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Surface Phase Diagram and Oxygen Coupling Kinetics on Flat and Stepped Pt Surfaces
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Electrochemical reactions catalyzed by metal electrode, despite their huge importance in industry, are not
well understood at the atomic level. In relevance to water electrolysis, the oxygen coupling reaction on Pt
metal surfaces is systematically investigated in this work by combining periodic density functional theory
calculations with a new theoretical approach to mimic the electrochemical environment. In our approach, the
surface is explicitly polarized by adding/subtracting charges and the counter charges are placed as Gaussian-
distributed plane charges in a vacuum. With this method, the surface phase diagrams for both the closed-
packed Pt(111) and stepped Pt(211) are determined, which demonstrates that stepped surface sites can better
accumulate oxidative species and thus reach to a higher local O coverage compared to Pt(111) at a given
potential. The water environment is proved to affect the phase diagram marginally. By fully exploring the
possible oxygen coupling channels on Pt surfaces, we show that the oxygen coupling reaction is kinetically
difficult on metallic Pt surfaces below 1.4 V. There is no facile O coupling channels on Pt(111), as the
barriers are no less than 1 eV. Although an O + OH — OOH reaction can eventually occur at the stepped
sites with an increase of local O coverage and the calculated barrier is lower than 0.7 eV at 1.4 V (NHE), at
such high potentials the (111) surface can already undergo surface oxidation due to the penetration of oxygen
into sublayers. The theory thus indicates that oxygen evolution on Pt anode occurs on Pt surface oxides as
dictated by thermodynamics and also demonstrates that the local surface structure and coverage can be more

important in affecting the barrier of surface reactions than the electric fields.

1. Introduction

Recent years have seen tremendous progress in understanding
solid/gas interface reactions at the atomic level.!™* On the other
hand, electrocatalysis that occurs at the solid/liquid interface
remains a highly challenging subject for both experimentalists
and theoreticians.’~’ Electrochemical reactions are not only
catalyzed by solid electrode but also influenced by electro-
chemical potential and aqueous environment. Owing to the
difficulty in applying most of the conventional surface science
techniques in electrochemistry, the understanding of electro-
catalytic reactions still falls far short of chemists’ expectation.
Aiming to shed light on the microscopic nature of electrocata-
Iytic reactions, here we investigate the oxygen coupling reaction
on Pt by first-principles theoretical methods, with particular
emphasis on the surface structure, the electrochemical potential,
the solvation effects on the surface phase, and activity.

The oxygen evolution reaction (OER: H,O — 1,0, + 2H™
+ 2e) as encountered in water electrolysis is one of the most
important anodic reactions. Because the reaction causes the
major energy loss in water electrolysis and is also involved in
many applications concerning energy storage/conversion,’
better anode materials for more efficient oxygen evolution have
been consistently pursued for years.!%“!! It is known generally
that the oxidative species (such as OH,q and O,g) dissociated
from H,O appear on the electrode at certain positive potentials,
and by further increasing the potential, O, evolves originated
from these surface oxidative species. In 1960s Bockris and co-
workers suggested 14 possible routes for oxygen evolution on
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Pt according to experimental data.'? They suggested that H,O
splitting may be the rate-determining step, while the oxygen
coupling on the electrode may proceed via any combination of
O and OH (e.g., O + O, O + OH, or OH + OH). The detailed
mechanism for oxygen evolution at the atomic level is not
established yet.

On the other hand, the recombination of oxygen atoms to
form O, on Pt surfaces at ultrahigh vacuum (UHV) conditions
was noticed to be extremely difficult, and it only occurs at very
high temperatures from surface science experiments.'® The
reason why electrocatalysis can work at ambient conditions has
been conventionally addressed by the empirical equation AG*
= AG,¥(Uy) — BFn, which relates the change of barrier (AG*)
to the variation of overpotential (17).'* Here Uy is the reversible
potential (1.23 V for OER on Pt), F is Faraday’s constant, and
B is the transfer coefficient, usually taken as 0.5 (about 50% of
work done by electric field is used to reduce the reaction barrier).
The equation states that the activation barrier in electrocatalysis
is linearly proportional to the applied overpotential. While
can only be determined by fitting experimental data, e.g., Tafel
curves,”” the microscopic nature of the barrier—potential
relationship remains elusive.

In recent years, theoretical calculations have been used to
probe the atomic level detail of electrochemical reactions, and
some models to describe the electrochemical environment have
been proposed. Anderson and co-workers developed a model
applicable to several atom clusters by using the principle that
the reaction center’s electron affinity or ionization potential can
be matched with the thermodynamic work function of the
electrode.'® They suggested that the channel of oxygen formation
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Figure 1. (a) Symmetric slab model with the counter charge (CQ) plane in vacuum. (b) Electrostatic potential averaged in xy plane above the
Pt(111) surface (z-height = 0) for systems with different charges per p(«/ 3 x A/ 3) unit cell. The work function ®,” and the electrochemical
potential can then be obtained. (c) A simple phase diagram showing the transition from H,O/Pt(111) to 0.33 ML of O/Pt(111): *° with our method,
but the countercharge planes are at 3 and 2 A above the surface, respectively, and ¢ with the method proposed by Nerskov’s group.!?

