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Abstract

New proton conducting materials are needed to enable operation of proton exchange
membrane fuel cells at intermediate temperatures and conditions of low humidity. We
report that graphane functionalized with amine groups (graphamine) can conduct pro-
tons in the complete absence of water, as demonstrated by ab initio density functional
theory molecular dynamics simulations. Graphamine’s intrinsic proton conductivity is
due to its contiguous network of hydrogen bonds, which facilitate a ‘Grotthuss-like’
proton hopping mechanism. Our calculations show that graphamine is an electronic
insulator having a direct bandgap of 3.08 eV. Our calculated phonon density of states
and elastic properties indicate that graphamine is mechanically stable, with an in-
plane Young’s modulus of 262 J/m?, which lies in between the values for graphene and
graphane. We predict that graphamine has the transport, electronic, and structural

properties required for a viable anhydrous proton conduction membrane material.
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Proton exchange membrane (PEM) fuel cells are becoming increasingly important for use
in applications such as fuel cell electric vehicles and portable power generation. ' This has lead
to a search for more cost-effective and robust materials for proton conduction (PC) to replace
Nafion, the current default PC material. One of the main shortcomings of Nafion is that
it is not an inherent PC material, i.e., it only conducts protons when hydrated. This leads
to problems with water management and results in a relatively narrow window of operating
temperatures (< 80°C) for Nafion-based PEM fuel cells. Development of intrinsically PC
materials would allow PEM fuel cells to operate over wider temperature ranges, even under
anhydrous conditions.?*

New PC materials designed to function under anhydrous or low-humidity conditions in-
clude organic polyelectrolytes® and crystalline porous materials, such as cucurbituril-based
organic molecular porous materials,® metal organic frameworks,”® metallopolymers® and
covalent organic frameworks. >'! However, existing materials are subject to a variety of lim-
itations,® highlighting the need for development of new PC materials that fulfill all property
and cost requirements for PEM fuel cells.

Recently, graphane!? functionalized with a 1D chain of hydroxyl groups has been shown to
exhibit facile PC under anhydrous conditions.? The key advantage of hydroxylated graphane
compared with other anhydrous PC materials is that the OH groups are covalently bound to
the surface with the correct spacing to form a percolating network of hydrogen bonds on the
surface, which is required for rapid anhydrous PC. Moreover, this network is relatively rigid,
meaning that thermal fluctuations do not disrupt the hydrogen bonding network as much as
in more flexible materials, such as polymers. Given these features, we seek to identify other
functional derivatives of graphane for robust anhydrous PC. In this work, we examine surface
functionalization of chair graphane with amine groups (-NHs) as a potential anhydrous PC
material. The objectives of this paper are to: (1) test whether amine-functionalized graphane
(graphamine) can conduct protons under anhydrous conditions, (2) estimate the bandgap of

graphamine, and (3) explore the mechanical properties of graphamine. The bandgap is of



interest because any practical PEM material must be electrically insulating to avoid short
circuiting the fuel cell. Good mechanical properties are required for constructing robust fuel
cell stacks. We here report density functional theory (DFT) calculations predicting the PC,

electronic, and mechanical properties of graphamine.

Figure 1: Schematic representation of top and side view of a graphamine (4 x 3) supercell
(carbons in gray, nitrogens in blue, hydrogens in white). Solid lines show the supercell
boundaries in the @ and b directions.

All the AIMD simulations were performed using the Quickstep module!® in the CP2K
package.'* The Perdew-Burke-Ernzerhof (PBE)! exchange correlation functional was used,
along with a hybrid Gaussian and plane waves method, '® employing DZVP-MOLOPT basis
sets!” with GTH pseudopotentials. '® A plane wave energy cutoff of 440 Ry and relative cutoff
of 40 Ry. The orbital transformation method!'® was used to optimize the wave functions at
each step of the simulations. AIMD simulations within the NVT (canonical) ensemble were
performed for thermal equilibration using colored-noise GLE thermostat.?%?! A time step of
0.5 fs for integration under I" point sampling of the Brillouin zone was employed. A set of
five independent NVE (microcanonical) ensemble simulations were performed starting from
initial configurations (positions and velocities) obtained from thermalized NVT simulations.
The NVE AIMD simulations were run for 30 ps for data collection.

