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ABSTRACT: Electrodes can undergo significant surface structure
reconstruction under electrochemical conditions, which in turn
significantly affects its electrochemical performance. This complex
phenomenon raises continuous interests in both science and
industry for understanding the structure—activity dynamics under
electrochemical conditions. Here we report the first theoretical
attempt, by combining the machine-learning-based global opti-
mization (SSW-NN method) and modified Poisson—Boltzmann
continuum solvation (CM-MPB) based on first-principles .
calculations, to elucidate the potential-dependent structure Potential (vs. NHE)
evolution on a stepped Pt surface and its catalytic activity, in

which the cyclic voltammetry (CV) curves are simulated to compare with experiment. We selected four types of structure domains
on Pt(110), namely, Type-Ia: ordered Pt(110)-(1 X 1); Type-Ib: disordering of Pt(110)-(1 X 1); Type-II: ordered Pt(110)-(1 X 2)
(the missing-row reconstruction); and Type-III: reconstructed Pt(110)-(1 X 4), and reveal the potential dependence of the coverage
of H atom adsorbate, the total passed charge, and the CV of these Pt(110) surface domains. In particular, the surface reconstruction
from Type-la to -Ib occurs at +0.20 V vs NHE when the average H coverage is above 0.60 ML, which produces the key five-
coordinated Pt (Pt;) sites. The Pt sites exhibit the superior activity for hydrogen evolution reaction (HER) and are the key species
responsible for the high HER activity of Pt electrode.

1. INTRODUCTION the underpotential (H,,q) region (0.05—0.4 V, RHE), where
different H adsorbate coverages are present with no HER
interference. Different CV curves of (110) have, however, been
recorded, and they appear to be dependent on the cooling
condition after flame annealing, namely, hydrogen-cooled and
CO-cooled electrodes. From the surface science knowledge,
the different behaviors of Pt(110) CVs were suspected to be
due to the varied populations of (1 X 1) and (1 X 2) domains
((1 x 2) is a typical missing row reconstruction of (1 X 1)
under surface science conditions).”’ For hydrogen cooled
electrode, the CV at the H,,q region shows two peaks at 0.12
and 0.25 V vs RHE, which should be related to the missing row
(1 X 2) structure reconstruction since it was indeed observed
by using in situ Fourier transform infrared technique and
CV.>*™** However, multiple reversible electrosorption peaks

Potential-induced electrode surface reconstruction occurs
commonly in electrochemistry and has a vital impact on the
electrode performance (e.g, efficiency, selectivity and
stability).'" The platinum electrode as an indispensable
material for fuel cell application,"”” and it has long been
observed that the hydrogen adsorption/desorption process is
structure-sensitive according to macroscopic cyclic voltamme-
try (CV),”” which further regulates the electrocatalytic
reactions, such as the hydrogen evolution/oxidation reaction
(HER/HOR)*'*'" and CO, reduction reaction (CO,RR).'>"?
It was thus a long-standing challenge to probe the atomic
structure at the adlayer/solution/electrode interface in order to
shed light on the potential-induced interface dynamics and
their impact on catalytic reactivity.

The electrochemical hydrogen adsorption on a Pt electrode
has been intensely studied in history. Previous experiment Received: March 11, 2021
studies showed that Pt(110) is the most active crystal plane for Revised:  April 29, 2021
catalytic HER, and the catalytical activity can be effectively
increased with more (110) exposed.”'*”"” This has inspired
detailed studies on the interaction of adsorbates on Pt(110)
electrode'®'* % at different potential ranges, particularly, in
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centered at 0.145, 0.20, and 0.25 V vs RHE for the CO-cooled
electrode are not assigned properly due to the appearance of
the additional 0.20 V peak, where the surface is initially
dominated by the (1 X 1) surface domain.”>***® To clarify the
experiment, an atomic level knowledge of the electrode is
required, which involves complex hydrogen adsorption/
desorption states at different local atomic structures, such as
terraces,”’ steps,22 and reconstructed sites’”*® and the sites
with coadsorption of anion and cation.”>*®