is through a HOHO intermediate. Ngrskov’s group focused on
the thermodynamic aspects of electrochemical reactions, in
which the effect of electrochemical potential is simplified and
taken into account by the equation AGy = —neU.'”'® They
suggested that an OOH intermediate could be the key species
in oxygen evolution on Pt(111), which is however apparently
inconsistent with the early statement from Bockris et al. that
H,O splitting is the rate-determining step in OER.!2 Other groups
such as those of Neurock'®?® and Balbuena?!?? considered the
polarization effect of electrochemical potential by adding extra
charges in the periodic supercell approach, where the counter-
charge is homogenously distributed at the background. With a
so-called double-reference method, Neurock’s group showed
that the electrochemical potential of the system was determined
by offseting the DFT-determined work function. Interestingly,
both methods from Neurock and Ngrskov yielded consistent
electrochemical phase diagrams for Pt and Ni in H,O
solution.!”?*23 These pioneering theoretical works implied that
the electrochemical environment, especially the dynamical
solvation effect of H,O, may be approximately represented
without much loss of accuracy on the surface phase diagram.

Inspired by these works, here we develop and apply a
theoretical approach based on periodic DFT calculations to
model electrochemical reactions, where both effects due to the
electrochemical potential and the solvation are taken into
account. We focus on the surface phase diagram on the stepped
Pt surface sites, which is compared with that on Pt(111), and
the possibility of oxygen coupling at these metallic surface sites.
From the phase diagram, we were also able to consider the
thermodynamic tendency of surface oxidation in parallel to the
oxygen coupling channels on the metallic sites. Our results shed
some insights into the design of better anode catalysts in water
electrolysis.

This paper is organized as follows. Our theoretical methods
and calculation details are introduced in section 2. In section 3,
our main results are presented, in which the surface phase
diagrams on Pt(111) and Pt(211), the thermodynamic possibility
of surface oxidation, and the oxygen coupling reaction channels
on the metallic sites are reported. The solvation effect on surface
phase diagram and the electric field effect on oxygen coupling
barrier are also revealed in this section. A general discussion
of our results is given in section 4. Finally, our conclusions are
outlined in section 5.

2. Modeling and Theoretical Methods

2.1. Computational Details. All DFT calculations were
performed using the SIESTA package with numerical atomic

orbital basis sets and Troullier—Martins norm-conserving
pseudopotentials.?*~2® The exchange-correlation functional uti-
lized was at the generalized gradient approximation level, known
as GGA-PBE.?”? A double-& plus polarization basis (DZP) set
was employed. The orbital-confining cutoff was determined
from an energy shift of 0.010 eV. The energy cutoff for the
real space grid used to represent the density was set as 120 Ry.
The Broyden method was employed for geometry relaxation
until the maximal forces on each relaxed atom were less than
0.1 eV/A. To further check the accuracy of the calculated energy
of surface compositions, some key states were also examined
with the plane-wave methodology as implemented in VASP
package,® 32 where the accuracies of SIESTA results are
generally good and comparable to the plane-wave method (~0.1
eV). For example, the adsorption energies of O atom with
respect to '/,0, in the gas phase for 0.67 ML of O on the (111)
surface is 0.75 eV with SIESTA and 0.66 eV with VASP.
Transition states (TSs) of the catalytic reactions were searched
using our constrained Broyden minimization method, as de-
scribed recently.® It will be shown in the work that the phase
diagram (mainly on the (111) surface) produced from the above
DFT setups agrees with the previous calculations'”** and the
experimental data.

In our calculations, two different-structured Pt have been
chosen, namely, flat Pt(111) and stepped Pt(211) surfaces. The
close-packed (111) facet is the most stable and thus dominant
face for typical Pt polycrystalline, and the monatomic step
represented by the (211) facet is possibly the most common
structural defect, which comprises (111) terrace sites and (100)
steps. These two representative surfaces were thus selected to
probe the chemistry on the Pt electrode. All the surfaces were
modeled with four-layer slabs, with the middle layers being
fixed. For all systems with adsorbates, the adsorbates were added
symmetrically on both sides of the slab and were relaxed fully.
To address different coverage encountered in calculation of
phase diagrams, the (111) surface was modeled by p(«/ 3 x V/3),
p(2 x 2), and p(4 x 4) unit cells, and the stepped Pt(211) surface
was modeled by p(1 x 2) and p(1x 4) unit cells.

2.2. Theoretical Approach for Studying Electrochemistry.
In our calculations, the metal slab is placed in the center of a
cell and a 30 A vacuum is introduced along the z direction,
where we can add/subtract symmetrically adsorbed species and
water layers on each side of the slab. The metal slab can then
be charged by adding or subtracting a predetermined number
of electrons to model the electrochemical environment. As
shown in the Figure 1a, there are two symmetric surfaces (top
and bottom) in slab calculations, and excess charges are evenly
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distributed on both surfaces (Q/2). To balance the excess charge
Q, the counter charge is added as two charge planes in the form
of Gaussian distribution along the z direction, each with —Q/2.
One plane is near the top surface, and the other is near the
bottom surface. The Gaussian charge plane centers either at the
first water layer (with water) or at a fixed z-height (typically
outside the compact layer at ~3 A) away from the outermost
surface atom (without water). In the following, our approach
to calculate the electrochemical potential and the total energy
will be given in detail.

