attached to one of the
oxygen functional groups, while in the other five samples, the
proton was randomly attached to one of the adsorbed water
molecules. The prepared samples with the extra proton then
went through a 100 ps ReaxFF MD simulation for
equilibration in the NVT ensemble (T = 300 K). Afterward,
production runs in the NVT ensemble (T = 300 K) were
conducted.

The proton conduction behavior on the surface of GO
sheets can be decomposed into four elementary proton-
hopping processes, as illustrated in Figure 6: (a) proton

b) Rio1 l:%o’
02

© Carbon @ Oxygen

Hydrogen O Proton

Figure 6. Illustration of four elementary proton-hopping processes
between (a) adjacent epoxide functional groups, (b) epoxide
functional group and adsorbed water molecule, (c) adjacent hydroxyl
functional groups, and (d) hydroxyl functional group and adsorbed

water molecule.

hopping between adjacent epoxide functional groups, (b)
proton hopping between epoxide functional group and
adsorbed water molecule, (c) proton hopping between
adjacent hydroxyl functional groups, and (d) proton hopping
between hydroxyl functional group and adsorbed water
molecule. Proton transfer coordinate § was defined as the
distance difference between the proton and its two nearest
oxygen atoms O1 and 02 (6 = RH_OI—RH_OZ).44’45 Ry_o was
defined as the distance between O1 and O2 atoms. For each
frame in the production runs, the § and Ry_g values were
calculated, and the energy barrier was calculated as

AF = —k,TIn P 4)

where kj is the Boltzmann constant, T is the temperature, and
P is the probability as a function of proton transfer coordinate
0. For the case of both epoxide and hydroxyl functional groups,
the 10 trajectories with different initial proton positions were
analyzed every 500 ps until the energy profiles reached a
convergence criterion of 0.005 eV.

The resulted energy profiles for proton conduction on GO
sheets containing epoxide functional groups can be found in
Figure 7, and the results for convergence tests can be found in
Figures S13 and S14. As shown in Figure 7a, proton hopping
between adjacent epoxide functional groups exhibits a
moderate energy barrier of 0.212 eV, which explains the
observed unfrequent proton hopping in Figure 4b. Proton
hopping between epoxide functional group and adsorbed water
molecule is much harder. Compared with forming a hydro-
nium ion, being adsorbed on epoxide functional groups is a
much more stable state. During the 11.5 ns ReaxFF MD
simulations of 10 cases with different initial proton positions,
no § value falls into the range between —0.025 and 0.025 A
(highlighted by the light blue color in Figure 7b1). Thus, the
free energy barrier for proton hopping between the epoxide
functional group and an adsorbed water molecule is expected
to be higher than 0.422 eV, which can barely occur at room
temperature. Therefore, water-mediated long-range proton
conduction between nonadjacent epoxide functional groups is
very difficult to happen spontaneously, which is also consistent
with our previous observations.
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Figure 7. (al) Free energy profile and (a2) probability distribution of proton as a function of § and Ro_g for proton hopping between adjacent
epoxide functional groups. (b1) Free energy profile and (b2) probability distribution of proton as a function of § and Ry_q, for proton hopping

between epoxide functional group and adsorbed water molecule.
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Figure 8. (al) Free energy profile and (a2) probability distribution of proton as a function of § and Ro_g for proton hopping between adjacent
hydroxyl functional groups. (b1) Free energy profile and (b2) probability distribution of proton as a function of § and Ro_o, for proton hopping

between the hydroxyl functional group and adsorbed water molecule.

The energy profiles for proton conduction on the surface of
GO sheets containing hydroxyl functional groups can be found
in Figure 8 (results for convergence tests can be found in
Figures S15 and S16). As shown in Figure 8a, the energy
barrier for proton hopping between adjacent hydroxyl
functional groups is as low as 0.016 eV, which can be regarded
as barrierless at room temperature and agrees well with the
previously reported proton conduction capability of hydroxyl-
functionalized graphane."”*> The energy profile for proton
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hopping between the hydroxyl functional group and adsorbed
water molecule can be found in Figure 8b. Similar to the case
of epoxide functional groups, a proton prefers to attach to a
hydroxyl functional group rather than combine with an
adsorbed water molecule to form a hydronium ion. When
the & value falls into the range between 0.1 and 0.3 A, a
hydronium ion can be formed, which corresponds to the
plateau area highlighted by the light blue color in Figure 8b1.

Under this circumstance, the proton in the hydronium ion can
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be further passed to another neighboring hydroxyl functional
group or water molecule to accomplish the water-mediated
proton conduction. The energy barrier for proton hopping
between hydroxyl functional group and adsorbed water
molecule is estimated to be 0.119—0.138 eV, which is much
lower than the case of epoxide functional groups and can
contribute to a good proton conductivity. The presence of
adsorbed water molecules bridges nonadjacent hydroxyl
functional groups and makes long-range proton conduction
possible at a relatively low hydroxyl content.

4. CONCLUSIONS

We performed extensive ReaxFF MD simulations to investigate
the detailed water-mediated proton conduction mechanism
along the surface of GO sheets. We found that both epoxide
and hydroxyl functional groups can effectively attract water
molecules onto the surface of GO sheets and form a hydrogen-
bonding network. Twenty weight percent of oxygen functional
groups are enough to induce a relatively homogeneous
distribution of adsorbed water molecules. Instead of bonding
with adsorbed water molecules to form hydronium ions,
protons prefer to bond with oxygen functional groups on the
surface of GO sheets. Proton conduction on the surface of GO
sheets covered by pure epoxide functional groups can barely
occur for the relatively high energy barriers. On the other
hand, proton hopping between adjacent hydroxyl functional
groups is almost barrierless. The energy barrier for water-
mediated proton conduction between nonadjacent hydroxyl
functional groups is estimated to be 0.119—0.138 eV, which is
also feasible at room temperature. The adsorbed water
molecules provide bridges for proton conduction between
nonadjacent hydroxyl functional groups and can contribute to
a good proton conductivity. Our work clarified the water-
mediated proton conduction mechanism of GO sheets and
shed light on the future design of GO-based proton
conductors.
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