As the catalyst with the highest HER activity under acidic
conditions, the active site of Pt electrode has been actively
investigated for years. It was observed that the ridged (110)
surface is always more active (ca. 2 times) for HER/HOR than
are the (111) and (100) terraces.”'*~"” The Tafel slope of
Pt(110) (~28 mV/dec) is smaller than the (111) and (100)
(~40—120 mV/dec) surfaces, which means that the Tafel
reaction is the key step of HER on Pt(110). In accordance with
this, Hoshi’s group found that the exchange current density
(jo) increases linearly with the increase of the step and
concluded that the stepped sites are the active site of HER/
HOR.*™*' On going to nanoparticles in real catalysts, the
catalytic activity can be influenced by many factors, including
the size, facets, edges, and corners of nanoparticles, and there is
no consensus on the active site from experiments.z"zz_34 The
recent advance in theoretical calculation®>™** has provided a
powerful way to understand the activity at the atomic level.
Importantly, these calculations suggested that the bulk-
truncated Pt surfaces in fact do not have the high activity:
At the typical surface coverage at 0 V vs NHE, namely, ~1
monolayer (ML) of H, the barrier of HER/HOR calculated is
generally high (e.g., above 0.7 eV on the Pt(111), Pt(100), and
Pt(110) surfaces).”*® However, Wei et al. have identified the
active site of a small Pt,, octahedron particle to be the apex
atoms (five- or six-coordinated Pt atoms shared by at least
three facets), which has a low H—H coupling barrier of ~0.48
eV." The activity at these low-coordinated Pt sites is higher
than those at terraces (111) and (100) sites of the particle.”" It
is naturally expected that extensive Pt surfaces should also
contain such active Pt sites under electrochemical conditions,
possibly due to the surface reconstruction, but how to
determine the reconstructed surface structure under electro-
chemical conditions remains a key problem in the field, which
we need to take into account at least the adsorbate coverage,
the surface structure dynamics, and the varied potential.

Herein we aim to understand why the CV curve of Pt(110)
surface is structure-sensitive and how it affects the HER
activity. By using machine-learning atomic simulation, we have
mapped out the low-energy structures of Pt(110) under
electrochemical conditions. In particular, a facile reconstruc-
tion is identified on the ordered Pt(110)-(1 X 1) at 0.60 ML
average H coverage that leads to the appearance of the five-
coordinated Pt sites. This reconstruction can be correlated
with the 0.20 V peak that appears in the CO-cooled electrode
CV curve in experiment. Our results disentangle the roles of
the electrode pretreatment and the electrochemical potentials
on reconstructing the electrode surface structure and on
changing the HER activity. The high activity of Pt(110) is now
clarified by correlating the HER rate with the surface Pty sites.

2. METHODS

The SSW-NN method**™” is used for fast global structure
search by combining the global neural network (G-NN)
potential with the stochastic surface walking (SSW) global

optimization method. With SSW-NN simulation, one can
routinely search for 10 structures on global PES for systems
up to 200 atoms per cell and cover all likely coverages. The
detail of the method and the calculation setup have been
described in recent publications.”> The G-NN potential is
generated by iterative self-learning of the DFT global PES data
set generated from SSW exploration, which contains three
steps: (i) global data set generation based on DFT calculations
using selected structures from SSW simulation, (ii) G-NN
potential fitting, and (iii) SSW global optimization using G-
NN potential. These three steps are iteratively performed until
the G-NN potential is transferable and robust enough to
describe the global PES. Then the Bayesian optimization
algorithm is utilized to guide the SSW-NN global PES search
(Bayesian-SSW-NN) for selected H,/Pt (the coverage 6,

defined as the Xadsorbed H atoms/nsurface atoms) SYStems to
guarantee the correct global minima (GM) configuration
being obtained.

For the Pt(110) surfaces, we utilized p(3 X 4) (24 atoms per
layer) six-layer slabs with adsorbates on both sides of the
surfaces. The solid—liquid interface was described using the
periodic continuum solvation model based on the modified
Poisson—Boltzmann equation (CM-MPB), which can take into
account the solvation and potential effect.*>**** The char%ed—
slab DFT/CM-MPB method developed previously™ ™ is
utilized to add explicit charge onto the surface, and a
neutralizing countercharge is added into solvation following
the MPB equation. The addition of excess surface charge will
shift the electrochemical potential of system (the potential
difference between Fermi level and the potential in solution)
and thus can be determined explicitly via DFT/CM-MPB
method. It should be mentioned that DFT calculations have
been utilized to validate the low energy structures and confirm
the identified global minimum. All energetics reported in this
work are from DFT without specifically mentioning. The other
calculation details on SSW and DFT calculation setups can
also be found in the Supporting Information.

3. RESULTS

3.1. Surface Phases and the Related CV Curves. To
study the potential-dependent surface phases and the possible
adsorbed-induced reconstruction, it is essential to identify the
low energy phases under electrochemical potentials, which
needs to determine the coverage of adsorbates on surface at
different potentials. In this work, we consider the possibility of
the surface structure reconstruction with the help of machine-
learning atomic simulation. We utilize SSW-NN global
optimization to explore extensively the surface coverage of H
at a series of adsorbed H atoms (6,), i.e. x/24 ML with x = 1, 2,
3, .., 25 hydrogen atoms on Pt(110) with different surface
geometries (domain). For each phase (0;), defined by a certain
H coverage (#;) on a surface domain (f) with a particular
surface geometry (i.e., Pt coordinates), the thermodynamics
stability can be evaluated by computing the reaction free
energy in eq 1, where the H on surface is treated to be in
equilibrium (H* + e~ « H*|0,) with the solvated proton in
solution.