In order to calculate the electrochemical potential (U) of a
system, the following equations can be used according to the

definition of absolute electrochemical potential.>*
Uurv = (o, — 4.6)/eV @))
cI)w = q)ref - (I)f (2)

where ®,, is the work function, which can be related to the
electrochemical potential by eq 1 considering that the normal
hydrogen electrode (NHE) has a measured work function of
~4.6 eV experimentally.® In theory, the work function @, can
be obtained by measuring the difference between ®y, the Fermi
level of the system, and a predefined reference level of zero
potential, i.e., the potential level in solution (far away from the
surface).

However, it is practically impossible for first-principles
calculations to obtain the accurate reference level because of
the great difficulty in treating the long-range screening effect
of water and counterionic charge in solution. In practice, we
can however adopt an indirect approach, in which the experi-
mental value for the potential of zero charge (pzc) is used to
correct the calculated work function @,/ to yield a more
reasonable @, (Figure 1b)

D =0, (P, — CIDPZC‘”‘") 3)

w pzc

where the @, is the average experimental pzc value for
Pt(111), which is about 4.85 eV (0.25 V NHE).**¥ ®,/,,. is
the theoretical work function for neutral Pt(111) with the
approximated reference level. For example, we can calculate a
finite layer of H,O-covered Pt(111) surface and use its work
function as ®,,,,.. Alternatively, we may totally omit the H,O
layer, i.e. the largest approximation, and use the calculated work
function of Pt(111) as @,/ (5.59 eV from DFT, consistent
with experimental values*®-°). For any other systems (charged
or neutral), the similar condition as utilized in calculating @/,
should be used to obtain @, and finally U (NHE). To give an
example, 0.33 ML of O on Pt(111) [O/Pt(111)] with different
charges were calculated and the work function @, as well as
U of the system could then be obtained using eqs 1—3, as shown
in Figure 1b, where the electrostatic potential averaged in the
xy plane of the system is plotted against the z-height away from
the surface. It shows that the reference level potential taken at
the position 15 A away from the surface is dictated by the charge
of th system. Although eq 3 may not hold in all conditions, we
will show later in Figure 1c that the accuracy in the calculated
electrochemical potential, in fact, does not affect the calculated
surface phase diagram significantly, where only the boundary
points between phases are decisive. It may also be mentioned
that we used the same pzc for Pt(211) as that of Pt(111), since
the pzc of the defected surfaces differs only slightly.*0#!
Next, to compare the total energy of phases with different
charges, the DFT-calculated energy must be corrected. As
suggested previously by Neurock’s group,'® two extra energy
contributions must be removed from DFT total energy, namely,
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(i) the energy of the countercharge itself (Ecg) and its
electrostatic interaction with the charged slab (Ecq-gab) and (ii)
the energy of the excess charge in the slab (noEr). This is written
as

Eoomreted = EDFT(nQ,nCQ) - (ECQ + ECQfslab) — noEg
4)

In our work, the countercharge is explicitly placed outside
the slab in the form of a Gaussian-distributed plane charge,
which is different from the previous calculations, where the
countercharge is homogenously distributed in the background."

For reactions involving the releasing of proton and electron,
the reaction energy can be computed by referencing to the
normal hydrogen electrode in a manner proposed by Ngrskov’s
group-18 ThlS iS gOVemed by Gprolon+eleclron = G(l/2)hydr0gen gas
eU where e presents the transfer electron and U is the half-cell
potential. Besides, to derive the free energy G, the DFT energy
should be amended by the relevant thermodynamics terms
(mainly zero point energy and the entropy contribution as
tabulated in ref 18, which were also used in our work).

In Figure 1c, we give an example to show how to determine
the phase diagram by using the above-mentioned methods. The
horizontal line corresponds to the clean Pt(111) and H,O,
namely, the H,O/Pt phase, which is set to zero energy. The
oblique lines correspond to the 0.33 ML of O/Pt(111) phase,
which were computed as follows. First, the 0.33 ML of
O/Pt(111) systems with different charges (£0.15, £0.05, and
40.01 lel) were calculated using DFT, in which the counter-
charges are placed either 2 or 3 A above the surface. From the
calculations, the corrected total energy and the electrochemical
potential of each charged system can be obtained. Next, the
reaction free energy values (AG) of H,O/Pt — O/Pt + 2H* +
2e~ were calculated for each charged system, and finally, the
values (unit eV/site hereafter) are plotted against their electro-
chemical potentials. To compare with our method, the thermo-
dynamic method proposed by Ngrskov’s group!” was also used
to calculate the same phases.

