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Abstract We have studied the hydrogen oxidation reac-
tion on various catalytic sites at the water/Pt(100) inter-
face with first-principles direct molecular dynamics and
minimum energy pathway calculations. The calculations
indicate that the mechanism for electro-oxidation of H,
on terrace sites of the Pt(100) surface depends on the
concentration of inactive adsorbed hydrogen on the
electrode surface. Near the reversible potential, the
electro-oxidation follows the Tafel-Volmer homolytic
cleavage of H, at low coverage of adsorbed hydrogen.
If the surface is covered with ca. 1 monolayer of hy-
drogen, however, the oxidation proceeds by the
Heyrovsky-Volmer mechanism. We found good agree-
ment between measured and predicted Tafel plots, indi-
cating that hydrogen oxidation/reduction reaction on
Pt(100) takes place via the Heyrovsky-Volmer mecha-
nism under ca. 1 monolayer coverage of inactive
adsorbed hydrogen.
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Introduction

The hydrogen evolution reaction (HER) and hydrogen oxida-
tion reaction (HOR) on Pt electrodes are among the most
studied electrochemical processes because of their practical
importance [1]. The mechanistic details of the electrocatalytic
HOR on low-index Pt(%k]) single crystals in acid solution has
received renewed interest in the recent years because of the
potential of hydrogen-based fuel cells [2], where the HOR
occurs, for instance, at the anode of the proton-exchange
membrane fuel cells.

It is generally accepted that HOR on low-index Pt(Ak/)
single crystals involve the following elementary steps: [3]

Hy;—H,gs + Hags (Tafel) s

H,—H,g + H" + ¢ (Heyrovsky),

Hus—H" + ¢ (Volmer) .

The overall HOR, H,—2H"+2¢, involves H, dissocia-
tion either by the Tafel or the Heyrovsky reaction step, follow-
ed by the oxidation of H,g4s via the Volmer process.

Despite these apparently simple mechanisms proposed for
the HER/HOR on low-index Pt(/44/) single crystals, there have
been controversies in the literature concerning the detailed
reaction mechanism, the nature of the hydrogen intermediate
involved, and the effect of the microstructure of the Pt surface
on the electrochemical reactions. In early studies, the inability
to accurately identify the structure of adsorbates led to the
proposal of numerous mechanistic pathways for the electro-
catalytic HOR/HER [1]. Several studies reported that the elec-
trochemical HOR/HER was insensitive to the Pt(kkl) struc-
ture; see Ref. [4] and references therein. Later works, howev-
er, found that the kinetics of the HER/HOR on Pt(hkl) in
alkaline [5] and acid [6] solutions vary with crystal faces. In
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acid electrolytes, for instance, a study [6] of the hydrogen
electrochemistry found that each crystal face possesses a
unique temperature-dependent Tafel slope for the HOR and
the activation energies (E,) for the HER/HOR decreases in the
sequence (111)>(100)>(110). These differences in E, with
the crystal faces were attributed to structure-sensitive heats
of adsorption of the active intermediate H, 4 [6], whose phys-
ical state is still unclear.

Surface spectroscopic techniques have provided the most
atomic scale detailed look at electrocatalytic reactions on Pt
polycrystalline [3, 7-10] and low-index single crystal surfaces
[3, 7, 11, 12]. In in situ IR spectroscopy studies [3], a Pt-H
stretching vibration at 2090 cm™' was identified on Pt poly-
crystalline and (111) single crystal electrodes at potentials be-
low 110 mV vs. the reversible hydrogen electrode (RHE). The
electrochemical hydrogen adsorption on Pt(100), Pt(1111),
Pt(110), and Pt(111) electrode surfaces was later studied [11]
using in situ IR reflection absorption spectroscopy, and it was
shown that the terminal hydrogen adsorption is sensitive to the
surface crystallographic orientation. The IR bands of the
adsorbed hydrogen on Pt(100), Pt(1111), and Pt(110) were
observed at 19902080 cm ™' at potentials more negative than
+0.25 V vs. RHE. A further study [7] with the infrared-visible
sum frequency generation (SFG) technique showed the vibra-
tional signature of terminal hydrogen on low-index Pt(/k/) at
1800-2020 cm . In a more recent work [12], hydrogen ad-
sorption on Pt(hkl), and Pt(211), and Pt(311) was studied
using in situ IR reflection absorption spectroscopy. In that
work [12], the band around 2080 cm ' was observed only
for hydrogen adsorbed on Pt(110) and stepped Pt surfaces at
potentials near 0 V vs. RHE.

