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Abstract We propose a complete reaction sequence for
oxygen reduction in alkaline solutions, in which the first two
steps occur in the outer sphere mode. The oxygen-oxygen
bond is broken in the third step, which involves adsorption
of OH, which is desorbed in the last step. We have inves-
tigated the sequence by quantum-chemical methods and
determined the energies of activation. Whether the reaction
follows a four- or a two-electron mechanism, depends criti-
cally on the energy of adsorption of OH. We surmise that our
mechanism holds on all electrodes which interact weakly
with oxygen, in particular on gold, silver, and graphite. We
explain, why Au(100) is a better catalyst than Au(111), why
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at high overpotentials the reaction on Au(100)reverts to a
two-electron mechanism, and why this does not happen on
silver.

Keywords Oxygen reduction - Alkaline fuel cells - DFT -
Electron transfer

Introduction

Like all good things, the special research unit Elementary
reaction steps in electrocatalysis: Theory meets Experiment
must come to an end. Within this endeavor we investigated
electron transfer in oxygen reduction with the focus on alka-
line media. In the following, we present our most important
results and discuss them in the context of electrocataly-
sis. Since this communication marks the official end of our
project, it takes the form of a review of our work with some
new thoughts.

Oxygen reduction is of obvious importance, and there
has been a huge amount of research, both experimental and
theoretical, on this topic during the last decades, but most
of this has been on acid solutions. The practical reason for
this is the fact, that acid fuel cells are better developed
because of the polymer membrane. As far as theory is con-
cerned, the reason lies in a weakness of density functional
theory (DFT), which nowadays is the prevalent theoreti-
cal method for studying electrochemical processes at the
atomic level: DFT has great problems in treating ions and
charge transfer. In acid solutions one can devise a reaction
path, in which each step consists of a combined electron
and proton transfer [1], so that both reactant and prod-
uct are neutral. Thus, the thermodynamics—though not the
kinetics—of these steps can be calculated by standard DFT.
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Whether the reaction always proceeds by a series of com-
bined electron-proton steps, is a different question, which is
often ignored, but which has been well discussed in a recent
article by Koper [2]. In alkaline solutions, protons, which
can compensate the electronic charge, play no role. There-
fore, the reaction proceeds through a series of steps with
charged intermediates, which makes a treatment by pure
DFT difficult.

The rest of this article is organized as follows: First, we
discuss a few thermodynamic aspects, then we examine the
relevance of inner and outer sphere electron transfer before
we present a reaction path and look at each step from a the-
oretical point of view. Oxygen reduction is slow and limits
the efficiency of many types of fuel cells. In acid media,
platinum group metals are the best catalyst. In contrast,
in alkaline solutions, metals like silver and gold are very
effective. Therefore, our review focuses on these metals.
In particular, we propose an explanation for an old puzzle:
why Au(100) is a so much better catalyst than Au(111).
The technical details of our calculations can be found in the
Appendix.

A Few Thermodynamic Aspects

It is interesting to compare the thermodynamics of the first
reaction steps in acid and in alkaline solutions. In the former
case, the first step is usually:

0O, +H" + ¢~ — HO, (1)

If none of the reactants are adsorbed, i.e., if this reaction
takes place in an outer-sphere mode, the standard equilib-
rium potential for this reaction is near 0 V RHE [3], which
would imply a terrible overpotential of about 1.2 V. There
are two ways to make the thermodynamics of this reaction
better:

(1) Specific adsorption of the product HO;; a free energy
of adsorption AG, lowers the overpotential by
—AGag/eo;

(2) A fast follow-up reaction which keeps the coverage
with the adsorbate low [4] and shifts the equilibrium
potential to higher values according to the Nernst equa-
tion. Obviously, the latter effect can shift the potential
only by a few tenths of a volt, and is not sufficient to
lower the overpotential to a reasonable value.

Therefore, in acid solutions, oxygen reduction requires a
catalyst which binds the intermediate neither too weakly nor
too strongly, and an adsorption energy of the order of -1 eV
should be close to the optimal value. In fact, that is just the
energy of adsorption of HO; on Pt(111) [5]. For Pd(111),
another good catalyst, it is -1.15 eV, and for Au(111) and
Ag(111), both bad catalysts in acid solutions, the values are
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—0.25 and —-0.57 eV, respectively. A more complete analysis
containing considerations for other metals as well is given
in [6].

