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ABSTRACT: There are several factors that affect the dynamics of adsorbed
hydrogen atoms on a carbon surface. Using density functional calculations we
show that coadsorption can be a highly influential factor. The diffusion of
hydrogen adsorbed on graphene is explored in the presence of H-containing
molecules. Without coadsorbates the diffusion barrier of H on graphene is 0.94
eV, while with water/ammonia it is 0.85/0.12 eV. The low barrier in the case of
ammonia is attributed to the formation of a stable intermediate state NH4, while
such a stable state is not found in the case of water. In addition, hydrogen fluoride,
hydrogen sulfide, arsine, and phosphine were also considered. We found that
stronger hydrogen−hydride bonds lead to lower diffusion barriers of H on
graphene.

■ INTRODUCTION

The adsorption of hydrogen on carbon surfaces is a problem
related to numerous practical uses, and understanding the
formation of H-adsorbed structures is of central importance
toward those applications such as hydrogen storage,1,2

electronics,3,4 or catalysis.5,6 Hydrogen structures on a carbon
surface, like many other on-surface nanostructures, are
determined by a subtle competition between the stability and
mobility of the adsorbates,7,8 and these two factors have been
addressed in studies. Various factors controlling the diffusion
barrier of hydrogen atoms have been identified, for example,
surface curvature,9 doping,10 strain,11 and coadsorption.12,13

The coadsorption effect here is referred to systems of graphene-
bound hydrogen atoms and other atomic or molecular species
in the vicinity of each other, where they form a very stable
structure compared with structures in which they are apart.
We shall look at the coadsorption of chemically adsorbed

hydrogen and physical adsorbates at graphene, a widely studied
carbon surface. Small hydrides, namely, water, ammonia, arsine,
hydrogen sulfide, phosphine, and hydrogen fluoride are chosen
as model coadsorbates of H on graphene. Of these
coadsorbates, ammonia shows a remarkable strength of
assisting H diffusion by not only reducing its activation barrier
from 0.94 to 0.12 eV but also guiding H to perform long jumps.
In most cases, significantly reduced barriers are in the cases of
XH3 hydrides and connected to the formation of XH4
intermediates. We shall interpret the correlation between the
diffusion barrier and hydrogen−hydride binding energy.

■ METHODOLOGY AND MODELS

We have carried out spin-polarized plane-wave density
functional calculations using Quantum ESPRESSO code.14

We employed the exchange-correlation density functional
developed by Perdew, Burke, and Ernzerhof (PBE)15 and the

ultrasoft pseudopotentials developed by Vanderbilt.16 A kinetic
energy cutoff of 50 Ry was applied. We used the charge analysis
method of Bader17 as encoded by Tang and coworkers.18 The
climbing image nudged elastic band (CI-NEB) approach was
adopted to estimate diffusion barriers.19 Force convergence
thresholds of 10−3 and 10−4 au are used for structural and
elastic band optimizations, respectively. Zero point energies
(ZPEs) were determined from normal modes. A graphene unit
cell of 4 × 4 periodicity was employed. This unit cell was shown
to be large enough to minimize the interaction between H an
its periodic images.20 We used a k-point grid of 3 × 3 × 1 for
Brillouin zone sampling in self-consistent and of 6 × 6 × 1 in
postprocessing calculations.

■ RESULTS AND DISCUSSION

We first study energetic properties of H and water/ammonia
coadsorption on graphene by determining the interaction
energy between two coadsorbates (Table 1). Here we found
the interaction energy of H and water/ammonia on graphene,
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Table 1. Interaction Energy ΔEint between Adsorbed H and
Water/Ammonia on Graphene Adsorption Energy ΔEads of
Water/Ammonia on Graphenea

water ammonia

ΔEint (eV) −0.08 −0.14
ΔEads (eV) −0.02 −0.03
Ea (eV) 0.85 0.12

aDiffusion energy barrier of H on graphene with the water/ammonia
coadsorbate, corrected with ZPE.