Computational modeling, particularly those based on densi-
ty functional theory (DFT), have been increasingly employed
to study electrochemical reactions [13—15] with different
schemes and approximations [16-27] to simulate electrochem-
ical conditions. The mechanistic pathways of the HER/HOR on
Pt electrodes have been explored with DFT and model systems
of a Pt atom with a solvated H' [16], micro-solvated Pt clusters
[21], and slab models of the electrolyte/Pt interface [22—26].

In previous studies [21, 28], we conducted first-principles
direct molecular dynamics (MD) study of the HOR at the
water/Pt(111) interface. Our calculations showed that the
HOR on this surface proceeds via the Heyrovsky-Volmer
mechanism with H" and inert adsorbed bridging hydrogen
(Hp) as reaction products. Hy, on Pt(111) was identified as
the underpotential-deposited hydrogen, the so-called UPD H
[21, 28]. On the other hand, a following study [29] revealed
that the HOR on the Pt(110) follows the Tafel-Volmer mech-
anism with hydrogen adsorbed at the on-top site (H,) as the
intermediate species. The Pt-H stretching frequency
2083 cm ' was predicted for H, on Pt(110) near the re-
versible potential, in agreement with the IR band at
2080 cm ' [11, 12].

In the present study, the mechanistic details of the HOR on
Pt(100) are examined in detail using direct MD simulation and
DFT methods. We address the adsorbed UPD states of hydro-
gen and their possible involvement in the electrocatalytic pro-
cesses. The mechanisms for the formation of UPD H on
Pt(100) at ca. 1 monolayer (ML) coverage are still not well
understood, and thus, a detailed theoretical study is expected
to complement previous experimental [6] and theoretical stud-
ies [16, 26]. E, for the oxidation of hydrogen on Pt(100) is
calculated and compared with those on Pt(110) and Pt(111),
and experiment. The study will help to approach an under-
standing of the relationship between the electrocatalytic be-
havior of the anodic HOR and the adsorbed UPD state of
hydrogen at low- and high-coverage states at the water/
Pt(100) interface.

Computational Details

To study the electrochemical hydrogen oxidation at the water/
Pt(100) interface, we employed a cluster model. The oxidation
mechanism was established performing direct MD based on
DFT. The direct MD results were then verified with minimum
energy pathway (MEP) calculations. In this section, we de-
scribe the DFT calculations, cluster models, electrode poten-
tial modeling, and the MEP and direct MD calculations.

DFT calculations were carried out with the DMol [3] soft-
ware package [30]. We used double numerical quality basis
sets with polarization functions (DNP) [30] to expand the
Kohn-Sham orbitals and the Perdew-Burke-Ernzerhof (PBE)
[31] exchange-correlation functional. DNP basis sets mini-
mize superposition errors and correctly describe molecular
polarizabilities [30]. For geometry relaxation, the core poten-
tials were represented with DFT semi-local pseudo-potentials
(DSPP). Final total energies were then evaluated with an all-
electron scalar relativistic algorithm [30] to obtain accurate
energies. The combination of PBE and the all-electron scalar
relativistic algorithm implemented in Dmol [3] has been
shown to be accurate for binding and reaction energy of hy-
drogen on Pt surfaces [21, 29]. The technique [30] of fraction-
al occupation numbers was used applying a Fermi smearing of
0.1 eV to accelerate the convergence of the Self-Consistent-
Field (SCF) procedure.

Metal clusters with 37 and 39 Pt atoms (Fig. 1) were used
to simulate Pt(100) with terrace and (111) step sites, respec-
tively. Cluster thickness effects on the energetics of hydrogen
on Pt(100) are expected to be below 1 kcal/mol [21, 29]. The
binding energy of H, on clean Pt(100) and at water/Pt(100)
interface calculated with our models are 64 and 63 kcal/mol,
respectively. For Hy, on clean Pt(100) and at water/Pt(100)
interface, calculations with our models yield 67 and 68 kcal/
mol, respectively. These results are in good agreement with
the measured values for hydrogen on Pt(100) under high
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Fig. 1 Cluster models employed to simulate a Pt3;(100) terrace sites and
b Pt39(100) with (111) step sites

vacuum [32] and electrochemical conditions [33, 34], i.e., 63
and 64-65 kcal/mol, respectively. A similar agreement was
found for hydrogen Pt(111), where our calculations with the
two-layer cluster model yielded [21] a hydrogen binding en-
ergy of 56 kcal/mol, in close agreement with the experimental
value [35] 57-60 kcal/mol. Moreover, the binding energy of
hydrogen on Pt(111) evaluated with our cluster models agrees
with calculations from extended surface models [21].