Electronic and mechanical properties (phonon density of states and elastic constants)

require a higher level of accuracy than PC dynamics calculations; we have therefore carried



out these calculations using the Vienna Ab initio Simulation Package (VASP).?272* Projector
augmented-wave pseudopotentials?® were employed to describe the interactions between va-
lence electrons and frozen cores. A kinetic energy cutoff for the plane-wave expansion of 520
eV was used. We used the Perdew-Burke-Ernzerhof (PBE)!® generalized gradient approxima-
tion (GGA) exchange-correlation functional for the structural and mechanical calculations.
The structural relaxation and lattice properties (a = 10.703 A b =28027 A, ¢ =200 A,
a=£3=90°, v=120°) for the supercell shown in Figure 1 were computed on a 7 x 7 x 1 k
point grid. The energies were converged to within 10 eV and the ionic positions were opti-
mized until the forces were converged to less than 1073 ¢V/ A. A vacuum spacing of 20 A in
the ¢ direction was used to mitigate the periodic interactions. Harmonic phonon dispersion
calculations were computed at the PBE level of theory using Phonopy.?® We used a 3 x 3
x 1 supercell of the configuration shown in Figure 1 for the phonon calculations.

Our DFT calculations were carried out using a 4 x 3 supercell of a single layer of
graphamine, as shown in Figure 1 (see Supporting Information for atomic coordinates).
Graphamine was constructed by replacing the surface H atoms on one side of graphane with
amine groups. As a result of functionalization, the C—C bond length increases from 1.54 A 27
to 1.62 A. Alternately, one could completely functionalize both sides of graphane, produc-
ing a fully saturated graphamine to increase the overall conduction. We employed ab initio
molecular dynamics (AIMD) simulations performed at a temperature of about 1000 K in
the constant energy (microcanonical) ensemble to estimate the thermodynamic stability and
proton diffusivity of graphamine having one additional proton per supercell, such that the
system has a +1 e charge. It is well known that periodic DFT calculations of charged sys-
tems are problematic because of the errors due to imposing an artificial jellium background. 28
However, Bagusetty et al. have shown that no significant errors arise for computing PC on
hydroxylated graphane.? We therefore do not apply any charge-based corrections in this
work.

Proton Conduction Dynamics. An analysis of the AIMD simulations showed that PC



Figure 2: Snapshots from an AIMD simulation showing an example of a Grotthuss-like
proton conduction event. The system contains one excess proton and the charge center is
marked with the shaded circle in each snapshot. The direction of the proton hop is indicated
by the arrow (colors are defined in Figure 1).

occurs through proton hopping along the 2-D hydrogen bonding network of graphamine,
accompanied by rotation of NHy groups. Given the morphology of graphamine, the protons
are transported by hopping between adjacent amine groups in a Grotthuss-like mechanism,
facilitated by hydrogen bonding between neighboring amine groups. The average number
of hydrogen bonds (donor and acceptor) per NHy group is about 3, as computed from a
distance-based criterion. Hydrogen bonds were determined based on a geometric distance
criterion of an N—H distance < 2.7 A for non-bonded atoms.?® Hydrogen bond distance
data and PC events were collected from AIMD trajectories at 1000 K.

An example of a proton hopping event obtained from snapshots from an AIMD simulation
is shown in Figure 2, from which one can observe only slight reorientation of the neighboring
amine groups as a result of the hopping event. We have computed mean square displacements
(MSD) of all H atoms bound to N atoms from AIMD simulations at about 1000 K for
the graphamine system with one proton. The plot of MSD/t, where ¢ is time is shown
in Figure 3. The flat profile (MSD/t = constant at large values of ¢) is a signature of
Fickian diffusion, i.e., dr? oc Ddt where D is the Fickian diffusion coefficient. ! The diffusion
coefficient at 1000 K, estimated from the Einstein relation (D = lim;_,.(|r(¢) —7(0)|?)/(2dt),
where d = 2 is the dimensionality of the system) is 1.62 x 107° c¢m?/s. For comparison,
simulations of PC in Nafion at room temperature give D in the range of 1.4 x 107% cm? /s to
1.7 x 107° ecm? /s, depending on the level of hydration.3* We note that proton diffusivity in

Nafion drops dramatically above about 80° C because of the loss of water from the membrane.