Article

pubs.acs.org/JPCA

© 2017 American Chemical Society 5520 DOI: 10.1021/acs.jpca.7b02577
J. Phys. Chem. A 2017, 121, 5520−5523

pubs.acs.org/JPCA
http://dx.doi.org/10.1021/acs.jpca.7b02577


ΔEint = E(GHM) + E(G) − E(GH) − E(GM), where E is the
total energy and GHM, G, GH, and GM are systems of
graphene with H and water/ammonia, of graphene, of graphene
with H, and of graphene with a water/ammonia molecule,
respectively. A negative energy means H and water/ammonia
will be coadsorbed. Theoretical understanding of H adsorbed
on graphene is very well documented;2,21 H is chemisorbed and
most stabilized on top of the carbon atoms. Water or ammonia
is, on the other hand, physisorbed on graphene, and the
adsorption site selectivity is not obvious, as reported in
independent studies. Here we found the adsorption energy of
water/ammonia on graphene, ΔEads = E(GM) − E(G) −
E(M), with E(X) being the energy of system X, is −0.02/−0.03
eV, in agreement with previously reported PBE values of
−0.03/−0.04 eV.22 By geometric property and bonding charge
analyses shown below, the interaction between the adsorbed H
and water/ammonia is mainly attributed to the hydrogen bond
CH···X (X = O, N in water and ammonia), and interaction
energy was found to be −0.08/-0.14 eV. This shows that
ammonia binds more strongly to the adsorbed H atom. It has
also been shown that CH···O (O in H2O) is weaker than CH···
N (N in NH3) using semiempirical23 or ab initio24 calculations.
For the diffusion of H from one carbon C1 site to an adjacent

C2 site, we considered two possibilities: First, from C1 site H
can get close enough to water/ammonia, forming [H3O]

+/
[NH4]

+-like intermediates; then, from these intermediates a H
jumps to C2, and second, H directly jumps from C1 to C2
positions without forming such intermediates. Our calculations
predict that with ammonia the first possibility is more likely,
while the second possibility is more likely with water. Figure 1

shows the potential energy profile along the diffusion path of H
without and with water/ammonia. One can see that both water
and ammonia reduce the reaction barrier of H; however, the
latter appears to be much more influential. Quantitatively,
without coadsorbates, ZPE-corrected diffusion barrier of H is
0.94, which is reduced to 0.85 and 0.12 eV with water and
ammonia, respectively. This leads to a significant difference in
the diffusion coefficient D. The diffusion coefficient is given by

ν= −D d E k Texp( / )1
3

2
0 a B , where prefactor 1/3 accounts for

the fact that H can jump from one C site to one of the three
adjacent sites; d = C1C2 bond length; ν0 is computed from
normal modes of the transition state (TS) and the initial state
(IS).25 In the case of NH3 coadsorption, D will further be
divided by 2 because from the intermediate state (IM) H can

jump back to the initial C site. At room temperature, we found
D of 1.5 × 10−19, 1.05 × 10−18, and 3.53 × 10−7 cm2/s in the
case of without coadsorbates, with H2O, and with NH3,
respectively. This shows that NH3 can increase the diffusivity of
H by 12 orders of magnitude.
To relate geometric and electronic properties to the stability

and then the diffusion barrier of H, we now look at the three
systems in their IS. As listed in Table 2, the CH bond length is

not changed by water but slightly elongated by ammonia,
consistent with the previous finding that the H−water
interaction is weaker than the H−ammonia one. Moreover,
the C1C2 bond in the case of H adsorption or H−water
coadsorption is longer than in the H−ammonia adsorption
case, and the strength of the C1C2 bond is directly influenced
by the CH bond; this implies that the CH bond is stronger in
the former case. Significantly, the lengths of two hydrogen
bonds CH···O and CH···N are 2.49 and 2.14 Å, respectively. In
Figure 2a,b we show the induced charge density, Δρ =

ρ(GHM) − ρ(GH) − ρ(M), where ρ(X) is the electron
density of the system X. Obviously, the hydrogen-bonding
characteristic is more pronounced in the CH···N bond. In
addition, Bader analyses predict an amount of 0.15/0.07
electrons transferred from ammonia/water to the H−graphene.
As pointed out in previous studies,20,26 electron doping leads to
the weakening of H adsorption graphene. For these reasons,
intermolecular interactions weaken the CH bond more strongly
in the case of ammonia coadsorption. Indeed, the CH bond
length is 1.13 and 1.14 Å with water and ammonia, respectively.
In the TS, the C1C2 bond is shorter (and closer to the C−C
bond length of pristine graphene) in the case of ammonia than
that in the case of water coadsorption. Importantly, the CH···N
distance of 1.37 Å, which is much shorter than the CH···O
distance of 2.24 Å, indicates that a chemically strong bond is
already formed between the two coadsorbates H and NH3.
A clear difference between the diffusion pathways of H with

water and ammonia is the involvement of an intermediate state.