The water/Pt(100) interface was created by adding up to 18
water molecules on one side of the cluster models. Geometry
optimizations of the water/Pt(100) systems were performed by
allowing all solvent water molecules and the top layer of the Pt
clusters to relax freely until residual forces were below
0.03 eV/A. The bottom layer of the Pt clusters was held fixed
to the experimental position of bulk Pt, a=3.92 A.

As in our previous works [21, 29], the effective elec-
trode potential in the Pt clusters was controlled adding/
removing a given number of electrons (charge ¢) to/from
the water/Pt(100) systems. In our method, the electrode
potential U(q) is established by a linear interpolation of
two characteristic potentials: (i) the hydrogen reversible
potential and (ii) the water/Pt(100) ionization potential
(IP) relative to the thermodynamic work function [36] of
the standard hydrogen electrode. By definition, gaseous
1/2H, is in equilibrium with (H;0"+e") at water/Pt(100)
interface at the reversible potential. Therefore, in our
method, the charge ¢ where the energy of gaseous
1/2H,, solvated H;0", and e in the metal electrode are
equal corresponds to the hydrogen reversible potential. At
this potential, E, of the Volmer step in the hydrogen ox-
idation (H,qs—H30"+e¢") and hydrogen evolution
(H30"+e —H,q,) reactions is also equal. Similar to our
calculations with cluster models of the water/Pt(111) [21]
and water/Pt(110) [29] interfaces, the reversible potential

@ Springer

for the water/Pt(100) interfaces is near g=—2 (Figs. 6 and
9) and the IP relative to RHE is ca. +0.2 V for the water/
Pt(100) interface.

Minimum energy pathways were determined approximate-
ly with an elastic band method. The points in the band were
generated gradually connecting reactants and products. Each
point is partially optimized minimizing forces and energy. The
approximate transition state structures were checked by a nor-
mal mode analysis to exhibit a single imaginary frequency.

The direct MD method employed in the present work has
been developed and implemented in our group [21]. The
method is a quantum-classical simulation where at each time
step the energy gradient in the classical evolution of the atom-
ic nuclei is evaluated with an electronic structure approach,
e.g., DFT. The hydrogen oxidation is a proton-coupled elec-
tron-transfer reaction and non-adiabatic quantum effects are
non-negligible [37]. We, however, treated all nuclei classical-
ly. Instead of fitting the potential surface to an analytic form
beforehand, we generated it “on the fly.” In this way, we avoid
the complications of constructing an accurate surface. Gener-
ating the surface on the fly restricts the dynamics of reactive
systems from being examined in as much detail as they can be
on a fitted surface. However, the direct MD is a more practical
approach for large complex systems.

The classical equation of motion in our MD was integrated
using the Verlet algorithm with a time step of 0.5 femtoseconds
(fs). DMol [3] was employed to evaluate the energies and
gradients with DFT calculations. All water molecules and
the H, molecule began each direct MD trajectory with vibra-
tional but no rotational energy. Zero-point vibrational energy
was not given to the Pt cluster. During the direct MD simula-
tion, the water molecules, hydrogen atoms and the top layer of
the Pt clusters were allowed to move freely. The bottom layer
of the Pt clusters was held fixed to the experimental position
of bulk Pt. A number of trajectories with initial H,-Pt(100)
separations ranging from 2.5 to 3.5 A were chosen and each
one lead to dissociative H,. The 18 water molecules allowed
the H" oxidation product to fluctuate between a variety of
structures, such as HsO, " (Zundel ion) and HyO4" [38].

Results and Discussion

The main features of the voltammogram of well-ordered
Pt(100) in acid solution, e.g., 0.05 M H,SO, [6], are two
delineated peaks at ca. +0.25 and +0.4 V vs. RHE. The +
0.25 and +0.4 V peaks have been associated with the coupling
of hydrogen adsorption/desorption with the anion desorption/
adsorption on the n(100)x(111) step sites and (100) terrace
sites, respectively [6]. In the present work, we are mainly
interested in the HOR at potentials below +0.2 V vs. RHE.
Therefore, the effects of anion adsorption have not been con-
sidered. We focused our study on the (100) terrace sites,
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although the n(100)x(111) step site was also studied to a
lesser extent.