(2
AG,(U)=G(0) - G, — =Gy —eU
Q( ) ( 1) sur 2 H, ¢ (1)

Equation 1 shows the reaction free energy of phase 6, is
dependent on the potentials (U), where G(6,) is the Gibbs free
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energy of H adsorbed surface at the coverage 6; where the
vibrational zero-point energy for adsorbed H atoms has been
taken into account, and G, is the Gibbs free energy of the
clean surface (approximated by DFT total energy since the
entropy effects are negligibly small for solid states). From our
previous studies and others work,"*® the reaction free energy
can be evaluated based on neutral slab calculations, which is
accurate enough for determining the phase diagram.
Furthermore, the population of a phase at U, is obtained
from eq 2 based on Boltzmann distribution. Finally, the
average H coverage (6;(U)) of this particular surface domain ¢
at the potential U can be derived by summing up the
contribution from all the possible phases (eq 3). By using eqs
1—3, the surface phase—potential diagrams can be determined.
It is shown that the &% (U) at certain potential is determined by
the several key coverages (6;) based on the Boltzmann
distribution. Taking the Pt(110-(1 X 1) surface as example, the
average H coverage at 0.2 V is about 0.60 ML (Figure 2a),
which is mainly contributed by the 0.5 ML (x5 = 27.64%) to
0.67 ML (xy¢; = 47.62%) adsorbed hydrogen. For the detailed
analysis in the following, the dominated high coverage at
certain potential has been selected for simplicity. The
calculated phase diagrams further enable us to evaluate the
total passed charge and the related voltammetric curves at
underpotential deposition (H,,q) region.

x(U) = e—AGa(U)/RT/Z «—AGy(U)/RT
i (2)

0:(U) = ) (6(U) x x(V))
i (3)

In order to obtain the CV curves, we need to first compute the
total passed charge (Q, (U)) using eq 4 by summing the passed
charge of all phases due to discharging, where n refers to the
discharge (e) number of protons to adsorbed H atoms on
surface. The current (j(U)/(uA/cm?)) in eq S can then be
computed by differentiating total passed charge versus time.””

Q,(U) = X nex (6(U) x x(U)) "

dQ(U) dQ(U) du dQ[U)
= X —=——>-Xuv
dt dUu dt du

ji(U) =
(5)

Since the total passed charge is closely related to the
electrochemical potential, we can equally rewrite the derivation
with respect to potential, and obtain eq 5 by relating to the

sweep rate v (set as SO mV/s), that is, ‘Z—It]. It is thus possible to

calculated the CV curves based on the total passed charge and
related potential by eq 5. The expectation value of the
properties of the whole electrode, including the overall
coverage, total passed charge and current (X(U), X = 6, Q,
and j) can be finally calculated by adding the contribution of all
the likely surface domains (¢) as shown in eq 6, where the ¢, is
the proportions of the domain t. The value of ¢, is related to
many factors that can reconstruct the surface, including the
experimental pretreatment condition and the electrochemical
potentials.

X(U) = )¢ X(U) (X=6,Q,and)) ©

In this work, by using SSW-NN we identified four low energy
surface structures at the potential range 0—0.4 V, namely,
Type-Ia, -Ib, -II, and -III, which can be classified into three
different domains from Type-I to -III. Type-Ia and -Ib belong
to the same domain due to the small difference in the surface
structure, and the transformation between Type-Ia and -Ib is
kinetically facile (see section 3). The side and top view of these
surface structures are shown in Figure 1 (see also Figures S1—
S4). In the following, we describe the structure and stability of
them at two representative potentials (i.e., 0.2 and 0 V) as
shown in Figure 1.

0.96 ML

4D €p 21
Type-lll

Figure 1. Side and top view of Type-Ia (a—c), Type-Ib (d—f), Type-II
(g—i) and Type-III (j—1)) surfaces. The first (a, d, g, and j) column
refers to the clean surface structures, the middle (b, e, h, and k) and
third column (¢, f, i, and 1) refer to the optimized structure of the four
Type surfaces at about 0.2 and 0 V, respectively. Large green ball:
surface bridge Pt atoms; large pale green ball: surface terrace Pt
atoms; large yellow ball: five-coordinated Pt; small white ball: H
atoms.