It is noted that the three oblique lines in Figure 1c are almost
identical, and so are the phase-change potentials from the clean
surface to the O-covered surface (~0.7 V). Our calculated value
is slightly lower than the value (~0.8 V) reported previously,!”
which is largely due to the fact that O atoms adsorb on both
sides of the slab in our approach. Figure 1 implies that the
explicit polarization due to the excess charge plays a minor role
in determining the surface phase diagram, since the exact
position (2 or 3 A) of the countercharge plane determines the
calculated electrochemical potential from eq 3. In other words,
the absolute accuracy in the calculated electrochemical potential
for a system does not have a significant effect on the phase
diagram. This may be understood as follows. From our
calculations, the explicit polarization modifies the total energy
by a much smaller extent (below 0.1 eV/V) than the term —2eU
does (2 eV/V). The 2eU term is required to establish the H
balance between the O-covered phase and the H,O/Pt phase
(H,O/Pt — O/Pt 4+ 2H™ + 2e7). The slopes of the oblique lines
are thus controlled by the —2eU term.

3. Results

3.1. Solvation Effects on Surface Phase Diagram. At
electrochemical conditions, the intimate layer (adsorbed layer)
on metal electrode can be H adatoms, double-layer, hydroxyls,
or oxygen adatoms, depending on the applied electrochemical
potential. It is difficult to pin down the exact structure of the
solid/liquid interface, even for the intimate layer, not at least
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Figure 2. Optimized structures on Pt(111) in the presence of a layer of H,O at different coverages: (a) clean surface, (b) 0.33 ML of O, (c¢) 0.67
ML of O, (d) 0.33 ML of O + 0.17 ML of OH, and (e) 0.67 ML of O + 0.17 ML of OH.

Figure 3. Optimized structures on Pt(211) in the presence of a row of H,O near the step-edge at different coverages: (a) 0.33 ML of O, (b) 0.5
ML of O, (¢) 0.17 ML of O + 0.17 ML of OH, and (d) 0.33 ML of O + 0.17 ML of OH.

because of the great mobility of H,O at the interface. Neverthe-
less, at high potential ranges, where the coverage of oxidative
species (O atoms, OH) on surface should be highly relevant to
O, evolution, it is conceivable that most of the H,O will be
excluded from the intimate layer and thus the interface may be
simply viewed as a “sandwich” structure, where the intimate
layer lies in between the solution and the metal surface.
Importantly, within this sandwich model, we can quantitatively
verify the solvation effect on the adsorbed oxidative species by
comparing the computed phase diagram with and without the
aqueous environment. In this work, two kinds of oxidative layers
on both the flat Pt(111) and stepped Pt(211) were studied to
check the solvation effect on the phase diagram, namely, (i)
oxygen adatoms and (ii) the mixed phase of oxygen adatoms
and hydroxyls.

For Pt(111) in contact with H,O layers, it is convenient to
arrange the H,O layer as a hexagonal bilayer (+/3 x +/3 R30°
unit cell) over the surface (see Figure 2a). Such a bilayer water
structure (icelike structure) was known for H,O thin layer
adsorption on close-packed metal surfaces.>*? In this unit cell,
we are able to study the O coverage at 0.33, 0.67 ML and the
corresponding O/OH mixed phases with extra 0.17 ML of OH
(Figure 2b—e). In the optimized structures, as shown in Figure
2, the hydrogen bonds between the O or OH and the outer H,O
layer are available, which can help to stabilize the system. We
then calculated the stability of these phases with respect to the
clean surface and H,O by using the method mentioned in section
2. On the basis of the DFT calculated energies, we found that
the relative phase stability is little affected by the H,O layer.
For the O adatom phases, for example, the potential at the
crossing point from the 0.33 ML of O phase to the 0.67 ML of
O phase is at 1.06 V without the H,O layer and 1.05 V in the
presence of the H,O layer. For the O and OH mixed phases,
the water effect is slightly larger, but the predicted potential
for the phase change is still different by no more than 0.09 V.

On the stepped Pt(211), the low-coordinated step-edge sites
are present together with the (111) terrace sites. Therefore, we
only need to further check the water solvation effect on the step-
edge adsorbed species, which can be done by adding a row of
H,O besides the step-edge sites. Using this model, we have
considered the O atom coverage of 0.33 and 0.5 ML of O, as
well as the coadsorption situations containing both oxygen and
hydroxyl. Hereafter for a fair comparison of coverage with that
on Pt(111), the coverage of Pt(211) is defined with respect to
the total exposed Pt atoms in Pt(211), i.e., three atoms per
(1 x 1) cell. The representative structures are shown in Figure
3. Taking 0.33 ML of O as an example, the adsorbed oxygen

in the presence of water is stabilized by about 0.07 eV per O
atom, and the potential at the crossing point toward 0.5 ML of
O is shifted from 0.90 to 0.96 V (0.06 V). Our calculations on
Pt(211) show that although the water environment can always
stabilize the oxidative species at the step-edge, the differences
in the predicted potential for the phrase change are only 0.06
and 0.05 V for the pure O adatom phases and the O/OH mixed
phases, respectively.