The HOR on Pt electrodes is very sensitive to the electrode
potential [16, 21, 28, 29]. Moreover, at low overpotential, the
Pt surface is covered with spectator-adsorbed hydrogen, and
the HOR is expected to take place under high coverage of
adsorbed hydrogen [39, 40]. We studied the eftect of hydro-
gen coverage and electrode potential on the HOR on Pt(100),
performing two series of calculations: (i) HOR at low cover-
age of adsorbed hydrogen at ca. 0.0 and +0.2 V vs. RHE and
(i) HOR at ca. 1 ML coverage of adsorbed hydrogen at ca.
0.0 V vs. RHE.

The high coverage of hydrogen under electrochemical con-
ditions have been recently studied on Pt(111) [26, 28, 34],
Pt(110) [26, 29, 34], and Pt(100) [26, 34]. The state of
adsorbed hydrogen at high coverage, i.e., the UPD state of
hydrogen, on Pt(111) and Pt(110), is still controversial as it
has been identified by different calculations as hydrogen on
bridge [21, 28], and hollow site [20, 24, 26] on Pt(111) and
hydrogen on-top [29] and bridge [26] sites on the outmost Pt
row in Pt(110). The situation is different for Pt(100). A previ-
ous study by Skulason et al. [26] found hydrogen to be stable
on the bridge site, reaching up to 2 ML, two hydrogen atoms
per Pt site, on Pt(100). We also found hydrogen on bridge sites
over Pt(100) as the most stable configuration with a maximum
coverage of 2 ML. We, therefore, do not discuss further our
results for the UPD state of hydrogen on Pt(100) as they are
similar to previous calculations [26].

We start our discussion with the results for the direct MD
and MEP of HOR at the Pt(100) terrace site. We then turn to
discuss E, of the HOR on terrace and step sites as a function of
electrode potential and end the discussion with the predicted
Tafel plot for hydrogen reactions on Pt(100) terrace sites.

Direct Molecular Dynamics of the HOR

We first explored the mechanism of the HOR performing mo-
lecular dynamics simulations of the reaction of H, at the ter-
race sites of the Pt(100)/water interface. The reaction was
studied under three electrochemical conditions: (i) low cover-
age of adsorbed hydrogen at ca. 0.0 V vs. RHE, (ii) ca. 1| ML
coverage of adsorbed hydrogen at ca. 0.0 V vs. RHE, and (iii)
low coverage of adsorbed hydrogen at ca. +0.2 V vs. RHE. A
sequence of configurations in the H,-Pt(100) surface reaction
under the electrochemical conditions 1, ii, and iii are shown in
Figs. 2, 3, and 4, respectively. These trajectories represent
reactive surface processes in which the solvated H, molecule
makes side-on and end-on approaches to the Pt(100) surface at
low and high hydrogen coverage.

The reaction mechanism is straightforward, similar to other
water/Pt interfaces [21, 29]. Initially, the H, molecule is drawn
to the metal surface by the attractive interaction with Pt. Sub-
sequently, a rapid bond-breaking process takes place. This

process is common around 5 fs to all electrochemical condi-
tions and trajectories (Figs. 2, 3, and 4). Above 5 fs, the dy-
namics depend on the electrochemical conditions. The disso-
ciation takes place easily because H, does not need to displace
surface water molecules [41]. Near the reversible potential,
water molecules are not bound to Pt, as we and other have
previously reported (see Ref. [42] and references therein).

At low overpotential and low surface hydrogen coverage
(Fig. 2), a highly exothermic non-oxidative adsorption forms
two Hy, on the surface. The exothermic energy is imparted to
the kinetic energy of one of the Hy, that undergoes a rapid site-
to-site shift and to the excitations in the wagging vibrational
mode of the other Hy, (30-55 fs). The Tafel process dominates
the HOR on Pt(100) at low overpotential and low hydrogen
surface coverage. Under these electrochemical conditions, the
majority of trajectories that were examined showed a non-
oxidative adsorption of H, similar to that displayed in
(Fig. 2). The oxidation of H,, at the water/Pt(100) interface
will seldom take place because it requires a high E, of
6.9 kcal/mol, see discussion in the next section. The Tafel
process at low overpotential and low surface hydrogen cover-
age results in the deposition of hydrogen (i.e., UPD hydrogen)
on the Pt(100) surface.

