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A combined direct molecular dynamics/density functional theoretical study of the electro-oxidation of molecular hydrogen
at the Pt(111)/water interface has been carried out to provide insights into the adsorbed underpotential deposition (UPD)
states of hydrogen at submonolayer coverages of bridging hydrogen atoms Huggpridge)- As in our previous study, H,
oxidation proceeds via the Heyrovsky process, forming a hydrated H" ion and an UPD hydrogen atom, which is strongly
adsorbed and is lying nearly flat in a bridging position on the Pt(111) surface. At submonolayer coverage, the UPD
Hags(briagey atoms spontaneously self-assemble to form a hexagonal 2D honeycomb network on the Pt(111) surface, a
signature that could be considered to be characteristic of UPD states of hydrogen.
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1. Introduction

The electrocatalytic behaviour of platinum in the cathodic
hydrogen evolution reaction (HER) and anodic hydrogen
oxidation reaction (HOR), particularly the influence of the
various low-index crystal faces, has been intensively
studied during the last several years, partly because of the
technological potential of hydrogen-based fuel cells [1].
An archetypical process in electrocatalysis, the HOR on
platinum, in spite of such study, remains to be fully
elucidated in terms of the mechanistic details, including
the extent of involvement of the various types of adsorbed
hydrogen species, for example, the adsorbed under-
potential deposition (UPD) states of hydrogen [1-29].
Because of the complexity of the redox reactions at the
electrode/electrolyte interface, the atomistic details of the
electrocatalysis remain a subject of much study [30—44].

An array of experimental techniques has been used to
study the detailed mechanisms of the HER/HOR and the
adsorbed UPD states of hydrogen [1-29,42,43]. Surface
structural and surface spectroscopic techniques
[6,14,21,27,28] have provided the most detailed look
yet at the HOR/HER reactions on the atomic scale.
Of particular interest has been the quest to correlate the
reaction kinetics with the adsorption of reaction inter-
mediates, with varying degrees of surface selectivity [19].
The detailed analysis of UPD hydrogen adsorption states
on Pt(100) provided evidence for three states [4]. Less
strongly bound states of H existing at potentials near that of
the reversible hydrogen electrode (RHE) and in the so-
called overpotential deposition (OPD) region, i.e. negative
of 0.0 V versus RHE, have been thought to participate in the

HER, as argued by Conway and Jerkiewicz [23]. The UPD
coverage 6y increases continuously from zero
at ~ 4+ 0.35V versus RHE to a limiting value as the
potential approaches 0.0 V [8]. The H,4, intermediate that
is involved in the kinetics, therefore, was considered to be a
special type of adsorbed state, i.e. OPD H, which is
adsorbed in addition to the UPD H, already covering the
electrode and in particular, residing at sites different from
those at which UPD H resides. These observations are fully
consistent with our recent theoretical identification of
Hads(topy a8 OPD H and Hygg(brigge) @ UPD H, which occupy
different sites and possess quite different spectroscopic and
energetic properties [44].

The kinetics of HER on well-ordered Pt single crystal
electrodes has become rather well understood [12,13,16]. It
has been concluded confidently that on all of the Pt single
crystal surfaces, UPD H cannot be an intermediate in the
HER. This conclusion is consistent with in situ surface
vibrational spectroscopic results [6,43]. For example, in situ
infrared (IR) spectroscopic results have shown the presence
of a Pt—H stretching vibration on Pt(111) at potentials
lower than 0.11 V versus RHE [6]. The frequency of this
species is consistent with the on-top configuration.
Kunimatsu et al. [43] have used surface-enhanced IR
absorption spectroscopy and electrochemical kinetic
analysis on polycrystalline Pt to establish that the H atom
adsorbed at atop sites, Hyqg(op)» 8 the reaction intermediate
in HER, and the recombination of two H,gy(op) atoms is the
rate-determining step. Adzic and coworkers have carried
out convincing kinetic analysis of the HOR on polycrystal-
line Pt and have concluded that there is a dual pathway, one
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involving homolytic cleavage (H, — 2H,4s) and the other
heterolytic cleavage (H, — H,qs + H" + ¢ 7) [42]. This is
expected, since the mechanism has been shown to differ on
the different crystal faces [16].