3.1.1. Type-la (Ordered (1 x 1) Domain). The ordered (1 X
1) surface pattern of Pt(110) can be directly truncated from Pt
bulk. It comprises ridge sites and narrow terrace sites (Figure
la). The ridge sites are preferentially occupied by bridging H
(see Figure 1b) at about +0.2 V vs NHE. The H atoms will
then occupy the vacancy bridge and terrace sites (3-fold hollow
sites) at lower potentials and thus weaken the ridge Pt with the
underneath surface. At 0 V, we notice that the ridge Pt atoms
are pushed outward substantially (>0.4 A comparing to its bulk
truncated position), as shown in Figure lc.
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3.1.2. Type-Ib (Disordering of (1 x 1) Domain). Type-Ib
surface differs from Type-Ia, in that a small fraction of the
surface ridge Pt atoms move onto the neighbor valley, forming
five-coordinated Pt (Pt.) sites (Figure 1d). This causes the
disordering of the (1 X 1) domain. Each Pt;_ is in a pyramidal
geometry bonding with four nearby ridge Pt atoms and one
underneath Pt. At 0.2 V, the Pt;. atom is stabilized by
coordination with four hydrogen atoms. With the decrease of
potential, the H atom can further adsorb on the top site of Pt
atom, forming a [PtH;] local coordination. At 0 V (as shown
in Figure 1f), the exposed Pt;. and ridge Pt are all blocked by
adsorbed H.

It should be mentioned that the surface disordering from
Type-la to Type-1b is identified from SSW global optimization
at high average H coverage conditions, suggesting that the
surface structure reconstruction is driven by thermodynamics.
This critical average H coverage is 0.60 ML, which corresponds
to about 0.2 V: Type-Ib is thus more stable below 0.2 V and
changes to Type-Ia above 0.2 V. The disordering creates more
low-coordinated Pt sites for H atom adsorption and decrease
the repulsive interaction between adsorbed H, which is evident
by the increase of the free energy gain at the same H coverage:
For example, as shown by eq 7, the differential free energy
adsorption AG§™ (eq 7) for Type-Ia and -Ib surfaces at 0.67

ML H coverage are —0.05 and —0.24 eV, respectively.
Obviously, although the Pt;, has less coordination with surface
Pt, it can bond with up to five H atoms and thus the
reconstruction with Pt migration is overall energetically
favorable at low potentials.

AG)™(U) = AG,(U) — AG,_(U) )

3.1.3. Type-ll (Ordered (1 x 2) Domain). This is the surface
commonly known as the missing-row reconstructed Pt(110)-
(1 x 2) surface, where the ridge sites are separated by the
wider (111) valleys. Similarly, H atoms already start to adsorb
on the ridge sites at the high potentials (>0.2 V), as shown in
Figure 1h. the H atoms then adsorb at the 3-fold terrace
hollow sites at the lower potentials. At the high H coverage
condition of 0 V, our SSW optimization found that the terrace
Pt atoms start to move out from the surface plane toward the
valley. As illustrated in Figure 1i, these Pt atoms basically
breaks the original Pt—Pt bond by increasing the distance from
2.81 to 3.90 A, and the Pt atoms at the valley form a (100)-like
local pattern.

3.1.4. Type-lll (Reconstructed (1 x 4) Domain). Our SSW
global optimization also identifies a reconstructed Pt(110)-(1
X 4) surface domain, as shown in Figure 1j, where the
reconstruction creates steps and wider (111) terraces that form
a large valley. There are two types of low-coordinated sites,
namely, the original ridge sites (Ptddge) and the stepped Pt
(Ptsteps) sites, as indicated in Figure 1j. Similar to other
surfaces, the ridge and stepped sites are preferentially occupied
by adsorbed H atoms at 0.2 V (Figure 1k). At lower potential
(0 V), the H atoms will adsorb at the terrace hollow sites as
shown in Figure 11

According to our results in determined H adsorbed
structures, it is noticed the surface structure is closely related
to H adsorption energy. To compare with the stability of the
surface H phases, we have listed the hydrogen adsorption
energy (AGg, (U) per (1 X 1) (eq 1)) at potentials about 0.3,

0.2, and 0 V in Table 1, where the G, in eq 1 is set as the
clean Type-I surface. Our results showed that the Type-II and

Table 1. Adsorption Free Energy (AGy per (1 X 1)) at 0.3,
0.2, and 0 V for Different Pt(110) Surfaces”

AGy/eV
surface 6,/ML 03V 02V oV
0.5 —0.08 —0.18 —0.38
0.67 -0.05 -0.18 —0.46
Type-1
0.96 0.05 —0.14 —0.52
1 0.08 -0.12 —-0.52
0.25 -0.12 -0.17 —-0.27
Type-1I
1 0.09 —0.11 —0.51
0.25 -0.12 -0.17 -0.27
Type-III 0.96 0.12 -0.07 —-0.45
1 0.16 —0.04 —0.44

“Only the representative surface phases are listed.