Overall, it can be seen that the water solution only has a
marginal effect on the surface phase diagram concerned. This
may be understood as follows. Only relative stability between
phases is important to the crossing point of two phases. The
solvation effect can be largely canceled out between two
consecutive phases because of the similar magnitude of the
water/substrate interaction. From our results, for example, in
order to see appreciable potential shift (i.e., 0.1 V) at the crossing
point between the 0.33 ML of O/Pt(111) and the 0.67 ML of
O/Pt(111), the interaction of the H,O layer with the additional
0.33 ML of O (=0.67—0.33) has to be about 0.4 eV per
additional O atom, which is too large compared to the DFT-
determined value (below 0.2 eV).

3.2. Surface Phase Diagram of Pt Surfaces from Ther-
modynamics. To figure out the surface phase diagram of
Pt(111), we considered a series of surface phases by gradually
increasing the surface coverage of O atoms, namely, 0.25, 0.50,
and 0.75 ML. For a selected O coverage, we also added extra
OH groups to form the O/OH mixed phases. It was noticed that
the stability of the mixed phases is, however, generally close
to that of the corresponding O phase at low OH coverages. For
example, the phase stability of 0.75 ML of O and 0.75 ML of
O + 0.0625 ML of OH is almost identical, as illustrated in the
Supporting Information. Therefore, the surface phase diagram
is largely dictated by the pure O atom adsorbed situations. On
Pt(111) we have not explicitly modeling the H,O layers, since
its effect on the surface phase diagram is marginal, as proved
above. The results are summarized in Figure 4, where the energy
of the most stable phase is plotted against the applied potential
(the x-axis). All the other less stable phases for a given potential
are not shown for clarity.

From our results, the water starts to dissociate into O at 0.7
V on Pt(111). At about 1 V, we found that 0.25 and 0.5 ML of
O are almost equal in stability (—0.15 eV/site). Above the
potential, the 0.5 ML of oxygen overlayer is preferred thermo-
dynamically. When the potential is higher than 1.4 V, the surface
is taken over by 0.75 ML of O. These results are consistent
with the previous phase diagrams calculated for Pt(111),!7%
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where the 0.25 and 0.5 ML of O phases were reported at the
potential of ~0.9 and ~1.2 V, respectively.

On going to Pt(211), the surface phase becomes more
complex due to the presence of stepped sites. For the same
reason as Pt(111), we considered first the pure O phases on
Pt(211) by gradually increasing O coverage from 0.17 to 0.83
ML. To compare with Pt(111) on a fair basis, we did not model
H,O layers on terraces but added a row of H,O near the step-
bridge of Pt(211), and the representative structures of the phases
are shown in Figure 3. The surface phase diagram of Pt(211) is
shown in Figure 5. The detailed data on the energetics including
both the O phases and the O and OH mixed phases are tabulated
in the Supporting Information. We found that on Pt(211) the
step-edge bridge sites are always preferentially occupied by O.
Upon further increasing O coverage, the additional O atoms
will start to occupy the terrace sites, and only above 0.83 ML
of O will the lower step sites be occupied.

It is of interest to compare the phase diagram on Pt(211) with
that on Pt(111). At relatively low potentials, say below 0.7 V,
when Pt(111) is still dominated by water bilayers, Pt(211) is
already covered by O atoms. The 0.17 ML of O appears on
Pt(211) as early as about 0.4 V. This agrees with the fact that
Pt defect sites covered by oxygen species has been monitored
under low potentials (~0.4 V) in electrochemical experiment.**
At potentials near 0.8 V, Pt(211) is dominated by 0.33 ML of
O, while at the same potentials the O coverage on Pt(111) is
only 0.25 ML. Obviously, this is because the stepped sites tend
to bond species more strongly and thus enable H,O splitting
into the oxidative species at relatively low potential. The 0.5
ML of oxygen overlayer on Pt(211) is preferred thermodynami-
cally above 0.97 V. In succession, Pt(211) will be occupied by
the 0.67 ML of O from 1.2 to 1.37 V. When the potential is
above 1.37 V, the surface composition is dominated by the 0.83
ML of O.
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Figure 6. Top and side view structures of the 0.75 ML of O + 0.0625
ML of OH covered Pt(111).

3.3. Surface Oxidation at High Potentials from Thermo-
dynamics. It is naturally expected that at high potentials the
surface oxidation may evolve. From our DFT structural
optimization, we noticed that Pt surface atoms start to move
out from the surface plane at high O surface coverages. On
Pt(111), for example, at about 1.4 V, a Pt—Pt bond increases
evidently from the original 2.89 to 4.83 A at the 0.75 ML of O
+ 0.0625 ML of OH coverage, as illustrated in Figure 6. To
verify whether surface oxides may form at these conditions,
we calculated the stability of the subsurface O phases, where
an oxygen atom per cell sits at the subsurface, to compare with
the stability of the surface O phases mentioned above. Our
results showed that the O subsurface phase is less stable (by
0.72 eV) than the surface O phase at the stage of 0.5 ML of O
+ 0.0625 ML of OH coverage (about 1 V) of Pt(111). However,
it is already stable (by 0.31 eV) at 0.75 ML of O + 0.0625 ML
of OH coverage. This implies that the surface oxidation on (111)
terraces is thermodynamically favored above 1.4 V. Experi-
mentally, Pt surface oxidation has been clearly observed, for
example, by Jerkiewicz et al. and Tian et al.,***> which showed
that the oxidation is, however, kinetically slow at 1.2 V. It should
be emphasized that our study was performed with the periodic
slab model and the coverage investigated is largely limited by
the unit cell chosen. Since our calculation showed that at 1.4 V
[0.75 ML of O/Pt(111)], the subsurface oxygen is already more
stable than the surface oxygen, it is expected that the surface
oxidation can already occur at a potential in between 1 V (0.5
ML of O) and 1.4 V (0.75 ML of O), as dictated by
thermodynamics. On the other hand, at low O coverages (e.g.,
0.25 ML of O), the subsurface O phases were calculated
previously and found to be unstable, where the surface O
requires a high barrier to diffuse into the subsurface.*0~*8