Abinitio correlated methods [30—33], density functional
theory (DFT) [34,35] and first-principles molecular
dynamics (MD; [36,40]) have been used increasingly to
probe various types of reaction environments and to obtain
atomic-level understanding. Recent examples include
methanol oxidation [40] and oxygen reduction on Pt [39],
water activation on Pd [34], and on alloy and sequentially
deposited Pt/Ru surfaces [35,41]. Complete reaction path-
ways have been identified and trends in reactivity have been
elucidated. In a previous study [44], we have conducted a
first-principles direct MD study for the Pt(111)/acid
electrolyte interface to conclude that the HOR proceeds
via the Heyrovsky process and that the reaction products are
the H:q) and an inert bridging hydrogen, Hagsbridge)» Which
we identify as the UPD hydrogen (Hypp).

In the present study, the mechanistic details of the HOR
on Pt(111) are examined in greater detail in the presence of
Hads(briage) Preadsorbed on the metal surface at submonolayer
coverages by use of first-principles direct MD simulation
[39,40,44,45] and DFT methods. We have continued to
address the adsorbed UPD states of hydrogen and their
possible involvement in the electrocatalytic processes.
The mechanisms for the formation of adsorbed UPD states at
submonolayer coverage are still not well understood and
thus, a detailed first-principles theoretical study is expected
to complement previous experimental and theoretical
studies. With this study, together with future work, we
hope to approach an understanding of the relationship
between the electrocatalytic behaviour of the anodic HOR
and the adsorbed UPD/OPD states of hydrogen at low- and
high-coverage states at the Pt(111)/water interface; the latter
is a contributing factor in controlling the kinetics of the HOR
in aqueous hydrogen—oxygen fuel cells [42].

2. Computational method and metal/water interface
modelling

In this section, we outline the metal/water interface
modelling and computational methods employed in this
study. The geometric structure of the Ptsg(111) model
electrocatalyst, composed of two 19-atom layers, which was
employed in several earlier studies, is displayed in Figure 1
[35,44,46]. The bulk Pt—Ptbond distance from experimental
data (cell parametera = 3.92 A) was initially adopted for the
model clusters. Relaxation was permitted only for those
metal atoms (shown in light green in Figure 1) of the surface
layer more directly involved in the reaction. The binding
energies of hydrogen in four different adsorption sites on
two- and three-layer clusters, and with and without water
layers were presented previously [44]. Our results obtained
with the two-layer cluster model agree well with experiment

Figure 1. Pt3g(111) cluster model structure used in the
calculations. The metal atoms of the surface layer for which
relaxation was permitted are shown in light green.

and previous DFT slab calculations for the gas—solid
interface [47-49], in which hollow sites are favoured for H
adsorption. The effect of the slab/cluster thickness is small,
well within 1 kcal/mol.

Up to 22 water molecules were introduced to create a
solvated environment [34,35,41]. This number leads to the
density of water of 0.96 g/cm? in the solvent phase. All of the
solvent water molecules and the surface layer Pt atoms were
allowed to move freely during the structure optimisations.
The solvation environment clearly favoured a heterolytic
cleavage of the H—H bond where the separation of charges in
the transition state (TS) and products was effectively
stabilised by the ambient water molecules. In order to control
the effective electrode potential, the Pt cluster was charged
(g representing the charge in the system) by adding
(or removing) a given number of electrons to (or from) the
system, in a manner similar to that discussed by other
investigators, including Wang and Balbuena [39], Hartnig
and Spohr [40], and Filhol and Neurock [34]. As in our
previous study [44], the electrode potential U, was estimated
from the ionisation energy @, relative to that of the standard
hydrogen electrode Dsyg,

Uq = @q - QSHE-

The activation energy curves for the most important
unitary steps in the HOR (Heyrovsky reaction) and HER
(Volmer reaction) at different electrode potentials were
presented in Figure 6 of [44].