The HOR via the Heyrovsky-Volmer process begins to take
place only when the Pt(100) surface reaches ca. 1 ML Hy
coverage or when the electrode overpotential is increased.
Atca. 1 ML Hy, coverage, where the adsorbed hydrogen tends
to block the Tafel process or further deposition of two addi-
tional Hy, (Fig. 3), the heterolytic dissociation of H, takes place
to form a proton and Hy, on the femtosecond time scale (10—
20 fs). This was followed by a site-to-site shift of Hy,.

H, follows a similar dissociative oxidation pathway at the
intermediate overpotential of ca. +0.2 V vs. RHE even at low
hydrogen surface coverage (Fig. 4). Thus, the direct dissocia-
tive oxidation of H, via the Heyrovsky-Volmer process is
found to be the minimum energy pathway for the HOR at
ca. 1 ML Hy, coverage at low overpotential as well as at low
hydrogen coverage and higher electrode potentials; results are
shown in Fig. 5. In both of these electrochemical conditions,
H, spontaneously dissociates to form a proton and Hj,.

Our results can help to rationalize the current density ex-
perimentally observed near the reversal potential in the
Pt(100) voltammogram [40]. Under experimental conditions
at low overpotential, the Pt(100) and Pt(111) surfaces are
known [26, 34] to be covered with adsorbed hydrogen. Ac-
cording to our molecular dynamics simulations and minimum
energy pathway calculations, the HOR on the Pt(100) surface
takes place at Pt sites that are partially covered with nonreac-
tive adsorbed hydrogen. This contrasts with the HOR on the
Pt(111) surface, where the inactive adsorbed hydrogen satu-
rate [26, 28] the surface at low overpotential and blocks the
active Pt sites. As a result, no current density is observed near
the reversible potential in the Pt(111) voltammogram [40].
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Fig. 2 A sequence of atomic
configurations in a sample MD
trajectory of the Tafel step in H,
oxidation on Pt(100) terraces sites
at low coverage (in the absence)
of adsorbed hydrogen at ca. 0.0 V
vs. RHE. H,/2H,, is highlighted in
yellow

30 fs r_U—'()— .

ol

Reversible Electrode Potential

To better understand the results of our molecular dynamics for
the HOR near the reversible potential, we evaluated the H,/
Pt(100)/water potential energy surface to establish the mini-
mum energy pathway. A relative energy diagram is shown in
Fig. 6 for H,/Pt(100)/water at low coverage of adsorbed hy-
drogen at ca. 0.0 V vs. RHE. As expected, the energy of
1/2H,,y is close to that of (H;0" + ¢") near the reversible
potential. In line with the molecular dynamics results at ca.
0.0 V vs. RHE, the minimum energy pathway calculations
show that the H, dissociation is barrierless and exothermic
by 15 kcal/mol. The homolytic H-H bond breaking forms
two Hy with an average interatomic Pt-H distance of 1.72 A.
The vibrational frequency for the stretching mode of Hy, is

Fig. 3 A sequence of atomic 0fs
configurations in a sample MD
trajectory of the Heyrovsky-
Volmer process in H, oxidation
on Pt(100) terrace sites at ca. 1
ML coverage of adsorbed
hydrogen at ca. 0.0 V vs. RHE.
H,/2H is highlighted in yellow

@ Springer
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calculated at 1467 cm™', after correcting for anharmonicity
[43]. The energy released upon the dissociation goes into the
product internal energy, resulting in the site-to-site shift and
vibrational excitation of Hy, observed in the molecular dynam-
ics (Fig. 2). The rapid site-to-site diffusion of H has been also
established for other Pt surfaces [44].