While acid solutions require a good, and usually expen-
sive, catalysts, the situation on alkaline solutions is much
more favorable. Here, the first step is:

Oy +e — 0O, 2)

The overall reaction occurs with roughly the same speed on
a variety of electrodes, among them gold and silver, which
are cheap compared to platinum. It has therefore been sug-
gested that this step takes place in the outer sphere mode
[7]. This view is compatible with thermodynamic consider-
ations: In the outer sphere mode, the standard equilibrium
potential is about —0.3 V SHE, compared with a value of
0.4 V SHE for the overall reaction at pH 14. When this first
step is slow and the subsequent steps are fast, the concen-
tration of (O is low, and for concentrations of the order
of 107 — 10~7 M the overpotential is reduced to about
0.3 V, which is quite compatible with the onset potential
observed on gold and silver [8—12]. The difference in reac-
tivity between various metals would then not be caused by
the first, but by the subsequent steps, which determine the
concentration of O, in front of the electrode.

QOuter Sphere Versus Inner Sphere Mechanism

Oxygen reduction belongs to the class of electrocatalytic
reactions, which proceed with different rates on different
substrates. Therefore, there is no doubt that at least one of
its steps must involve an adsorbate. However, this need not
be the first and not even the rate-determining step. As we
have discussed above, in alkaline solutions, the first step is
often considered to be:

O2+e” — 05

In principle, both the reactant and the product could be
adsorbed, and this has been assumed in a variety of older
publications see, e.g., [13]. But there are two arguments
that speak against this: Firstly, it is very rare that a small
adsorbate can exist in two different charge states on a given
surface. Secondly, if the reaction takes place on a metal
surface, its rate cannot be influenced by the electrode poten-
tial. Since the electric field does not penetrate into metals,
the application of an external potential does not change the
electronic energy of an adsorbate with respect to the Fermi
level. There can be second-order effects like the interaction
of the dipole moment of an adsorbate with the electric field
in the double layer [14], but they are too weak to explain the
strong dependence of the reaction rate on potential observed
in practice. So at least one of the reactants must be in the
outer sphere.
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Usually, small adsorbates on metal surfaces are not
charged; however, because of its strong electronegativity,
oxygen is an exception. As we shall discuss below, on
Ag(100) it is adsorbed in the form of the anion O;, and both
the inner sphere and the outer sphere mechanism can occur
in paralell.

If a species is adsorbed from the solution depends on
three factors: One is the energy of adsorption which the
species has in the vacuum; this can be calculated by DFT.
The other is the change in solvation energy as the particle
is brought from the bulk of the solution to the adsorption
site—this is the so-called potential of mean force (pmf).
The third is the electrode potential, which has a particularly
strong effect when an ion is adsorbed from the solution and
discharged in the process.

We start by comparing the adsorption of O, on three
metals which show rather different behavior, Au, Ag, Pt,
choosing the (100) surface as an example. Figure 1 shows
the change in the energy as the molecule approaches the
surface; the energy in the vacuum has been set to zero.
The molecule does not chemisorb on Au(100); there is a
very shallow minimum of —7 meV at a distance of about
3 A from the surface, but the electronic density of states
(DOS) shows no effect of chemical binding at this point.
At shorter distances, the energy increases, till finally the
bond breaks with an activation energy of about 1.5 eV.
This is the prototype of a chemically inert substrate, even
though—as we shall discuss later—it is an excellent cata-
lyst in alkaline solutions. On Ag(100), the molecule adsorbs
with an energy of about —0.4 eV; an analysis of the DOS
shows, that the adsorbed molecule has an excess charge of
—0.7, which is corroborated by Bader analysis. We shall
show later, that in the presence of an aqueous solution,
the charge is lowered to —1 because of solvation effects.
Pt(100) shows an even stronger adsorption energy of -0.9
eV, and a negative excess charge of about —0.47 both from
Bader analysis and from the DOS. The stronger adsorption

O, adsorption
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Fig.1 Energy of a O, molecule near the (100) surfaces of Au, Ag, and
Pt. For Pt and Ag, the points at the very left correspond to the adsorbed
state

on Pt can be attributed to the interaction with the d band,
which both on Ag and Au lies too low to play a role. The
difference in the charge of the adsorbed oxygen on Pt and
Ag is related to the work function, which is 5.69 eV for
Pt(100) and 4.23 eV for Ag(100). Because of the higher
work function Pt attracts electrons much stronger than Ag
does, so there is less charge transfer from the metal to the
adsorbate.