3.4. Reaction Channels of Oxygen Coupling Reaction. The
phase—potential diagrams determined above enable us to
evaluate the reaction kinetics for oxygen evolution at a given
electrochemical potential. Since the surface coverage is closely
related to the electrochemical potential, a linkage can be
established between reactivity and electrochemical potential by
studying the reaction channels at different surface coverages.
There are three possible oxygen coupling pathways, namely, O
+ O — 0,, O + OH — OOH, and OH + OH — HOOH. For
these three possibilities, we have searched for all the likely
reaction pathways at different surface coverages on both Pt(111)
and (211) surfaces. Our results for Pt(111) are summarized in
Table 1 and those for Pt(211) are in Table 2.

Among the three possible coupling pathways on Pt(111), the
coupling of adsorbed O atoms is the simplest and has been well-
investigated previously in the context of UHV conditions. Over
the late transition metals, such as Ru, Rh, and Pt, the O + O
coupling reaction is found to be highly activated at low O
coverages.!? Consistently, our calculations also show that the
reaction barrier for the coupling between two adsorbed O is
higher up to about 2 eV at low O coverages. With the increase
of surface O coverage, the barrier of the O + O reaction is



9770 J. Phys. Chem. C, Vol. 113, No. 22, 2009

TABLE 1: Quasidifferential Oxygen Adsorption Energy
[E2q(O)] and Reaction Barrier (E,) for Oxygen Coupling
Reactions on Pt(111)

reaction surface E.4(O) E,

path intermediates eV) eV)

O+0 0.5 ML of O 044  1.89
reaction

0.67 ML of O 036 1.69

0.75 ML of O —-040 1.15

1 ML of O —143  1.00

O+ OH 0.25 ML of O + 0.25 ML of OH 1.04 1.57
reaction

0.5 ML of O + 0.25MLOH —0.21 1.21

0.75 ML of O + 0.0625 ML of OH  —0.76  1.60

TABLE 2: Quasidifferential Oxygen Adsorption Energy
[E.a(O)] and Reaction Barrier (E,) for Oxygen Coupling
Reactions on Pt(211)

reaction E.4(O) E,
path surface coverage eV) eV)
O+0 0.33 ML of O 0.91 1.79
reaction

0.5 ML of O 0.26 1.32

0.67 ML of O 0.11 1.23

0.83 ML of O —0.51 0.95

1 ML of O —0.89 0.83

O + OH 0.17 ML of O + 0.17 ML of OH 1.10 1.81

reaction
0.33 ML of O + 0.17 ML of OH 0.46 1.33
0.5 ML of O + 0.17 ML of OH 0.01 1.17
0.67 ML of O + 0.17 ML of OH —0.25 1.19
0.83 ML of O + 0.17 ML of OH —0.83 0.50

reduced, but it is still around 1 eV even at the saturated 1 ML
of O coverage. The reduction of the barrier can be attributed to
thermodynamics. As listed in Table 1, we have calculated the
quasidifferential oxygen adsorption [E,4(O)] with respect to the
gas phase O, through the equation Eyq(O) = E—1)0-+momympt +
'/ZEOZ(EQS) — Eo0+momym, Where Ey is the DFT total energy of X
and n and m are the numbers of O atom and OH in the unit
cell, respectively. A positive E,q(O) means that the adsorbed O
is more stable than it in the gas phase as O,. Table 1 reveals
that the adsorbed oxygen atom becomes less stable with the
increase of O coverage, which drives the oxygen coupling
thermodynamically.

For the O + OH reaction channel on Pt(111), the reaction
barriers are not so much different from their O + O counterparts.
However, it is noticed that at the highest coverage conditions,
0.75 ML of O + 0.0625 ML of OH, the barrier identified for
the O 4+ OH reaction increases instead. This abnormal barrier
increase is caused by the significant structural relaxation of
surface Pt atom at this highest coverage, where the surface Pt
atom beneath the OH moves out significantly from the surface
plane by more than 2.0 A, as shown in Figure 6. From this
initial structure, it is difficult for the atop OH to react with the
nearby O that sits at the surface plane.

For the OH + OH reaction channel, we found that this
channel is kinetically inhibited. Even at the high O coverage
conditions (0.5 ML of O + 0.5 ML of OH), the reaction barrier
is still very high (1.59 eV), which indicates that this reaction
cannot occur at ambient conditions.