H,, interacts very little with solution water; the interatomic
H,-(H,0),; distances are over 3 A. The HOR of Hy, therefore,
can take place only when Hy, is activated and isomerized to an
on-top hydrogen H,. We found an E, of 6.9 kcal/mol for this
isomerization (Fig. 6) on the water/Pt(100) interface at low
hydrogen coverage. This relatively high E, comes in part from
the different binding energy of H, (68 kcal/mol) and H,
(63 kcal/mol) and helps to explain the absence of an oxidative
pathway at low coverage of adsorbed hydrogen atca. 0.0 V vs.
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Fig. 4 A sequence of atomic
configurations in a sample MD
trajectory of the Heyrovsky-
Volmer process in H, oxidation
on Pt(100) terrace sites at low
coverage of adsorbed hydrogen at
ca. +0.2 V vs. RHE. H,/2H is
highlighted in yellow

RHE within the time frame of our direct molecular dynamics
simulations. Once H is in an on-top position (H,; Fig. 6), a
hydrogen bond with an interatomic H,-(OH,),, distance of
ca. 1.73 A is formed. The vibrational frequency for the
stretching mode of H, is 2023 cm ', The direct interaction
of H, with solution water allows the oxidation of H, via the
Volmer process. The oxidation, however, is not spontaneous;
E, is 1.7 kcal/mol (Fig. 6).

1 Leo0
+

H2(9)

Fig.5 Relative energy diagram of the Heyrovsky-Volmer pathway of the
H, oxidation at a ca. 1 ML coverage of adsorbed hydrogen at ca. 0.0 V vs.
RHE and b low coverage of adsorbed hydrogen at ca. +0.2 V vs. RHE on
Pt(100) terrace sites. Hy/2H is highlighted in yellow. The reaction energy
is given in kcal/mol

As shown in Figs. 7a and 8, E, for the H,—H;0" +e~
Volmer oxidation step and the H,—H, isomerization step
on Pt(100) terrace sites, respectively, depend on the electrode
potential. The potential where E, for the forward (H,—
H;0"+e) and reverse (H;0 +e —H,) reactions are equal
(the crossing point in Fig. 7a) is achieved at g~—2. This E,
and the crossing potential are rather insensitive to the surface
hydrogen coverage. At the crossing potential, E, is close to
1.7 kcal/mol at low and ca. 1 ML hydrogen coverage. The
value of 1.7 kcal/mol was determined by interpolation. As
mentioned in Computational Details, this crossing potential
corresponds to the reversible potential (i.e., 0.0 V vs. RHE)
when gaseous 1/2H, is in equilibrium with (H;0 +e"). As
shown in (Fig. 5a), gaseous 1/2H, is in equilibrium with
(H30"+¢e") when the hydrogen coverage is ca. 1 ML. At
low coverage, however, the gaseous 1/2H, state is not in equi-
librium with the (H;0"+¢") state (Fig. 6).

E, for the isomerization at terrace sites on Pt(100) near
0.0 V vs. RHE are 6.9 and 5.6 kcal/mol at low and ca. 1 ML
hydrogen coverage, respectively. As the overpotential is in-
creased, i.e., added positive charge, E, for the oxidation step
decreases, vanishing at g=—1 (ca. +0.1 V vs. RHE) for hydro-
gen coverage of ca. 1 ML. Similarly, E, for the H,—H, isom-
erization decreases with increasing overpotential, but it does
not vanish and instead reaches a value of ca. 2.7 kcal/mol at
potentials of ca. +0.4 V vs. RHE and hydrogen coverage of ca.
1 ML (Fig. 8).

The HOR does not only take place at terrace sites but also
at steps sites on the Pt(100) surface [6]. We, therefore, evalu-
ated the minimum energy pathway of HOR at the (111) step
site of Pt(100) as well. A relative energy diagram is shown in
Fig. 9 for H,/water/stepped Pt(100) at low coverage of
adsorbed hydrogen at ca. 0.0 V vs. RHE. Hydrogen dissocia-
tion at the step sites follows an exothermic non-oxidative

@ Springer



540

Electrocatalysis (2015) 6:534-543

Fig. 6 Relative energy diagram
of the Tafel-Volmer pathway of
the H, oxidation at low coverage
of adsorbed hydrogen at ca. 0.0 V
vs. RHE on Pt(100) terrace sites.
H,/2H is highlighted in yellow.
Reaction and activation energies
are given in kcal/mol

adsorption forming two Hy, on the outmost step Pt atoms. Hy,
on the step site has an asymmetry structure with interatomic
Pt-H,, distances of 1.66 and 1.78 A. The vibrational frequency
for the stretching mode of Hy, ranges from 1601 to 1829 cm .
Similar to the Hy, on terrace sites, the interatomic Hy,-(H>O)qq
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Fig. 7 Activation energy (E,) for the Volmer step in the hydrogen
oxidation (H,—H;0"+e", closed symbols) and hydrogen evolution
(H3;0™+e —H,, open symbols) reactions as a function of the electrode
potential (or added Charge ¢) at the water/Pt(100) interface. Results are
shown for a Pt(100) terrace sites at low (square symbols) and ca. 1 ML
(circle symbols) coverage of adsorbed hydrogen and for b Pt(100) with
(111) step sites at low coverage of adsorbed hydrogen

T
-0.20

@ Springer

H, H,O*

distances are over 3 A for Hy, on the step site. H, on the step
site, therefore, does not interact strongly with solution water.