We observed from AIMD simulations that the PC mechanism involves a proton moving
from the —NHj3 group to a neighboring —NH, group, as seen if Figure 2. One might
reasonably assume that one or more of the H atoms on the —NHj3 group would have a
significantly larger charge than the H atoms on the —NH5 groups on the graphamine surface.
In other words, it seems reasonable to assume that the center of charge would be highly
localized. We have checked this assumption by computing the charge distribution on the
H atoms bound to N atoms for the system with a single proton using the Density Derived
Electrostatic and Chemical (DDEC6) charge analysis approach.® However, our DDEC6
calculations show that the charge is highly delocalized (see charge analysis in Figure S2 and
Tables S2 and S3 of the Supporting Information). The largest value of the charge is 0.287 e,
and while it does belong to an H atom on the —NHj group, this value is only slightly larger
than the next largest charge of 0.277 e, which is on an —NH, group. The mean charge on
all H atoms bound to N is 0.257 e and the standard deviation is 0.013 e. This indicates that
the charge center is delocalized, even though graphamine is a wide bandgap semiconductor

(as shown below).
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Figure 3: Plots of the mean square displacements divided by time of all the H atoms bound
to N atoms on the graphamine surface having one proton. Plots for five independent runs
are shown in various colors and the average of the five runs is shown as the thick black curve.
The average temperature of the simulations was about 1000 K.

Mechanical and Electronic Properties. Having established that graphamine has the ability
to conduct protons under anhydrous conditions, we turn to questions of whether it has suit-

able electronic and mechanical properties for a PEM material. Specifically, PEM materials
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must be electrically insulating and mechanically robust.

Chemical functionalization of sp® hybridized graphane to form aminated graphane gives
a C—N covalent bond length of 1.48 A in comparison to the semi-ionic C—N bond length of
1.518 A reported for amine functionalized graphene.®* The hydrogens of the amine groups in
graphamine tend to orient roughly towards the centers of the underlying graphane hexagons
rather than to align with the C—C bonds, as seen in Figure 1. The average H—N-—H
bend angle is 107.8°, as computed for the configuration in Figure 1. An analysis of the
hydrogen bonds gave a mean N—H and N—N hydrogen bond distance of 2.2(40.32) and
2.68(+0.08) A, respectively. In comparison, hydrogen bonding distances for N—H and N—N
in liquid ammonia are reported to be 2.7 and 3.35 A, respectively.?® The shorter hydrogen
bonding donor-acceptor distances observed in graphamine compared to liquid ammonia,
coupled with the observation that the NHy groups on graphamine can rotate (as seen from
AIMD simulations) indicate that proton transfer should be more facile on graphamine than

in liquid ammonia.
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Figure 4: (a) HSE06 band structure of graphamine along high-symmetry paths showing a
direct bandgap of 3.08 eV. The Fermi level is shifted to zero energy. (b) Phonon dispersion
curves calculated for graphamine.

Electronic Band Structure. Graphane is a wide bandgap material with a direct bandgap of
3.5 eV as estimated from GGA for the ground state chair conformation.® Functionalization
of graphane can reduce the bandgap; it has been reported that introducing a hydroxyl group

defect by the replacement of an H atom in a 3 x 3 graphane supercell reduces the GGA



bandgap to 3.3 eV.3® Replacing all the H atoms on one surface of graphane with hydroxyl
groups gives a material with an estimated bandgap of 3.22 eV.3¢ Given these trends, we
expect that the bandgap of graphamine will be reduced with respect to graphane. We
employed the Heyd-Scuseria-Ernzerhorf (HSE06) hybrid functional3” to obtain an accurate
band structure because it is well-known that the GGA formalism generally underestimates
the bandgap of semiconductors. We have computed the band structure of graphamine using
both the PBE and hybrid HSE06 functionals. Both methods predict that graphamine is a
wide-bandgap semiconductor with a direct gap at the I' point. The PBE bandgap is 2.04 eV
while the screened-hybrid HSE06 functional, which predicts accurate bandgaps for typical
semiconductors,®® gives a gap of 3.08 éV. The HSE06 band structure plot is shown in Figure
4(a). These calculations indicate that graphamine has an appropriate bandgap to be used
as a PEM material.