In Figure 7, we highlight the identified TSs for the O + O
reaction at 0.75 ML and the O + OH reaction at 0.75 ML of O
+ 0.0625 ML of OH coverage conditions. For the O + O
reaction at 0.75 ML, the TS is achieved when one O is sitting
at the bridge site and another O is at the atop site. Because of
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Figure 7. Located TS structures on Pt(111) for (a) O + O reaction at
0.75 ML of O coverage and (b) O + OH reaction at 0.75 ML of O +
0.0625 ML of OH coverage.

Figure 8. Located TS structures on Pt(211) for (a) O + O reaction at
0.83 ML of O coverage and (b) O + OH reaction at 0.83 ML of O +
0.17 ML of OH coverage.

the local high coverage of O atoms, the TS O—O complex has
a quite short distance (2.96 A) to its neighboring O atoms. For
the O + OH reaction, the TS is achieved when both the OH
and the O stand on the atop sites of adjacent Pt atoms. In general,
at least one oxygen atom has to shift from its original fcc hollow
site to the atop site in order to couple with another O or OH
species on Pt(111). Since the potential energy surface of O atom
is rather corrugated (the atop O is much less stable than the
hollow-site O), it is not surprising that the determined barrier
on Pt(111) is always more than 1 eV.

On Pt(211), we focused on the reaction channels of O + O
and O + OH. The quasidifferential adsorption energy of O
[E.q(O)] as defined above was also calculated and is summarized
in Table 2. From Table 2, we can see that the reaction barrier
also decreases with the increase of surface coverage, which is
accompanied by the decrease of E,4(O). For example, the barrier
of the O + O reaction drops from 1.79 eV at the 0.33 ML
coverage to 0.83 eV at the 1 ML coverage. More importantly,
the O + OH reaction occurring at the stepped sites can have a
lower barrier than the O + O reaction on Pt(211). The lowest
barrier of the O + OH reaction channel is only 0.50 eV at the
0.83 ML of O + 0.17 ML of OH coverage. We then further
checked this reaction channel at a lower OH coverage (0.83
ML of O + 0.083 ML of OH) by doubling the unit cell, which
corresponds to the electrochemical potential of 1.37 V. At this
coverage, the determined barrier is 0.64 eV, which is still low
enough for the O + OH to occur at room temperature.

The TS structures for the O + O reaction and the O +
OH reaction of the lowest barriers on Pt(211) are illustrated
in Figure 8. The other TSs are shown in the Supporting
Information. At the TS for the O + O reaction at 0.83 ML
of O/Pt(211), one O is at the step-bridge site and the other
O is at the lower terrace hollow site near the step. It should
be mentioned that such diatomic TSs at transition metal steps
are well-known for CO, NO, and N, dissociation reactions.**!
Because the TS involves a total of five metal atoms in
bonding and there is no so-called bonding competition effect
at the TS, the TS is more stable than its counterpart on
terraces, and thus, the reaction barrier can be reduced. For
the O + OH reaction at high coverage conditions, e.g. 0.83
ML of O + 0.17 ML of OH, the TS structure is reached in
a similar manner to the O + O reaction, where the O is at
the step-bridge site and the OH is at the lower-step atop site.
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Figure 9. Oxygen coupling barrier on charged surfaces as indicated
by the change of electric field. The zero on the x-axis corresponds to
the neutral situations as tabulated in Tables 1 and 2.

A key feature of these TSs is that the O or OH remains at
the initial adsorption position at the TSs, which is different
from the TSs on (111) terrace sites.

3.5. Effect of Local Electric Fields on the Barrier of
Oxygen Coupling Reactions. Having considered all the pos-
sible reaction channels at different surface coverages, we are at
the position to further check whether the variation of the electric
field (the charged surface) can influence directly the barrier of
oxygen coupling reactions. In our method, the electric field can
be tuned facilely by adding or subtracting the charge of the
system. From the neutral system to the charged system,
the electric fields on the surface are strongly changed and thus
the barrier may be varied. The barrier vs the change of the
electric field is thus examined in Figure 9. The zero on the x-axis
corresponds to the neutral situation where the barriers are
tabulated in Tables 1 and 2. In our calculations, we have
researched the TS at each electric field condition, which show
that there is only a small geometrical change for the reaction
complex (O—O and O—OH) at the TS (the structural data at
the TS for the O + OH reaction is shown in the Supporting
Information). Our results show that the effect of the electric
field induced by the excess surface charge plays only a minor
role on influencing the reaction barrier, where the magnitude is
below 0.1 eV per change of 10° V m~!. This is true at all
coverages and on both surfaces. Our results are consistent with
the recent theoretical studies showing that the barrier of the
oxygen reduction reaction is only little affected by electric
fields.?* Considering that the electric field at the anode is
typically in the range of 108—10'° V m~!, we may conclude
that the electrochemical potential shift does not change signifi-
cantly the reaction barrier in a direct manner. Instead, the
potential variation can adjust the surface coverage of oxidative
species on the surface, which can effectively reduce/increase
the barrier of oxygen coupling reactions.