The oxidation of H, on step sites at low coverage of
adsorbed hydrogen at 0.0 V vs. RHE also requires the activa-
tion and isomerization of adsorbed hydrogen from the bridge
to the on-top site. E, for the Hy, to H, isomerization is insen-
sitive to the electro potential (Fig. 8) in the case of step sites,
with a value of ca. 4.5 kcal/mol. H, on the step site has a Pt-H,,
distance of 1.55 A and a vibrational frequency for the
stretching mode of 1991 cm ™. H, on the step site also forms
a hydrogen bond with solution water; with a distance of
1.83 A. Similar to the HOR on terrace sites, the H,—
H;0" +e~ Volmer mechanism on step sites depends on the
electrode potential (Fig. 7b). E, at the reversible potential is
coincidentally also 1.7 kcal/mol.

The calculated E, for the oxidation of UPD hydrogen,
H,—H,—H;0"+e , at the reversible potential on Pt(100)
at terrace and step sites, 6.9 and 4.5 kcal/mol, respectively,
are much higher than the measured [6] value of 2.87 kcal/
mol. This is in contrast with the oxidation of UPD hydrogen

9.0
8.0 I~
7.0 I~
6.0 I~
5.0 I~
4.0 I~

E, (kcal/mol)

3.0 I~
2.0 ~
1.0 ~
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-0.10 0.00 0.10 0.20 0.30 0.40

U (V) vs RHE

Fig.8 Activation energy (E,) for the isomerization of bridging hydrogen,
Hy, to on-top hydrogen, H,, (H,—H,) as functions of the electrode
potential at the Pt(100) terrace (triangle symbols) and (111) step (circle
symbols) sites. Results for the isomerization of Hy, at Pt(111) terrace sites
are also included (diamond symbols) for comparison. For the
isomerization at the Pt(100) terrace sites, results are shown for low
(closed triangle symbols) and ca. 1 ML (open triangle symbols)
coverage of adsorbed hydrogen
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Fig. 9 Relative energy diagram
of the Heyrovsky-Volmer
pathway of the H, oxidation at
low coverage of adsorbed
hydrogen at ca. 0.0 V vs. RHE on
Pt(100) with (111) step sites.
Reaction and activation energies
are given in kcal/mol

on Pt(111) and Pt(110). To compare with Pt(100), we also
studied the H,— H, isomerization on Pt(111); results are in-
cluded in (Fig. 8). The calculated E, for the oxidation of UPD
hydrogen on Pt(111) is ca. 4.5 kcal/mol, which is rather insen-
sitive to the electrode potential. This value agrees with the
measured [6] value of 4.3 kcal/mol. E, for the oxidation of
UPD hydrogen on Pt(110) is 2.3 kcal/mol [29], in agreement
with the measured [6] value of 2.27 kcal/mol. It is likely that
E,, 2.87 kcal/mol [6], determined experimentally is not for the
oxidation of UPD hydrogen, Hy, but for the oxidation of H,
generated in the Heyrovsky-Volmer process.

Our results show that the oxidation of UPD hydrogen on
Pt(111) and Pt(100) differ from that on Pt(110). On Pt(110),
where hydrogen is stable only at on-top position [29], the
oxidation of UPD hydrogen taking place via the H,—
H;0"+¢ Volmer mechanism with a low E,. The low E, result
in a high HOR activity in this surface, as indicated by the high
current density in the Pt(110) voltammogram [29]. On the
other hand, UPD hydrogen is at bridge position on Pt(111)
and Pt(100). The oxidation of UPD hydrogen on these sur-
faces proceeds via the H,—H,—H30"+e mechanism. As
shown above, the H,— H, isomerization step requires rela-
tively high E,, resulting in the low current density observed
in the UPD region in the voltammogram of these surfaces
[29]. The current density is particularly low for Pt(100) where
E, for the H,—H, isomerization is relatively high.