The geometries of the cluster-adsorbate-water struc-
tures were optimised in DFT calculations using DMol®
(Accelrys Inc., San Diego, CA, USA; [50]). The DNP
basis sets [50] — numerical basis sets of double-
zeta -+ polarisation quality — were used in the optimis-
ations. Perdew—Burke—Ernzerhof (PBE; [51]) exchange
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and correlation functionals were employed. An all-
electron scalar relativistic algorithm was employed in
conjunction with the density functionals in DMol® to
obtain the correct energetics [35]. In a large metal cluster,
a number of low-lying unoccupied orbitals exist very close
energetically to the ground state (~0.1eV). In our
calculations, the fractional occupation number technique
[50] was employed, where electrons are ‘smeared’ by an
energy width of 0.1 eV over the orbitals around the Fermi
energy. The resulting total energy may be viewed as an
average over configurations lying energetically close to
the ground state of the cluster.

Dynamics studies have been conducted with the
technique of direct ab initio MD developed and
implemented in our group [44,45]. Direct MD is a
quasiclassical Born—Oppenheimer simulation in which
quantum chemical electronic structure calculations are
done at each time step to evaluate energy gradient in the
classical evolution of the positions of the atomic nuclei.
The potential surface is thus generated ‘on the fly’, rather
than fit to an analytic form beforehand. The artistry
necessary to construct an accurate surface is avoided, but
generating the surface on the fly restricts reactive system
dynamics from being examined in as much detail as they
can be on a fitted surface. For systems more complex than
tetratomic, however, the direct MD is the more practical
approach and it has opened the door to accurate simulation
of the dynamics of complex systems.

The solution of the classical equations of motion in
Newtonian form

%(mir'i) — —V.E, i=1,...,3N,
determines the nuclear trajectories. Here, N is the number
of nuclei in the system and m; the mass of the i-th nucleus.
The Verlet explicit central difference method is employed
to integrate the equations of motion. Energies and
gradients were evaluated by use of DMol’.
The Verlet algorithm with time steps of 0.5fs was
employed to integrate the classical equations of motion.
To simulate the metal/water interface, up to 22 water
molecules were introduced and were allowed to ‘rain
down’ towards the Pt surface [39,40]. H, and solvent water
molecules began each trajectory with vibrational, but no
rotational energy at any given electrode potential. No zero-
point vibrational energy was given for the Ptsg cluster.
The initial temperature 7 of the system was calculated
from the total kinetic energy, which was scaled to 300 K.

> miv} /2= (3N — 6kT /2,

where v; is the velocity of the i-th nucleus.
The solvent water molecules, hydrogen and all metal
atoms were allowed to move freely during the direct MD

Molecular Simulation 1067

simulation. The presence of the relatively large number of
water molecules allowed the H' oxidation product to
fluctuate between a variety of structures, such as H5OZ+
(Zundel ion) and H90:° [52]. Initial H,—metal surface
separations of 2.5-3.5A were chosen. A total of four
trajectories were started and all were reactive. More details of
the computations can be found in our most recent study [44].

3. Results and discussion
3.1 Direct dynamics simulation of HOR

Direct ab initio MD calculations for the HOR were
performed with submonolayer coverages of Huagbridge)
atoms on the Pt(111) surface in order to examine the
adsorbed UPD states of hydrogen. Figures 2 and 3 illustrate

Figure 2. H, oxidation in the presence of one Hygspridge): @
sequence of atomic configurations in a sample MD trajectory at
~ 4 0.3V versus RHE.
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Figure 3. H, oxidation in the presence of two Haggpridge): @
sequence of atomic configurations in a sample MD trajectory at
~ + 0.3V versus RHE.

sequences of configurations in the H,—Pt surface reaction
in the presence of one and two Hggsprigeey atoms,
respectively, at a relatively positive electrode potential
(+0.3V versus RHE). The trajectories exemplify all of the
reactive surface processes in which the solvated H, molecule
makes side-on and end-on approaches to the Pt(111) surface.