The interaction of water with metal surfaces is weak;
therefore, we do not expect the pmf for oxygen to depend
much on the nature of the electrode. We have calculated
the pmfs explicitly for the O, molecule and the O, ion
on Ag(100). The results are shown in Fig. 2; they give the
change in the energy of solvation as the particle approaches
the electrode.

The pmf of both the molecule and the anion increase
towards the surface, as their hydration becomes weaker.
This effect is stronger for the molecule, where the pmf
begins to rise at about 6 A, than for the anion, where it even
has a slight minimum near 5 A before it starts to rise. Con-
sidering that the hydration energy of the anion is about —3.9
eV [3], the rise in energy towards the surface is moderate.
In contrast, the rise of the pmf for the molecule is higher
than the absolute value of the solvation energy in the bulk
(about —-0.16 eV). We attribute this to an exclusion effect:
Water likes to form a hydrogen-bonded network on the sur-
face, and expels the molecule, whose solvation shell is much
weaker than that of the anion. We note that almost always,
oxygen reduction takes place at potentials positive to the
pzc, so that the anion experiences an additional force which
attracts it towards the electrode.

Without going into detailed calculations, we may con-
clude that on Au(100) reaction Eq. 2 takes place in the
outer sphere mode. On Pt(100), the adsorbed state is favor-
able, while on Ag(100), there is a competition between
adsorption and solvation; we shall return to this question
below.

pmf/eV

distance / eV

Fig. 2 Potentials of mean force for the approach of O, and O, to an
Ag(100) surface; after [16]
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Ag(100)
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Fig. 3 Free energy surface for the reaction O2 + e~ — O; on Ag(100) and on Au(100). The electrode potential is for equilibrium in the outer

sphere mode; after [15] and [16]

A Reaction Mechanism in Alkaline Solutions

In alkaline solutions, the overall reaction for the full reduc-
tion is:

02 +2H,0 44 — 40H™ 3)

On some surfaces, in particular on Au(111), the reaction
stops after the transfer of two electrons, which results in:

Oy + H20 +2¢~ — HO, + OH™ “)

Numerous reaction mechanisms have been proposed; this
is not the place to discuss them all, but we note that many
of them must be discarded in the light of DFT calcula-
tions. This applies in particular to mechanisms that postulate
two different forms of adsorbed oxygen molecules, or the
adsorption of Oy on gold as a first step. Details have been
discussed in a previous communication [17], where we
proposed the following mechanism:

O2+e” — O (®)]

O; +H,O+e” = HO, +OH™ ©6)
HO, + H;0 = 20Hy + OH™ @)
OH,y — OH™ ®)

The two electron mechanism stops after the second step;
this is, for example, the case on Au(111). All of the steps in
our reaction scheme have been suggested before; the nov-
elty of our approach lies in the theoretical investigations of
the various steps, which present a consistent picture.

@ Springer

Theoretical Investigation of the Reaction Steps
The First Electron Transfer

We have previously investigated the first step on Au(100)
[15] and Ag(100) [16]. For the sake of completeness, we
discuss these results here. During the last years, our group
has developed a theory for the investigation of electro-
catalytic reactions [18-21]. It is well documented in the
literature, so it suffices to state that it involves a combina-
tion of DFT with our electron transfer theory. We often plot
the results in the form of free energy surfaces for the reac-
tant as a function of the distance of the reactant from the
solvent, and of the solvent coordinate g. The latter is a con-
cept derived from Marcus theory [22] and characterizes the
state of the solvent. It takes on the value g, when the sol-
vent would be in equilibrium with a reactant of charge —¢q
[23]. Outer sphere electron transfer takes place at a distance
from the electrode, while g varies. For example, if the reac-
tion Oy + e~ — O, takes place in the outer sphere mode,
q changes from zero to unity.

From the considerations in the previous section, it is
expected that on Au(100) the first step takes place in the
outer sphere mode. As can be seen from the r.h.s. of Fig. 3,
this is indeed the case. The surface shows two minima away
from the surface: one centered at ¢ = 0, which corresponds
to the neutral molecule, and another one centered at ¢ = 1
corresponding to the anion. More precisely, the minimum at
g = 0 extends into a valley at larger distances; in contrast,
the one at ¢ = 1 is a proper minimum. On gold and silver,
oxygen reduction takes place at potentials above the pzc,
so the double-layer field attracts the ion towards the sur-
face. The two minima are separated by an energy barrier of
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about 0.5 eV, which coincides with the prediction of Marcus
theory [24]: The free energy of solvation of the O, anion in
the bulk of the solution is —3.9 eV; about half of this is due to
the slow solvent modes, the other half to the fast. Therefore,
the energy of reorganization, which is caused by the slow
modes, is about 2 eV; at zero overvoltage, Marcus theory
predicts an activation energy of A/4. Thus, with hindsight
it we could have spared ourselves the DFT calculations and
could have used Marcus theory right away.