Tafel Plot

As in our previous work [29], here we employed the calculat-
ed electrode potential-dependent E, for H, oxidation on
Pt(100) to predict the Tafel plot in the spirit of Anderson and
Cai [16]. In the low overpotential region, where oxidation and
reduction reactions would contribute nearly equally [16], the
total current density i may be given by i=i,xtiq=A
(exp[E."*(U)/RT]+exp[E,**(U)/RT]), where ioy and i,q are,
respectively, oxidation and reduction kinetic current density.
The pre-exponential factor A is proportional to a number of
variables, such as the concentration of adsorbed hydrogen/
proton undergoing oxidation/reduction, the frequency factor,

and the Faraday constant. T is the temperature of the system.
E.(U) is the activation energy at a potential U for oxidation or
reduction.

E, for the Volmer step in the H,—H;0" +¢ oxidation and
H;0"+e —H, reduction reactions at ca. | ML coverage of
surface hydrogen on Pt(100) (Fig. 7a) were fitted to third order
polynomial equations and employed to predict the Tafel plot.
The predicted Tafel plot is shown in Fig. 10 along with the
experimental Tafel plot at 274 K [6]. The experimental plot is
reproduced with the pre-exponential factor 4=16. We fitted
the curve with slopes of 51 and 110 mV/decade. Extrapolation
of the 51 mV/decade slope results in an exchange current
density ip=0.37 mA cm 2, in agreement with the measured
[6] value of 0.36 mA cm 2. The calculated slope of 110 mV/
decade also agrees with the measured value of 112 mV/decade
(Fig. 4 in Ref. [6]). The other calculated slope (51 mV/de-
cade), however, deviates from the value of 37 mV/decade
reported in Ref. [6]. Graphically analyzing the Tafel slopes
shown in Fig. 4 of Ref. [6] for Pt(100), we found that the
numerical value reported, 37 mV/decade, is not the slope of

016 n Ll n PR |

0.12+

0.084

U (V) vs RHE

0.04

0.00

Current density i,/mA cm”

Fig. 10 Tafel plot for hydrogen oxidation at Pt(100) terrace site at 274 K.
The dashed curve corresponds to experimental results of Ref. [6] and the

full curve to our prediction employing the activation energy of the

hydrogen oxidation/reduction at ca. 1 ML coverage of adsorbed
hydrogen (Fig. 7a). The curve was fitted with two Tafel slopes
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the line shown in the figure. The slope in the figure is instead
46 mV/decade, in closer agreement with our calculated value.
No differences were found for the slope of 112 mV/decade.
The agreement of the calculated and measured Tafel slopes
and exchange current density i, for hydrogen reactions on
Pt(100) strongly supports that the electro-oxidation takes
place via the Heyrovsky-Volmer mechanism [16].

Conclusions

In the present work, we have employed the first-principles-
based molecular dynamics to bring atomic-level insight into
the hydrogen electro-oxidation at the Pt(100)/water interface.
We studied the effect of inactive adsorbed hydrogen and elec-
trode potential on the electro-oxidation reaction studying the
oxidation at low coverage of adsorbed hydrogen at (i) ca. 0.0 V
vs. RHE and (ii) ca. +0.2 V vs. RHE, and (iii) at ca. 1 ML
coverage of adsorbed hydrogen at ca. 0.0 V vs. RHE. At ca.
0.0 V vs. RHE, the electro-oxidation follows the Tafel-Volmer
homolytic cleavage of H, if the coverage of adsorbed hydrogen
is low, and the Heyrovsky-Volmer mechanism if the surface is
covered with ca. 1 ML of hydrogen. At potential of ca. +0.2 V
vs. RHE, the oxidation proceeds via the Heyrovsky-Volmer
mechanism independently of the surface hydrogen coverage.
Good agreement between measured and predicted Tafel plots
also indicates that hydrogen oxidation/reduction reaction on
Pt(100) proceeds via the Heyrovsky-Volmer mechanism under
ca. 1 ML coverage of inactive adsorbed hydrogen.

We have also studied the oxidation of UPD H on Pt(100).
In agreement with previous calculations by Skulason et al.
[26], we identified UPD H as hydrogen in the bridging posi-
tion on Pt(100). The electro-oxidation of UPD H at terrace
sites on Pt(100) requires the isomerization of hydrogen from
bridge to on-top position. This surface transformation has a
high activation energy, and it is likely to be the rate-
determining step in the electro-oxidation of UPD H on the
Pt(100) and Pt(111) surfaces.
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