The reaction mechanism was simple, as observed in our
earlier study [44]. At the beginning of the trajectory, an H,
molecule was placed along the bottom layer of solvating
water molecules and was drawn to the metal surface by
H,—Pt attraction (5 fs). Common to all trajectories was the
approach of the hydrogen molecule to the nearest Pt on the
surface and a subsequent rapid heterolytic dissociation, i.e.
an oxidative adsorption, of the surface-bound H, via the
Heyrovsky pathway to form a proton and a bridging
hydrogen Hogsbriage) 0N the femtosecond time scale (at 10—
20fs), followed by rapid site-to-site shifts (> 30 fs) of the
bridging hydrogen atom just produced. While the surface-
adsorbed hydrogen atoms already present are perturbed
slightly (50fs), they remain in bridge sites on the
femtosecond time scale. The bridging hydrogen atom,
although, it can readily migrate from site to site by
breaking and then re-making a bond to Pt, lies nearly flat on
the surface and interacts very little with the aqueous media,
a primary reason for the stability of H,ggpriage) With respect

Figure 4. Diagram of relative energies of the reactant and
product asymptotes on the Hy/2H,ggbridge)y/Ptzs/Water potential
energy surface at ~ + 0.3V versus RHE.

to oxidation. There was no sign of oxidation for any of the
bridging hydrogen atoms at potentials up to ~ + 0.3V
versus RHE, strongly indicating that these atoms
(Hads(briage)) are part of what is collectively referred to as
a submonolayer of Hypp.

A diagram of relative DFT energies of reactant and
product asymptotes on the Hao/2Hqgbrigge)/Ptsg/ Water poten-
tial energy surface at the potential of zero total charge
(~ 4+ 0.2V versus RHE) is displayed in Figure 4.
The surface oxidation reaction is exothermic by 65 kcal/mol
and proceeds through a barrierless heterolytic H—H bond
breaking step to form a H,ggwrigeey and a solvated proton.
The 65kcal/mol of energy released upon exothermic
formation of proton and bridging hydrogen goes into the
productinternal energy, imparting a series of rapid Hagg(bridge)
and proton migrations. The heterolytic reaction and the
formation of hydrated proton and UPD hydrogen revealed
in the MD trajectories is not inconsistent with the
experimental study of Markovic et al. [16]; these authors
concluded that for Pt(111) the heterolytic (Heyrovsky—
Volmer) nor homolytic (Tafel-Volmer) mechanism could
be uniquely established. In the present work, the Hyggpridge)
atoms are stable even at potentials much more positive
(0.2-0.3V versus RHE) than the reversible potential and
possess electronic and vibrational properties characteristic
of Hypp [44]. We are in the process of mapping the potential
dependence of the adsorption in order to check for
consistency with the Frumkin isotherm [16].

3.2 UPD states of adsorbed hydrogen

The stabilities of H adsorption on hollow, bridge, and on-
top sites were studied at the Pt(111)/water interface, as
reported earlier [44]. As mentioned earlier, for gas phase
adsorption, a chemisorbed H occupies hollow sites with
multi-fold coordination and is more strongly bound than
those adsorbed atop Pt [53]. Because, the chemisorbed
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H atoms are most stable at hollow sites at the Pt(111)/gas
interface, all previous studies of the aqueous system have
assumed the UPD hydrogen to occupy hollow sites at the
metal/water interface as well. At the Pt(111)/water
interface, however, we found that the chemisorbed
hydrogen no longer occupies hollow sites as it is no
longer a stable minimum [44]. All geometry optimisations
attempting to locate the atom at the threefold hollow site at
potentials <0.1V versus RHE led to either on-top or
bridging adsorption in the presence of the solvent.
Comparison of the theoretical bond energy for
Pt—H,dgbridggey With that for Pt—Hypp experimentally
determined further substantiates our identification of
bridging hydrogen as Hypp (see below).