On Ag(100), the situation is more complicated (see l.h.s.
of Fig. 3). At equilibrium, there are three minima: two of
them correspond to those observed on Au(100), and there
is a third minimum for an adsorbed O, centered at ¢ =
1. Compared to the vacuum, the effect of solvation has
increased the negative charge on the adsorbed oxygen to —1.
The outer sphere electron transfer occurs in the same way
as on gold, again with an activation energy of 0.5 eV. The
O, ion can be adsorbed on the Ag(100) surface, where it
has about the same energy—mnote that these calculations are
also for the case where the reaction in the outer sphere is in
equilibrium. The energy of activation for the adsorption is
about 0.4 eV. Note that there is no favorable reaction path
that leads from the molecule O, directly to the adsorbed
O; ; to become adsorbed, the first electron transfer must take
place in the outer sphere. The reason for this can be seen in
the pmf for the molecule (see Fig. 2), which rises by about
0.8 eV near the surface and prevents the approach of the
molecule.

The application of an overpotential n affects only the
anion in the outer sphere, whose energy is lowered by
—eon; the energy of the anion on the surface is practi-
cally unchanged, and it becomes unstable with respect to
the outer sphere position—see Fig. 4. So we conclude that

saddle point

Ag(100)n=0.2V

5.0

4.5

4.0

3.5

distance / A

3.0

saddle point
25

0.0

0.4 0.6
solvent coordinate 9

Fig.4 Free energy surface for the reaction O2+e~ — O; on Ag(100)
on application of an overpotential of 0.2 V. After [16]

on Ag(100) the first electron transfer also takes place in the
outer sphere mode, but near the equilibrium potential there
will be O; adsorbed on the surface, which may exchange
with the outer sphere position, and which becomes unstable
on the application of an overpotential. Overall, the adsorbed
species should have little effect on the rate. This explains
why oxygen reduction on Au(100) and Ag(100) occur in a
similar way.

It would be natural to perform the same calcula-
tions for Pt(100); however, they would be irrelevant. On
platinum oxygen reduction is determined by the adsorp-
tion/desorption of OH, which takes place in the same
potential region. This is evidenced by the fact that it is inde-
pendent of pH, when the current is plotted on the RHE
scale [25]—see also the previous works [26, 27]. Therefore,
experimental data reveal nothing about the oxygen reduc-
tion as such. OH adsorption is favored over oxygen by two
aspects: (1) The adsorption energy of OH from the vac-
uum is about -2.3 V [21, 28, 29] and thus lower than that
of O, and the pmf for the adsorption of OH™ rises only
by 0.3 V at the surface [21]. Experimentally it has been
found to be very fast [30], and this is supported by theory
[21]. The adsorption of OH effectively blocks the surface of
platinum for oxygen reduction. In addition, at high poten-
tial oxide formation also plays an unfavorable role. Thus,
oxygen reduction on platinum takes place by a different
mechanism and cannot be compared with silver and gold.

The Second Electron Transfer

So on Au and Ag the first electron transfer takes place in
the outer sphere mode. At the beginning of the subsequent
step:

0; +H0 + e~ = HO; + OH™

the O; ion is in the outer sphere and surrounded by water.
Practically always the electrode surface will be positively
charged, so that the generated anions are attracted to the
double-layer region. Since the products do not exist in an
adsorbed form, we have assumed that this reaction takes
place in the outer sphere mode. Formally, the reaction can be
considered as an outer sphere electron transfer coupled with
a bond rearrangement. The corresponding theory has been
developed by Koper and Voth [31], by Schmickler [32], and
by Santos, Koper, Schmickler [33] and has been applied to
specific examples by Ignaczak and Schmickler [34].

The reaction can be considered as an H-atom transfer
from the water molecule to the O, with a simultaneous
electron transfer to the OH radical. Therefore, the distance
between O, and the nearest H-atom of water was taken as
the reaction coordinate. Following the guidelines of theory,
we have calculated free energy curves for the initial and the
final states as a function of this coordinate.