-III hydrogen adsorbed phase is more stable (by 0.04 eV/per
(1 X 1) than Type-I) at the stage of high potential (e.g., 0.3 V).
With lowering potential, Type-I has become the dominated
phase at low potential (<0.2 V). For example, the (AGy, (0 V)

of Type-I 1 ML H surface is —0.52 eV per (1 X 1), whereas the
AGy, of Type-II and -III are —0.51 and —0.44 eV per (1 X 1)

respectively. This implies that the mixed surface phases are
determined by the different types of surface based on the
reaction conditions.

For the four types of surfaces (Type-I, -1I, -1II, and -M), we
have plotted the coverage—potential, the total passed charge—
potential, and CV curves in Figure 2 (see also Figures SS and
S6). The CV curves (Figure 2d—g) are derived by the
differentiating total passed charge with respect to the potential;
thus, each CV peak corresponds to a sharp change in the
potential—coverage curve of Figure 2a. Figure 2e,f shows that
the calculated CV curve has two peaks for the Type-II and -III
surfaces, but three for Type-I (Figure 2d) and Type-M (Figure
2g) surfaces. We note that the value of the Pt(110) total
passed charge is about ~220 xC/cm?” at the lower potential
end (<0.1 V), which is consistent with the typical overall total
passed charge measured for the desorption of the adsorbed H
layer 200—300 4C/cm? on Pt surfaces'**® (mainly due to the
discharging of H to proton).

By using eqs 1—6, we can determine the coverages and CV
curves for a surface domain. We first calculate those for the
surface domain Type-I, -II, and -1II (i.e, t = 1, 2, and 3 in eqs
3-S5, respectively). Next, we have taken the surface structure
complexity in reality into account, where the experiment
pretreatment conditions may lead to multiple domains. We
therefore considered a model system, Type-M, that has equal
populations for three types of domains (ie., ¢; = 1/3,¢, = 1/3
and ¢; = 1/3 for Type-], -1I, and -III, respectively).

Now we have a close look at Figure 2. For the Type-I
domain, there are roughly four plateaus (i.e., 0.4—0.36 V,
0.33—0.22 V, 0.20—0.16 V, and 0.13—0 V) in the coverage—
potential curve. Each plateau is associated with a characteristic
H coverage. The curve shows that the surface is already
covered by H atoms at relatively high potentials (<0.40 V). At
potentials near 0.33 V, the surface is dominated by 0.5 ML of
H. The surface is then occupied by ~0.65 ML of H in between
0.20 and 0.16 V, where the Type-Ia surface transforms to
Type-Ib surface by creating the Pt site. Below 0.1 V, the H
coverage grows to ~0.9 ML, which is similar to that on
Pt(111) surface, about 1 ML at 0 V.*”*’ The ridge (stepped)
Pt sites tend to bond H more strongly than the terrace sites,
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Figure 2. (a) Diagrams of the coverage vs potential, (b) total passed charge (Q) vs potential, (c) cyclic voltammetry (CV) responses of Pt(110) in
0.1 M perchloric acid cooled in different gaseous environment after flame annealing. Sweep rate = S0 mV/s. Reproduced with permission from ref
26. Copyright 2019 Elsevier, Inc. (d—g) Related CV curves for the Type-, -II, -III, and -M surfaces.

which is in line with the observation in experiment that Pt
defect sites are covered by H species even at high potential.”’

Type-I domain has three reversible electrosorption peaks
centered at 0.1S, 0.20, and 0.34 V in the H,4 region from 0.05
to 0.4 V. These CV peaks correspond to the transition of
different surface H coverage phases. For example, the 0.15 V
peak is associated with average H coverage from 0.65 to 0.9
ML. The peak at 0.20 V is of interest, which reflects the Type-
Ia to -Ib transformation where the average H coverage also
increases from 0.5 to 0.60 ML.

For the Type-II surface, there are three plateaus at 0.4—0.32
V, 0.29—0.18 V, and 0.16—0 V (see Figure 2a). The water
starts to dissociate to produce adsorbed H on surface at 0.32V,
and the coverage builds up to 0.25 ML H at 0.29 V. This
coverage is maintained until 0.18 V. Below 0.16 V, a 1 ML of
H overlayer is preferred thermodynamically, and this remains
until 0 V. The voltammetric curve thus shows two character-
istic adsorption peaks at 0.17 and 0.31 V. The peaks are related
to the 0.25 and 1 ML coverage plateaus.