In a recent computational study, Skdlason et al. found
that, for 7/6 monolayer (ML) coverage of hydrogen at
the Pt(111)/water interface at potentials more negative
than the reversible potential, 1 ML hydrogen adsorbs
at a mixture of face-centered cubic (FCC, hollow) and
bridging sites, with the additional fraction, 1/6 ML, at on-
top sites [54]. The authors mention that on-top H atoms
interact with the FCC H atoms, pushing the latter to
bridging sites. Although, such an interaction no doubt
could be present, in our results, it does not account for the
fact that the bridging sites are more favoured even when
the on-top H atoms are absent (see below). We propose
that this difference is due to the inclusion of all electrons in
the present calculations.

Zolfaghari etal. [17] and Markovic et al. [19] determined
the Pt(111)—Hypp bond energy, corresponding to the
dissociation energy Pt—Hypp/water — Pt/water + Hyac),
in the UPD potential region (0.05-0.375V versus RHE) to
be 57-60kcal/mol, obtained in alkali and acid solutions.
The theoretical binding energy, 55.6 kcal/mol, which we
computed near the reversible potential, is in good agreement
with these experimental values [44].

DFT geometry optimisations were conducted to
identify the structure of submonolayer coverage of three
Hypp atoms in the +0.2 to +0.3 V versus RHE potential
range. Figure 5 displays a diagram of the relative energies
of the 3H,gsbriage)/Ptsg/water potential energy surface at
the potential of zero total charge (~ + 0.2V versus RHE)
before and after the structure optimisation of the three
Hadscbridgey atoms. At the outset of the structure
optimisation, the adsorption sites of the three Hagspridge)
atoms were randomly chosen (left panel in Figure 5). All
geometry optimisations that began with a variety of
surface structures of the three Hypp invariably led to a
unique self-assembled, boat-shaped configuration, shown
in the right panel. The rearrangement of the three
Hadsoriagey at this surface potential is exothermic by
10kcal/mol and proceeds through a barrierless process.
This arrangement of the three Hypp atoms can be seen to
be a precursor of the honeycomb formation that develops
with higher coverage (see below). As with the isolated
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Figure 5. Diagram of relative energies of the 3H,qgbrigge)/Ptss/
water system before and after self-assembly process at the
potential of zero total charge (~ + 0.2V versus RHE).

Hypp atoms shown in Figure 2, these lie nearly flat on the
metal surface and interact very little with ambient water
molecules. Unlike Hggsiop), Which forms a strong
hydrogen bond with ambient water [44] and is readily
oxidised at potentials of ~ + 0.1 V and above, there is no
sign of hydrogen bonding between the Hypp and any of the
water molecules in the solution phase. Therefore, there is
little change in the structure of the solution phase during
the Haggbriggey T€Organisation process. The average
distance between the bridging hydrogen and the oxygen
atoms of the nearest water molecules is 3.3 A, i.e. too large
for hydrogen bonding.

Normal mode analysis clearly showed an absence of
involvement of ambient water molecules in the
Pt—Haas(brigge) Stretch perpendicular to the surface [44].
In that study, the harmonic stretching frequency
1090cm ! was predicted for a single Hags(oridge) interact-
ing with an adjacent Hyggop) at 0.0 V versus RHE. We have
also found that a number of IR-active Pt—Hgspridge)
stretching frequencies appear in two ranges, 1000-
1100cm ™! and 1400-1500cm ! at submonolayer Hypp
coverage [55]. Nichols and Bewick were unable to detect
the Pt—H,gswbriggey Stretching, but pointed out that a
frequency near 1050cm™ ' would be expected for
hydrogen in a bridging site, based on the results of high-
resolution electron energy loss spectroscopy [56]. In a
recent study, Kunimatsu et al. [43] employed surface-
enhanced IR absorption spectroscopy to identify a band at
1050 cm ™' that increased in intensity as the potential was
lowered from 40.12 to —0.03 versus RHE at a
polycrystalline Pt surface in 0.5M H,SO4 and in 1M
HCI, a broad band centered at 1100 cm ! that increased in
intensity as the potential was lowered from 40.3 to
—0.06 V. The latter was found to disappear when the
solvent was changed from H,O to D,O and thus, they
proposed that the band be ascribed to either adsorbed H or
H;O™. Thus, again we may say that these results are not
inconsistent with the present study, although the presence
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Figure 6. Diagram of relative energies of the 6H,gq(bridge)/Ptss/
water system before and after self-assembly process at the
potential of zero total charge (~ 4 0.2V versus RHE).

of all three crystal faces in the polycrystalline sample
examined is a complicating factor.