@ Springer
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Table 1 Energy of activation E, in eV for reaction Eq. 6 for various
numbers of explicit water molecules

Reactant O2(H20)5™ 02(H0);~ O2(H20)¢™

E, 0.027 0.19 0.06

Because of the charges on the reactants and products,
DFT in the slab geometry is unsuitable. Therefore we have
investigated this reaction with the Gaussian suite of pro-
grams, which allows calculations with ions. Solvation is
important for electron transfer; so we have investigated
this reaction with a variable number (1, 2, 4, and 6) of
explicit water molecules; the rest of the solvation shell
was treated by the polarizable continuum model. The elec-
trode serves only as an electron donor, therefore, it was not
explicitly considered. In the calculations, the O—H distance
was scanned, while the other coordinates were allowed
to relax. Thus, the motion of the H-atom was treated as
purely classical. As starting geometry, we took the opti-
mized initial cluster O2(H0), . The final state includes
partially hydrated HO, and OH™ ions coupled through H-
bonds. This intermediate is assumed to dissociate with the
formation of spatially separated HO, (solv) and OH™ (solv).

The results depend on the number of water molecules
that treated explicitly—see Table 1. Here, we show the free
energy curve for equilibrium conditions calculated with six
explicit water molecules—see Fig. 5. Independent of the
number of water molecules treated explicitly, the barrier is
very low, so that the reaction should proceed fast in both
directions, and should always be in equilibrium.

030 T T T T T
-
025
transition
020 |-
final intial |
> o15f P S e
i by oo & oot . 5
1 J -~ e
010 [ #** #o ¢ 7 Ml oa ]
v e @' L »
L3
I ¢
0.05 ;‘ # '\ o
L 7 l\ -/. T
] /
0.00 - Vad "
1 1 1 1 1
08 1.0 1.2 14 16 1.8 20
HO=H), A

Fig. 5 Free energy curve for the reaction O, +HyO + e~ = HO; +
OH™ calculated with 6 explicit water molecules; the barrier height is
0.06 eV; taken from [17]
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Breaking of the Oxygen-Oxygen Bond

The first two reactions in our scheme take place in the outer
sphere; hence, they do not depend on the electrode material
as long as this is a good conductor and is not covered by an
inhibiting species. So far, two electrons have been passed,
and up to now, the mechanism is the same for a good four-
electron catalyst as for a bad two-electron catalyst. The next
step:

HO; + HyO = 20H,q + OH~

involves two adsorbed OH. Hence, it depends on the elec-
trode material, and it is here that the paths for Au(111) and
Au(100) diverge: On the former, the reaction stops before
this step takes place, on the latter, it continues. This reac-
tion once again shows the importance of OH adsorption
in alkaline solutions. For the above reaction to be effec-
tive, OH adsorption must be neither so strong, that it blocks
the electrode, nor so weak that it becomes energetically
unfavorable.

We have modeled this reaction explicitly on Au(100);
later we shall compare OH adsorption on Au(100) and
Au(111) to explore the difference. This step involves the
breaking of the oxygen—oxygen bond, a negative excess
charge, and the simultaneous adsorption of two OH radicals,
while one OH™ stays in the solution. Because of the nega-
tive excess charge we chose the Gaussian suite of programs
for the calculations, and modeled the Au(100) surface by a
gold cluster of 24 atoms (see Fig. 6). Since the cluster is
finite, the surface sites are not all equivalent. Solvation was
treated by the PCM model. If we leave all of the atoms free
to move, they drift to the side of the cluster; this is unwanted
since the center of the cluster is the best representation of
the (100) surface. Therefore, in all calculations, the OOH™
ion was kept at a bridge site with the O—O bond perpen-
dicular to the metal surface. For the oxygen atom of the
water molecule, we tried several possible initial structures,
and so far, a position at the neighboring bridge site gave the
best results, i.e., the lowest energy—see Fig. 6. Note that in
the initial structure, one O-H bond in the H,O molecule is
stretched toward the OOH™ ion.