Similar with the Type-II domain, the Type-III domain also
shows roughly three plateaus in the coverage—potential curve,
which are located at 0.4—0.34 V, 0.30—0.19 V, and 0.11-0 V,
respectively. The underpotential H appears as early as ~0.34 V,
and then the domain is covered by 0.25 ML H at 0.30—0.19 V.
Upon further lowering the electrochemical potential, the
domain is dominated by 0.96 ML adsorbed H, which
corresponds to the third phase plateau below 0.10 V. The
voltammetric curve of Type-III shows two characteristic
adsorption potentials, which are centered at 0.13 and 0.32 V
as shown in Figure 2f. The peaks at 0.13 and 032 V
correspond to the phase transition from 0.25 to 0.96 ML and
that from 0 to 0.25 ML, respectively.

For the model surface, Type-M, the phase diagram is in fact
the thermodynamics average of the contributions from the
Type-], -1, and -III surfaces domains. Figure 2a shows that the
coverage—potential curve of Type-M has four plateaus at the
underpotential region, which are centered at 0.4-0.33 V,
0.29—-0.23 V, 0.20—0.16 V, and 0.13—0 V. The coverage at the
high potential end is mainly contributed to by the Type-II
domain and then taken over by the Type-I domains at lower
potentials (<0.21 V). It should be emphasized that the exact
position of these plateaus is much related to the assumed value
of ¢, that is set as 1/3 for each domain. By decreasing the
proportion of Type-I surface (c;), one can see that the plateau
at ~0.2 V would gradually disappear (as shown in the
simulated results in Figure S6).

As shown in Figures 2g and S6, the CV curves of Type-M
are similar with those of Type-I with ¢, being 1/3, where the
peaks are centered at 0.15, 0.21, and 0.31 V. The two peaks at
0.15 and 0.21 V would gradually merge into one peak at about
0.17 V when the proportion of Type-I decreases (Figure S6).
Our numerical simulation demonstrate that the CV curve is
sensitive to the surface structures when there are multiple
domains.

Indeed, the CV curves of Pt(110) in experiment are found
to be dependent on the cooling environment.”*° For
comparison, we also show the experimental CV curves in
Figure 2c obtained from literatures.”® Obviously, our results for
the Type-I surface, with three reversible electrosorption peaks
at 0.15, 0.20, and 0.34 V in the H,4 region, are consistent with
the e)?erimental result with the CO-cooled electrode (blue
line),2 where the peaks are centered at 0.145, 0.20, and 0.25 V
vs RHE were observed. It should be mentioned that the peaks
of the CV curve kept the same potential versus RHE at
different pH valus.”” Attard et al. suggest that due to the strong
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adsorption of CO at the ridge sites the CO-cooled electrode is 1

dominated by (1 X 1) surface domain.”> However, the Type- B

III surface, with CV peaks at 0.13 and 0.32 V, agrees with the :

dual peaks at 0.12 and 025 V in the hydrogen-cooled > 06

electrode.”” The 0.25 V peak in experiment”® shifts to a higher i

potential ~0.3 V relative to our calculations, which could be D04

caused by the competitive adsorption of hydronium ion and g 02

other solute species (e.g, OH™) as suggested by Attard”** w

which reduces the adsorption energy of H. The ~0.3 V from 0

our calculation is in accordance with the previous theoretical

calculation by Tan, where the main peak at 0.32 V is found for 02

Pt nanoparticles.'' 04 MS

To summarize this subsection, our results show that the
three quantities, namely, the surface coverage, the total passed
charge (Q(U)), and CV curves, are intimately correlated. By
decreasing the electrochemical potential, one can increase the
coverage of H on all the type surfaces in a stepwise manner to
yield different plateaus in the potential-coverage diagram. The
CV peaks can be utilized to distinguish the presence of the
stepped sites (e.g., peak at 0.3 V) due to the strong adsorption
of H species at the stepped sites. Interestingly, it can also be
utilized to identify the surface reconstruction transition (e.g,,
the appearance of Pt sites at 0.2 V).

3.2. Hydrogen Evolution Reaction. With the surface
phase determined, on all surfaces the H coverage was shown to
be dependent on the applied electrochemical potential: By
reducing the electrochemical potential, one can gradually build
up the coverage of the surface H. We are now in a position to
explore the hydrogen evolution reaction (HER) at equilibrium
potential, especially for the unique Pts. structure of Type-1b
surface. The initial H coverage is at the equilibrium coverage
and different reaction scenarios have been considered in
reaction pathway (e.g., with H vacancy or in the presence of
additional adsorbed H). Typically, the highest activity occurs
at the 1 ML H coverage or slightly above (e.g., 1.04 ML). In
this work, we only considered the Tafel reaction mechanism
(H + H - H,), which was found to be the most favorable
pathway for active metals (e.g., Pt) in general.®