As the number of Hypp atoms increases, so does the
exothermicity of the self-assembly process. Figure 6
displays a diagram of relative energies of the 6Hypp/
Ptyg/water potential energy surface at ¢ =0 (4+0.2V
versus RHE) before and after the self-assembly process of
the six Huggbridge)- The spontaneous reorganisation of the
$iX Hagscbriage) at this surface potential is exothermic by
75 kcal/mol, the energy released being more than
sevenfold compared to that for three Hypp. The unique
self-assembly of the honeycomb structure spontaneously
formed by the six Hypp atoms is clearly demonstrated
(Figure 6, right panel), with a coverage of 1.0ML.
The structures of Hypp at two higher submonolayer
coverages were also investigated, the first near the
reversible potential and the second at the potential of
zero total charge, by use of the DMOL-SOLID suite of
programs of Accelrys Inc. [50]. Figure 7 displays the self-
assembled hexagonal 2D honeycomb network of Hypp for
the first case. Surface-adsorbed hydrogen atoms begin to
occupy on-top sites when all the hexagonal bridge sites are
filled. Each H,4s(op) tends to tilt slightly towards one of the
six adjacent Hygg(bridge) atoms, which in turn, tilts slightly
away from the interacting H,gsop). At the more positive
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Figure 7. A self-assembled hexagonal 2D honeycomb network
of Hypp at high submonolayer coverage, near +0.0V versus
RHE. In the right panel (b), all the water molecules and the lower
Pt layers are omitted for clarity.

Figure 8. A self-assembled hexagonal 2D honeycomb network
of Hypp at a full coverage that approaches one H per surface Pt
(i.e. 1 ML) at the potential of zero total charge. In the right panel
(b), all the water molecules are omitted for clarity.

potential, we find that the on-top H atoms are completely
absent (Figure 8). We note that the theoretically predicted
coverage in Figure 8 (1 ML) is also not inconsistent with
the experimentally observed maximum of ~2/3 ML [16];
the coverage versus potential curve climbs linearly with
increasingly negative potential, and thus the maximum
coverage is not observable, due to the onset of the HER
[57]. We note further that, at a potential intermediate
between those of Figures 7 and 8, i.e. ~ 4 0.1V versus
RHE, the formation of on-top hydrogen is possible,
according to our previous work and has been observed
experimentally at such potentials [28,43]. These issues
will be treated in more detail in a separate publication.

4. Summary

The first-principles direct MD simulation of HOR at
submonolayer coverages of adsorbed Huqgbriagey Shows that
a heterolytic H—H bond cleavage takes place in the
oxidative adsorption via the Heyrovsky process as the H,
molecule approaches the surface at potentials more positive
(>40.1V) than the reversible potential. The reaction
products are the H(:q) and an additional inert Hygg(prigge); as in
our previous study, we identify the latter as Hypp. The highly
exothermic oxidation of molecular hydrogen imparts rapid
site-to-site shifts of the newly created Hypp along the metal
surface, while the existing Hypp atoms remain in bridge
sites. The HOR does not induce oxidation of any of the
submonolayer Hypp atoms at potentials of +0.2 to +0.3V
versus RHE, since they lie nearly flat in their bridging
positions on the metal surface and interact only very weakly
with the aqueous phase of the metal/solution interface.
Continued HOR leads to a higher submonolayer coverage of
the Pt(111) surface by the adsorbed Hypp atoms. The
present quantum chemical simulation identifies a unique
ordered signature reminiscent of other types of UPD states,
in which the Hypp atoms self-assemble to form a hexagonal
2D honeycomb network on the Pt(111) surface at
submonolayer coverage. The potential dependence of the
UPD H coverage is under investigation for the electrode
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potentials more negative than the RHE to examine the role
that Hypp plays in HER [58].
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