As reaction coordinate, we chose the distance between
the two oxygen atoms in the HO, anion. We first per-
formed the calculations without the gold surface. In this
case, the reaction is endothermic with AH ~ 2.4 eV and
AG = 2.1 eV; this is in reasonable agreement with an esti-
mate of AH ~ 2.2 eV obtained from tables [3]. Obviously,
the spontaneous breaking of the O—O bond in solution will
not occur. In contrast, on the Au(100) surface the reaction
is exothermic by about 0.3 eV, and the barrier is 0.68 eV
(see Fig. 7). Note that the calculations correctly result in two
adsorbed OH radicals and an OH™ ion in solution. The ener-
gies contain the purely electronic energies resulting from
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Fig. 6 Initial configuration for
the reaction

HO; + H;0 = 20Hyq + OH™;
after [17]

DFT and the solvation energies, which have the nature of a
free energy.

Because of the simplicity of the model system and the
approximations involved, these calculations are not quan-
titative. In particular, the activation energy obtained here
cannot be compared directly with the somewhat lower value
of the first step, which has been calculated by a different
method. However, our results clearly demonstrate that the
breaking of O—O bond, which determines if the overall reac-
tions involves four or only two electrons, requires a strong
adsorption of OH on the electrode surface. We believe that
this is the key to understanding the role of the catalysts.

A recent paper by Calle-Vallejo et al. [35] also points out
the importance of OH adsorption for bond breaking; how-
ever, their arguments are mainly based on the adsorption of
OOH on various gold surfaces and, thus, differ from ours in
some details.

Desorption of OH

After the first two steps, the reaction is dominated by the
adsorption and desorption of OH. On the one hand, the

0.8 T T T T T T T T
barrier=0.68 eV
- 04r i
(0]
~
>
o
(0]
c
© 00 -
1 1 --I- 1 '-'u * I-
1 2 3 4 5

0-O distance / A

Fig.7 Energy curve for the bond breaking step on a Au(100) surface;
after [17]

.
9 Jd ¢ j’ j’

initial configuration

adsorption of OH must be sufficiently strong to make reac-
tion Eq. 7 exergonic, but it must be so weak that finally the
adsorbed OH can be released as OH™ to the solution. For
this purpose it is helpful if the adsorption of OH depends on
the coverage with OH; this ensures that over a broad range
of coverage there are sites on which OH can be adsorbed
with a medium strength.

One of the purposes of our investigation was to seek an
explanation, why on Au(111) the reaction stops after the
second step, while on Au(100) all calculated the energy of
adsorption of OH on both gold surfaces for various cover-
ages. The results are shown on the left hand side of Fig. 8.
The energies depend on the coverage, but adsorption on
Au(100) is more favorable than on Au(111) by between 0.2
and 0.4 eV. Calculating adsorption energies of OH from
aqueous solutions is somewhat problematic, since the adsor-
bate can form hydrogen bonds with the adjacent layer of
water. Therefore, we have performed additional calculation
for adsorption in the presence of a layer of water, and have
included van der Waals corrections—see right hand side of
Fig. 8. Adsorption on Au(100) remained more favorable
by about the same amount of energy as before. The abso-
lute values of the two calculations cannot be compared,
since the latter includes a layer of water in its reference
state. In the presence of water the energy rises with cov-
erage; here, the adsorbed OH forms hydrogen bonds with
water and cannot profit from interaction with nearest neigh-
bors. Without water, for Au(111), the energy at first drops
with coverage before rising, while on Au(100) it remains
constant before rising. For the electrochemical situation,
the calculations with water are more realistic, so we con-
clude that the energy rises with coverage. As mentioned
above, this is advantageous, since it ensures that there will
be empty sites with a suitable energy over a broad range of
potentials.

OH adsorption on gold has been investigated by a fair
number of researchers, principally on Au(111) [5, 28, 36],
and most obtained a slightly higher, near —1.8 eV, value than
we did. This difference can be traced to a different choice of
pseudopotentials. However, the important point is that those
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Fig. 8 Energy of adsorption of OH from the vacuum for Au(100) and Au(111) for various coverages; left without water, right:with a monolayer
of water. The absolute values for the two sets of calculations cannot be compared since they have different reference states

researchers who investigated both surfaces also obtained a
difference of about 0.4 eV at low coverages, with Au(100)
being the more favorable surface [37, 38].

Experimentally, it is well established that OH adsorption
is stronger on Au(100) than on Au(111) [39, 40], although
the cyclic voltammograms obtained in various groups dif-
fer in details. The adsorption of OH on Au(111) has been
studied quantitatively by Chen and Lipkowski [41]; Fig. 3
of their work clearly shows that the coverage is low in the
region relevant for oxygen reduction. Unfortunately, a simi-
lar quantitative study for Au(100) is missing, so we have to
rely on the evidence from cyclic voltammograms.