Figure 3 shows the lowest free energy pathway on Type-],
-II, and -1II (Type-1 is at the Type-Ib structure at 0 V), and the
reaction snapshots are highlighted in Figures 3 and S7. We
found that the Type-I surface has the highest HER activity with
the reaction barrier (~ 0.52 eV), much lower than the other
two surface domains. This is not surprising because the Pts,
sites only appear in Type-I surface, which are found to be the
best reaction sites for HER. The finding of Pts. as the active
site is consistent with the recent work on nanoparticle, where
the less-coordinated Pt (such as apex atoms at PtyHg,
octahedron) has the highest activity."”°" As shown for HER
at the Pty sites, the reaction occurs by combining the top site
adsorbed H with a nearby bridge H of the Pt;. At the TS, the
bridging H moves to the atop site and evolve the H—H bond
with the top H, where the H—H distance is 1.13 A (see Figure
3). After the TS, the surface is left with H vacancies (MS state
in Figure 3) and the subsequent Volmer step will fill the H
vacancies and recover the surface. In contrast, for the Type-II
and -III domains, the reaction barriers are much higher: 0.86
and 0.69 eV, respectively. These high barriers are consistent
with the previous calculations, where the Tafel reaction barrier
on Pt(110)-(1 X 2) surface is found to be 0.75 eV at 1 ML H
coverage.”® The Tafel reaction occurs through the coupling
between two bridging adsorbed H atoms. At the TSs, both H
atoms are also activated to the atop site on the same Pt atom to

Figure 3. (a) free energy profile via Tafel pathway on Type-], -II, and
-III surfaces at equilibrium potential. Located IS (b), TS (c) for Type-
I surface are also shown. The labeled distances are in angstroms. Large
ball: Pt atoms; small white ball: H atoms; small cyan ball: H atoms in
reaction.

produce H, (see Figure S7), where the H—H distance is
around 1.19 A. By comparing the HER reaction on different
surface domains, we can conclude that the high activity of
Type-I domain is associated with the initial presence of the top
site adsorbed H, which is already activated to react with the
nearby H. The low-coordinated Pts. created by the surface
reconstruction is the key to stabilize the top site H.

j = AFSTISN,! e A M site] (8)

By using microkinetics, we have further deduced the reaction
current (j) of hydrogen evolution on different surface domains
based on eq 8, where A is the pre-exponential factor (it is set as
10" at 300 K), S is the total surface area, and [site] is the
concentration of the reactive site (ML). We found that the
currents at the equilibrium potential are 1.5 X 1072, 2.9 X 107%,
and 2.1 X 107°A/cm? for the Type-I, -II, and -III surface
domains, respectively. We note that our estimated activity of
Type-I surface is slightly larger than the equilibrium current j,
deduced from experiment (0.98 mA/cm?),® implying that the
population of Type-I domain is less than 7% in experiment.
It should be mentioned that we have separated the slow and
fast steps in treating the HER system, and on the basis of this,
we obtained the H coverage in the grand canonical ensemble.
This requires that the Volmer step, the charging/discharging of
solution H;0* to H¥, is sufficiently fast compared to H,
evolution reactions, which was also assumed in many previous
works by other groups and us.””>”>” When HER occurs, the
above thermodynamics equilibrium may break, particularly at
the high current conditions, when the Volmer step becomes
rate-limiting. This typically occurs at the high overpotentials
(e.g, below —0.2 V vs NHE), which is not the concern of this
work. In fact, under the low-overpotential conditions, the HER
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on Pt typically has the Tafel slope of 30 mV/dec,® which is
consistent with our model that the Volmer step is fast, and the
rate-determining step is the H—H coupling following the Tafel
mechanism.

3.3. Formation Mechanism of Pt;. Sites under
Electrochemical Conditions. For the importance of the
Pt;_ site in HER, we are now in a position to understand how
these Pty sites are created under electrochemical conditions.
Since the phase diagram already shows the thermodynamics
that the Type-Ib is more stable than Type-Ia at low potential
(<0.2 V), where the average H coverage is higher than 0.60
ML. By using SSW-NN simulation, we have first extensively
explored the likely pathways from Type-Ia to -Ib at about 0.2
V. The lowest energy pathway determined is shown in Figure
4, together with the key reaction snapshots at 0.67 ML H
coverage (the structures along the whole pathway are shown in
Figure S8).

(a) TS2 0.67ML

MS2
£/0V [1.291.34/1.33/1.23/0.82/0.80/0.79 FS

Figure 4. Energy profile for Pt;. formation at 0.67 ML H of Type-I
surface (a) and the optimized structures of intermediate states (b—d).
For the optimized structures: large green ball: surface bridge Pt
atoms; large pale green ball: surface terrace Pt atoms; large yellow
ball: five-coordinated Pt; small white ball: H atoms.