4. General Discussion

The ultimate aim of theoretical calculations on electrochemi-
cal reaction is to establish a predictive basis for the design and
the optimization of catalysts. This study shows that the oxygen
coupling reactions on metallic Pt sites are generally difficult,
which may start to occur as late as 1.4 V, when the surface can
in fact undergo oxidation with the surface O penetration into
the sublayers. While the Pt metal sites under high potential ends
are already not accessible by experiment, our calculations on
different oxygen coupling reactions from low to high potentials
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on different-structured Pt sites demonstrate that the oxygen
coupling reaction is strongly surface structure sensitive and thus
provide new insights into the OER reaction on Pt anode. From
our results, we may outline two factors that affect the electro-
catalytic activity: (i) the adsorption energy of oxidative species
and (ii) the surface local structure. We showed that Pt surface
has a strong oxygen-bonding ability at low coverages. The
overpotential is needed for increasing the surface coverage and
reducing the adsorption energy of oxidative species. The
adsorption energy of oxidative species is thus the essential
thermodynamic factor. More importantly, we showed that an
optimum surface structure is kinetically essential for the oxygen
coupling reaction. Provided with the similar O adsorption
energy, only stepped surface sites can help the coupling between
O and OH. This is largely due to the fact that the oxygen atom
on the (111) surface must shift from its original fcc hollow site
to the atop site in order to couple with another O or OH species,
which induces a significant energy cost.

Experimentally, the determined apparent activation energy
is 0.67 eV at 1.5 V on a Pt wire anode, while the measured
current density (—log i) is extremely low (~7).'?> From kinetic
equations, we can deduce that the population of active sites for
oxygen evolution on the Pt anode is around 0.01% of the total
sites (assuming that the preexponential factor for the rate-
determining step is 10'?), which is obviously too low for an
active catalyst. The lack of active sites on the oxide-covered Pt
anode suggested that the key elementary step in OER reaction
may only take place at minority surface sites. This is apparently
consistent with our results that the oxygen coupling reaction is
surface structure sensitive and only occurs at the sites where
the O atom has a low coordination.

A good anode catalyst for oxygen evolution must, in general,
have a low overpotential 7 (below ~0.3 V) and a large apparent
current density (e.g., below 1 on the scale of —log i).>? The Pt
anode is obviously not qualified for the lack of active sites. On
the other hand, the performance of other late transition metal
oxides (e.g., RuO,, IrO,) is far better, as known from experi-
ment.'” This may not be totally surprising, since the O and OH
adsorption on these metal oxides is usually at the atop sites of
the exposed coordinately unsaturated metal ions>® seen from
the rutile phase of these oxides. The oxygen coupling reaction
on them should therefore be similar to those that happened on
Pt(211), where the O and OH stay at their initial adsorption
position to react. Another advantage of these oxide materials
may be the high density of the exposed coordinately unsaturated
metal ions, which are widely available even on the most stable
surface facets such as (110) of RuO,.>* It is therefore interesting
in the future work to explore the possible structure of Pt surface
oxides and to understand from the atomic level why Pt surface
oxides are not good catalysts for OER reaction considering that
the apparent barrier determined from experiment is not high.'?

5. Conclusions

This work represents a theoretical attempt to obtain an
overview of the surface phase diagram of Pt, including both
the flat and the stepped surface, and to understand the oxygen
coupling channels on the different-structured Pt under electro-
chemical conditions. A new approach based on periodic density
functional theory calculations was implemented to mimic the
electrochemical environment. In the approach, the surface is
explicitly polarized by add/subtracting charges, and the coun-
tercharges are placed as Gaussian-distributed plane charges in
a vacuum. With this method, the surface phase diagrams for
both the closed-packed Pt(111) and stepped (211) are deter-
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mined. We show that stepped surface sites can better accumulate
oxidative species (O and OH) and thus reach to a higher local
O coverage than terrace sites do at the same potential condition.
The effect of water environment on surface phase diagram is
quantitatively evaluated and found to be small.

All oxygen coupling reaction channels on Pt surfaces at
different potentials are then examined. We found that the electric
field induced by the excess surface charge does not affect
significantly the barrier of the oxygen coupling reaction. Instead,
the local surface coverage and the surface structure are much
more important to the barrier. At low overpotentials, the oxygen
coupling reaction on Pt metal is kinetically difficult with high
barriers. An O + OH — OOH reaction can eventually occur at
a high local coverage of the stepped sites (at ~1.4 V) with the
calculated barrier lower than 0.7 eV. By contrast, no facile O
coupling channels exist on Pt(111), as the barriers are no less
than 1 eV. In parallel to oxygen coupling on these metallic sites,
we also show from thermodynamics that the surface oxidation
of Pt can already occur below 1.4 V with the surface O
penetration into sublayers. This indicates that oxygen evolution
on Pt anode occurs on Pt surface oxides, as dictated by
thermodynamics. The strong structure sensitivity of the oxygen
coupling reaction on metallic sites shown here may also be
extended to understand why Pt is not a good anode material
for oxygen evolution.
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