At large overpotentials oxygen reduction on Au(100)
reverts to the two-electron mechanism—see for example
[11] and references therein. This means that reaction (7)
no longer occurs in this region. At a first glance, this
reaction seems to be independent of the electrode poten-
tial, since it involves no charged species. However, this
is only true if the adsorbed OH is fully discharged, or,
equivalently, that the electrosorption valency for the reac-
tion OH™ — OHyg + e~ is —1. Measuring electrosorp-
tion valencies requires very precise measurements. For
Au(111) such experiments have been reported in the already
cited article by Chen and Likpkowski [41]; especially for
low electrode potentials they obtained values substantially
higher than —1, which indicates that the adsorbed OH car-
ries a sizable negative charge. This is in line with our
DFT result, where at low coverages adsorbed OH both
on Au(100) and Au(111) has a Bader charge of about —
0.4. Therefore, with decreasing potential, the energy of the
adsorbed OH become higher, and the free energy of reac-
tion (7) rises accordingly and becomes less favorable. At
the same time, the positive charge, which attracts the HO,
ion towards the surface, becomes smaller and inverts at the
pzc, so that this anion can escape towards the bulk. We
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surmise that it is a combination of these two effects which
blocks reaction (7). Finally, we note that on silver, the pzc
is much more negative than on gold; for this reason, we
believe, the four-electron mechanism persists even at high
overpotentials [8]

Conclusions

In this work, we have presented a consistent mechanism
for oxygen reduction in alkaline media based on quantum-
chemical calculations. In our model, the first two steps
follow an outer sphere electron transfer, and we have ana-
lyzed these in detail for Au(100) and Ag(100). These steps
should be independent of the electrode material, as long
as the surface is not blocked by adsorbates. In particular,
the routes for the two- and four-electron mechanism are the
same up to this point. The oxygen-oxygen bond is broken
in the third step, which involves the adsorption of OH. This
critical step requires an adsorption strength of the right order
of magnitude: It should be sufficiently strong to break the
bond, but not so strong as to block the surface. It is favorable
if the adsorption becomes weaker with increasing coverage,
so that part of the surface is free.
Our results explain the following features:

(1) Why on Au(100) the reaction the reaction goes all the
way, while on Au(111) it stops after the transfer of two
electrons.

(2) Why on Au(100) at high overpotentials the reaction
also stops after the second step, and

(3) why this does not happen on silver. Of course, these
explanations are still somewhat tentative, but they fol-
low naturally from our model and are consistent with
experimental data.
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This mechanism should hold whenever oxygen does not
adsorb on the electrode. Graphite is another nice exam-
ple besides gold: Yang and McCreery [42] showed that on
clean graphite the reduction O, + e~ — O, is reversible,
and the reverse can be observed in the backward sweep
of a cyclic voltamogram. On this surface, oxygen does not
adsorb, and the reaction stops after the transfer of two elec-
trons. Since the second step is very fast, the first two steps
can be reversed, so that the oxidation of O, can be observed
when the direction of the potential scan is reversed.

As the example of Ag(100) shows, our mechanism can
also hold when the adsorption of oxygen is moderately
strong. So what happens if it is really strong? It is difficult to
think of a mechanism in which the strong adsorption of O»,
be it neutral or negatively charged, is favorable. However,
in practice metals which adsorb oxygen strongly tend to
adsorb OH even more strongly, so that oxygen reduction is
then governed by the kinetics of OH adsorption/desorption,
as seems to be the case on platinum.

Finally, we note, that in several non-aqueous solvents,
the generation of O, is the first step in oxygen reduction.
Therefore, it is natural to extend our work to such solvents.
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Appendix: Theoretical background
Technical Details of the DFT Calculations

Oxygen on Silver, Platinum, and Gold Periodic den-
sity functional theory (DFT) calculations were performed
using the DACAPO [43] code with implemented Vander-
bilt [44] ultrasoft pseudopotentials for the representation of
the atomic cores. A PBE (Perdew, Burke, Ernzerhof) [45]
functional and a set of plane waves with a cutoff energy of
350 eV (400 eV for the density) were chosen to describe
the valence electrons. Brillouin zone integration [46] was
performed using 4 k-points in the x- and y-directions respec-
tively and 1 k-point in the z-direction. The surface was
represented by 3 layers of metal atoms, and a 3 x 3 unit cell
was employed.