The reconstruction reaction can be divided into three
elementary steps with an overall barrier 0.82 eV at the H
coverage of 0.67 ML, suggesting the reaction is able to occur at
the ambient temperatures. In this pathway, the final Pt
concentration is 0.04 ML, one Pt;. per Pt(110-p(3 X 4)).
After one Pty forms per Pt(110)-p(3 X 4)), the subsequent
pathways to form more Ptg. sites are found to be kinetically
unfavorable, being at least 1.0 eV (see Figure S9).

The three steps of Pt;. formation contain two H-rearrange-
ment steps, IS to MS1 and MS2 to FS, and one Pt-migration
step, MS1 to MS2 (see Figure 4). The reaction starts by the
accumulation of surface adsorbed H over one row of ridge Pt
atoms (state MS1, Figure 4). The first transition state (TS1)
occurs when the surface H move across from one row of bridge
Pt atoms to another. The reactive ridge Pt (yellow atom,
Figure 4) atoms are pushed outward above the surface plane
due to the adsorbed H atoms (2.81—3.06 A). This Pt atom
then undergoes the migration to the neighbor valley (red arrow
in state TS2, Figure 4). In the step, the moving Pt carries two
H atoms and start to coordinate with the other row of ridge Pt
atoms. There are three Pt—Pt bonds breaking and one Pt—H

bond breaking for the Pt to move out from its original position
(see Figure 4, TS2). In the final state, after the Pt forms, the
H in the valley tends to accumulate around the Pt site (from
site 1 (S1) to site 2 (S2) in Figure S8, MS2) to reach a local
high H coverage.

By focusing on the Pt-migration step, we have evaluated the
reaction barrier at different H coverage (6;) conditions,
namely, 0, 0.25, 0.50, 0.58, 0.71, and 0.75 ML. The reaction
barriers obtained are listed in the inset table in Figure 4a, and
the detailed TS geometries are shown in Figure S10. Indeed,
we found that the reaction barriers (E,) of Pt-migration
decreases rapidly with the increase of coverage. Below a H
coverage of 0.5 ML, which corresponds to a voltage above 0.35
V (see Figure 2), the reaction barrier is substantially high,
being above 1.2 eV. Above 0.67 ML of H coverage (below 0.2
V), the barrier reaches to a rather constant value of 0.8 eV. In
fact, this phenomenon can be explained from the TS geometry,
where only above 0.67 ML is the migrating Pt reactive center
capped with adsorbed H atoms. Obviously, the migrating Pt
that is adsorbed by H can be bettered stabilized at the TS,
which helps to reduce the original Pt—Pt bonding by
compensating with the additional Pt—H bonding.

It should be mentioned that we have also examined the
possible effect of the surface excess charge on the reaction
barrier for Pt;. formation on three different coverages. The
charged-slab DFT/CM-MPB method developed previously are
utilized to add explicit charge onto the surface to evaluate
charge effect on the reaction barrier.*** As shown in Figure
S11, we found that the excess surface charge plays only a minor
role on influencing the reaction barrier, where the magnitude is
below 0.08 eV per charge. Our results are consistent with the
recent theoretical studies, showing that the barrier for Pt lifting
is only slightly affected by electric fields.”

4. CONCLUSION

This work represents the first theoretical attempt to elucidate
the in situ surface condition of Pt(110) electrode under
electrochemical conditions. We have calculated the coverage,
total passed charge, and CV curves of four types of Pt(110)
surfaces identified from SSW-NN simulation. The Type-I
surface shows four plateaus on its phase diagram and three CV
peaks centered at 0.15, 0.20, and 0.34 V. Importantly, Type-I
surface can undergo a facile reconstruction from Type-Ia to -Ib
at 0.60 ML average hydrogen coverage around 0.2 V, which
produces five-coordinated Pts. sites. The Type-II and -III
structures have three plateaus on their coverage—potential
curves and only two CV peaks. These results explain the
observed CV curve difference for the Pt(110) electrode under
H, and CO treatment conditions.

Our reaction pathways for HER at different surfaces further
demonstrate that the Pt sites have the highest activity for
HER, where the Tafel reaction barrier is only 0.52 eV at
equilibrium potential. The thermodynamic and kinetic results
for Pt(110) reconstruction provide atomic-level information
on how the metal electrode evolves under electrochemical
conditions and how the catalytic activity varies upon the
change of surface structure and the applied potential. This
detailed knowledge may benefit the rational design of better
electrode materials in the future.
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