Phonon and Flastic Properties. We have computed the phonon dispersion curves for
graphamine in order to estimate its stability. The curves are plotted in Figure 4(b). The
absence of soft modes (modes with imaginary frequencies) along any high-symmetry direction
of the Brillouin zone indicates that there are no instabilities in graphamine, within the
harmonic approximation. Only the lower frequency dispersion branches with values less than
10 THz are shown in Figure 4(b) in order to focus on the acoustic modes along principle
directions (the full phonon dispersion spectrum in shown in Figure S3 of the Supporting
Information). The longitudinal acoustic LA and transverse acoustic TA branches show linear
profiles, while the out of plane acoustic ZA modes show quadratic dispersion. This is very
similar to the behavior observed for graphene and its layered derivatives.?® We have also
calculated the phonon density of states, shown in Figure S3 of the Supporting Information.

We performed calculations for the elastic properties under harmonic strain limits (e < +
2%) by applying uniaxial and equi-biaxial in-plane strain. Calculation of in-plane Young’s

modulus, (Y) and Poisson’s ratio, (v), are estimated from elastic constants Cj; and Ciy



related by the expressions,
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A rectangular supercell was used for these calculations (shown in Figure S4 of the Supporting
Information). A set of 20 lattice parameters were obtained by perturbing the equilibrium
lattice parameters accordingly to reflect compression and tension. The atomic positions were
then scaled to accommodate the new lattice parameters and the atoms were allowed to fully
relax until the energy convergence tolerance of 107% eV. The elastic strain energy (E;) per
unit area was determined as a difference between electronic energy under strain (Fs(¢)) and
system at equilibrium (Fs(e = 0)). Under uniaxial conditions, strain was applied only along
z-direction (e,, = 0) and strain energy was fit to a parabolic expression F(€,,) = C11€2,/2.
Similarly, equi-biaxial (e,, = €,,) strain energy was fit to an expression F(e;,) = (Ci1 +
C12)e2, (details on the fit are presented in Figure S5 of the Supporting Information). The
calculated value of Y is 262 J/m?, which falls in between the reported values for chair
graphane (243 J/m?)?"1% and graphene (340 + 50 J/m?).%! The reduction of the in-plane
Young’s modulus for chair graphane relative to graphene is the result of sp® hybridization,
which makes graphane easier to deform under loading compared to sp? hybridized graphene.
Our calculations show that functionalization of graphane with amine groups yields a higher
value of Y compared to graphane because the hydrogen bonded network of amine groups
provides additional resistance to applied strain. Hence, there should be an opportunity to
tune Y to a certain degree through control of the degree of functionalization. We note that
our results are for graphamine with a single side functionalized with amine groups. We
predict that functionalization of both sides of graphane with amine groups will produce an
even larger value of Y. The value of Poisson’s ratio was determined to be 0.13, which is close

to the values reported for graphene (0.16)*! and almost double than chair graphane (0.07).4°



An observed increase in the value of ¥ compared to chair graphane can be attributed to
the formation of a 2-D network of hydrogen bonding layer from amine groups. This dense
network of hydrogen bonds provides resistance to longitudinal elongation thus increasing the
value of v.

In summary, we have predicted that graphamine is a promising PEM material for fa-
cilitating PC under anhydrous and low-humidity conditions. Graphamine has a contiguous
network of hydrogen bonds that are much closer than in liquid ammonia. This compressed
hydrogen bonding network, coupled with the ability of the —NH, groups to rotate, facilitates
PC in the compete absence of water, as seen from our AIMD simulations. We have shown that
graphamine is a wide bandgap semiconductor, having a direct gap of 3.08 eV. The phonon
density of states and dispersion relations indicate that graphamine is mechanically stable.
Additionally, it has an in-plane Young’s modulus larger than unfunctionalized graphane; we
predict that the in-plane Young’s modulus can be tuned by functionalization of graphane.
We note that amine functionalized graphene oxide has been experimentally synthesized,*? 47
but that fully aminated graphane has not yet been produced. Our work provides motivation
for synthesis and characterization of more uniformly functionalized graphamine.

The Supporting Information is available free of charge on the ACS Publications website.
Atomic coordinates, additional computational details, DDEC6 partial charge analysis and

phonon dispersion for graphamine.
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