OHon Gold All calculations were performed using the VASP
code [47, 48]. The correlation and exchange functionals

were described within the generalized gradient approxi-
mation (GGA) in the Perdew, Burke and Ernzerhof (PBE)
flavor [45]. The electron-ion interactions were represented
through ultrasoft pseudopotentials [44], and a plane wave
basis set was used to describe the valence electrons. The
basis set was expanded to a kinetic energy cutoff of 500 eV.
Brillouin zone integration was performed using (10x10x1)
k-point MonkhorstPack [49] grid . We used a dipole-
correction scheme [50] to avoid slab-slab interactions. To
investigate the adsorption of OH as a function of the cover-
age, both surfaces Au(100) and Au(111) were modelled by
a (2 x 2) supercell with four metal layers. In all the calcula-
tions 15 A of vacuum were considered. For the relaxations,
the two bottom layers were fixed at the calculated nearest-
neighbour distance corresponding to bulk, and all the other
layers plus the OH were allowed to relax. To mimic the
aqueous media, a water layer was considered on the previ-
ous systems at each coverage. In order to take into account
van der Waals interactions, the DFT-D3 [51] approach of
Grimme [52] was used, which consists of adding a semiem-
pirical dispersion potential to the conventional Kohn—Sham
DFT energy.

Reaction 6 The DFT calculations were performed using
the b3lyp functional as implemented in the Gaussian 09 pro-
gram suite [53]; the standard 6-311++g(d, p) basis set was
employed to describe the O and H atoms. The spin-polarized
formalism was used to treat open shell molecules. Local
hydration was considered explicitly by including of sev-
eral water molecules into the nearest solvation sheath of the
ions, while long-range solvent effects were addressed by the
Polarized Continuum Model (PCM) taking a value of 78 as
static dielectric constant. The molecular geometry in initial
and final states was fully optimized without any restrictions.

Breaking of the Oxygen-Oxygen Bond These calcula-
tions were performed using the Gaussian 09 suite [53]. The
Au(100) surface was modeled a the metal cluster composed
of two layers of gold atoms (16+8) arranged according to
the fcc structure typical for gold with the nearest-neighbor
distances Au-Au fixed at the experimental value of 2.88
A, and was kept unchanged in all calculations. The H,O
OOH™ system was first optimized in the bulk solution and
then placed above the Aups cluster, as shown in Fig. 6.
The potential energy surface presented in Fig. 7 was then
obtained by systematically stretching the O-O bond of the
OOH™ ion and optimizing other parameters of the system
undergoing adsorption. In the potential energy scan, some
constraints were applied: the metal cluster was kept rigid
and the O-O bond of the OOH™ anion was kept always
perpendicular to the surface at the central bridge site of
the Au24 cluster. In all calculations, the PBEIPBE hybrid
functional [45] was used together with the 6-31++G(d,p)
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basis set for the HO OOH™ system, the pseudopoten-
tial LANL1DZ for the metal cluster, and the polarizable
continuum model (PCM) for the solvent (water).

Technical Details of the Molecular Dynamics

To calculate the PMF canonical ensemble (constant NVT)
steered-molecular dynamics simulation was conducted for 1
ns at 298 K on a simulation box containing a Ag(100) slab
with three metal layers (thickness 4.09 A), an ensemble of
470 water molecules, and the Oz or O, species. Previously,
an equilibration run of 700 ps was carried out. Periodic
boundary conditions were set in the x and y directions, and
the Ewald summation method was used to handle with long-
range electrostatic interactions.

Well-known 12-6 Lennard-Jones pairwise potential was
used to model the interactions between the species. For the
water, we used the SPC/E (extended simple point charge)
model and the corresponding parameters for the oxygen and
hydrogen were taken from Yoshida et al. [54]. The Lennard-
Jones parameters for silver were taken from Agrawal et
al. [55] and for the O; and the O} species the parameters
were taken from Poling et al. [56] and Shen et al. [57],
respectively. The cross interactions were computed through
the Lorentz-Berthelot mixing rules, €;; = ,/€;€;; , and
oij = (0ii +0j;)/2.

All simulations were performed using the LAMMPS
(large-scale atomic/molecular massively parallel simulator)
code [58] with a time step equal to 2.0 fs. The average tem-
perature of 298 K was maintained by using a Nose-Hoover
thermostat with a relaxation time of 0.1 ps.
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