Figure 1. Potential energy profile of a H (in white, inset) atom on
graphene diffusing from a C1 adsorption site to an adjacent C2 one,
without (red) and with water (green) or ammonia (blue). The filled
circles show energies corrected with ZPE.

Table 2. Structural Properties of H without and with Water/
Ammonia on Graphenea

water ammonia

C1H C1C2 C1H C1C2 H···O C1H C1C2 H···N

IS 1.13 1.50 1.13 1.50 2.49 1.14 1.49 2.14
TS 1.34 1.47 1.34 1.48 2.24 1.39 1.46 1.37

aC1/C2 is the bonding partner of H in the IS/FS. The bond lengths
are in angstroms.

Figure 2. Induced electron density of H−graphene systems with water
(a) and ammonia (b). Isosurface value set at 0.002 au, depletion in
light blue, and accumulation in yellow. Intermediate structures are (c)
[H3O]

+- and (d) [NH4]
+-like. Side view: top panels; top view: bottom

panels.
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Obviously, a [NH4]
+-like intermediate (Figure 2d), which is

almost as stable as the IS structure (Figure 2b), is crucial for the
diffusion of H. This is not held in the case of water
coadsorption because the intermediate H3O (Figure 2c) is
much less stable than the IS (Figure 2a), by ∼3.0 eV.
To this end, the bonding strength of H and ammonia or H

and water on graphene is an important factor that affects the
diffusion barrier of H on graphene. We have carried out further
calculations for other coadsorbates. Figure 3 shows the H-

diffusion barrier, Ea, against ΔEH−M − ΔEH−G, where ΔEH−M is
the binding energy between the molecule M (M = NH3, PH3,
AsH3, H2S, H2O, and HF) and a H atom in the gas phase and
ΔEH−G is the adsorption energy of the H atom on graphene.
Needless to say, ΔEH−M − ΔEH−G implies the relative strength
of H−M and H−graphene bonds; a positive/negative value of
ΔEH−M − ΔEH−G means H binds more/less strongly to
graphene than to M molecule. Data in Figure 3 reveal that
stronger H−M binding leads to lower diffusion barrier of H.
With XH3 coadsorbates, we found stable [XH4]

+-like
intermediates. “Stable” here means the total energy of the
intermediate state, which is larger than that of the XH3···H-
graphene structure by an amount ΔEIM−IS, lower than the
diffusion barrier of H on graphene without any coadsorbate.
ΔEIM−IS is 0.05, 0.35, and 0.59 eV in the case of X = N, P, and
As, respectively. These intermediates lead to much lower
barriers. More details regarding the [XH4]

+-like intermediates
are provided below. The XH2 or XH coadsorbates do not form
stable [XH3]

+- or [XH2]
+-like intermediates, which are not

involved in H diffusion. These coadsorbates just slightly reduce
the diffusion barrier of H.
Given the significance of stable [XH4]

+-like intermediates, we
now look closer to their properties by comparing them to gas-
phase [XH4]

+ ions. Table 3 shows that the XH4 complexes are
positively charges. In specific, the NH4, PH4, and AsH4
complexes are charged by 0.86, 0.25, and 0.22|e|, respectively.
They can thus be denoted as [XH4]

+δ. The charges + δ here are

correlated well with the XH bond length change from [XH4]
+δ

to gas-phase [XH4]
+. As listed in Table 3, the NH bond length

is changed by 0.01 Å, while the PH and AsH bond lengths are
changed by 0.08 and 0.09 Å, respectively. This also implies that
the likeness of [XH4]

+δ and [XH4]
+ can act as an indicator for

the stability of [XH4]
+δ and for the reduction of H diffusion.

■ SUMMARY

We have studied effects of coadsorbed molecules on the
diffusion of H adsorbed on graphene. Significantly, ammonia
can reduce the diffusion barrier by ∼0.82 eV, while water shows
a slight influence. This is related to the formation of a stable
intermediate state NH4. We found a trend for the hydride-
assisted diffusion barrier of H against the binding strength
between H and hydrides relative to the H-graphene binding
energy. This work provides an example of how to manipulate
the dynamics of adsorbed H atoms on carbon surfaces by
means of coadsorption.
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