.@’* ChemPubSoc
Brd-? Europe

Very Important Paper

DOI: 10.1002/cphc.201501036

CHEMPHYSCHEM
Articles

Oxygen Reduction on Ag(100) in Alkaline Solutions—A

Theoretical Study

Aleksej Goduljan,” Leandro Moreira de Campos Pinto,” Fernanda Juarez,™
Elizabeth Santos,”™® and Wolfgang Schmickler*®

Silver is much more reactive to oxygen than gold; neverthe-
less, in alkaline solutions, the rates of oxygen reduction on
both metals are similar. To explain this phenomenon, the first,
rate-determining step of oxygen reduction on Ag(100) is deter-
mined by a combination of DFT, molecular dynamics, and elec-
trocatalysis theory. In vacuum, oxygen is adsorbed on Ag(100),
but in the electrochemical environment, the adsorption energy
is offset by the loss of hydration energy as the molecule ap-

1. Introduction

Generally speaking, oxygen reduction is faster in alkaline than
in acid solutions; it does not require expensive transition
metals as catalysts, but proceeds with a reasonable rate on
cheaper materials, such as the coinage metals silver and gold.
For a recent review of oxygen reduction in alkaline solutions,
see Ref. [1], which also contains references to older works. Usu-
ally, the first electron-transfer step occurs according to
Reaction (R1):

0,+e — 0, (R1)

and determines the overall rate.? It has been suggested that
this step takes place in outer-sphere mode.” In this case, the
standard equilibrium potential is about —0.3 V SHE, compared
with a value of 0.4V SHE for the overall reaction at pH 14.
However, when this first step is slow and subsequent steps are
fast, the concentration of O, is low, and for concentrations of
the order of 107°-107" m the overpotential is reduced to about
0.3V, which is compatible with the onset potential observed
on gold and silver.* " Notably, this argument excludes reac-
tions between two O, ions because the concentration is too
low.

In a recent study,”’ we investigated Reaction (R1) on Au(100)
and concluded that indeed it took place in an outer-sphere
mode without adsorption, and with an energy of activation
only a little lower than the value predicted by Marcus theory.
However, Au(100) is special because the energy of adsorption
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proaches the surface. As a result, the first electron transfer
should take place in an outer-sphere mode. Previously, the
same mechanism for oxygen reduction on Au(100) has been
predicted, and these calculations have been repeated by using
a more advanced version of the electrocatalysis theory dis-
cussed herein to confirm previous conclusions. The theoretical
results compare well with experimental data.

of O, from the vacuum is close to zero.®’ In contrast, Ag(100)
is a good oxidation catalyst in ultrahigh vacuum,”! and is quite
reactive to O,, with an adsorption energy of —0.4 eV."” In addi-
tion, there is substantial charge transfer from silver to the ad-
sorbed particle, resulting in a superoxo-like adsorbate." This
raises the question if, in contrast to Au(100), Reaction (R1)
takes place in an inner-sphere mode on Ag(100), upon which
the product is adsorbed. On the other hand, the experimental
results for oxygen reduction on Au(100) and Ag(100) are simi-
lar, which suggests that the mechanism is the same.

To resolve this question, we have investigated the first step
of oxygen reduction on Ag(100) by applying a theory devel-
oped in our own group, which we have previously applied to
Au(100). At the same time, we have improved our calculations
by including results from molecular dynamics for the reacting
particles. Therefore, we have recalculated the free energy sur-
face for Reaction (R1) on Au(100), so that the results for the
two metals are comparable.

2. Results and Discussion

To focus on chemical physics and not on formalism, the theo-
retical method is given in the Computational Details section.
Instead, we begin with the results of our calculations.

2.1. Adsorption from the Vacuum

In agreement with other researchers,"" we found that the O,
molecule adsorbed at a distance of about 2.1 A. As shown in
Figure 1, it sits over a fourfold hollow site, with its axis parallel
to the surface and bridging two silver atoms. During reduction,
the oxygen molecule approaches the surface; therefore, we
have calculated the energy and charge on the molecule as
a function of the distance, by keeping its orientation and posi-
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Figure 2. Energy and charge on the O, molecule as a function of distance.

tion parallel to the surface fixed. The charge was calculated by
integrating over the electronic densities of states up to the
Fermi level. As shown on Figure 2, the energy decreases con-
tinuously and, at the same time, the molecule acquires a nega-
tive charge. We obtained an adsorption energy of about
—0.4 eV, which was a little higher (less favorable) than the
value given in Ref. [11], but in agreement with the experimen-
tal value."” The adsorbed molecule has a negative charge of
about —0.7, and thus, has a distinct ionic character. Beyond
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a separation of 4.1 A, the energy shows a discontinuity, which
is caused by the well-known difficulty of applying DFT to accu-
rately describe the isolated O, molecule.'”” We only require the
energy at short distances, at which this problem does not
arise.

Only the p, orbital, which is directed perpendicularly to the
surface, interacts noticeably with the silver surface. Figure 3
shows its density of states (DOS) both at a large separation
and in the adsorbed state. Naturally, the DOS shows spin polar-
ization. The interaction between the two oxygen atoms splits
each spin orbital into a bonding, 1m,, and an antibonding, 1,
molecular orbital. In our convention, both the bonding and an-
tibonding parts of the down spin orientation are filled. For the
other orientation, the bonding part is filled and at large distan-
ces the antibonding part is empty. As the molecule approaches
the surface, the antibonding part becomes partially filled
(Figure 3, right). In the adsorbed state, at low energies, both 7
spin orbitals are split by the interaction with the sp band of
Ag(100). At large distances, both m, orbitals have the same
DOS; however, the DOS of the m, orbital formed from the p,
orbitals remain practically unchanged as the molecule ap-
proaches the surface.

In the course of Reaction (R1), the antibonding 1w, formed
by the p, spin up orbitals is filled. We therefore focus on the
interaction of this spin orbital with the silver surface. According
to our theory (see the Computational Details section), we need
the interaction constants with the d and sp bands as a function
of the distance—more precisely, we need the squares of these
constants. These values are shown in Figure 4; the interaction
with the sp band is long range, whereas only the adsorbed
state interacts with the d band.

2.2. Potentials of Mean Force

Solvation plays a crucial role in electrochemical reactions, and
is equally important in our theory. The energies of solvation of
the reactants depend on their separation from the electrode
surface. The change in solvation energy with distance is given
by the potential of mean force (pmf), which we have investi-
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Figure 3. DOS of the p, orbitals at a large distance (left) and in the adsorbed state (right). The Fermi level has been taken as zero energy.
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Figure 4. Squares of the coupling constants of the spin-up antibonding orbi-
tal with the d and sp bands of Ag(100).

gated by molecular dynamics (details are given in the Compu-
tiational Details section).

We performed these calculations for the approach to both
the Ag(100) and Au(100) surfaces, and obtained identical re-
sults. The pmf of both the molecule and anion increase to-
wards the surface, as their hydration becomes weaker
(Figure 5). This effect is stronger for the molecule, for which

pmf/eV

distance / eV

Figure 5. Potentials of mean force for the approach of O,” and O, to the
electrode surface. These curves are the same for Ag(100) and Au(100).

the pmf begins to rise at about 6 A, than that for the anion,
for which it even has a slight minimum near 5A before it
starts to rise. Considering that the hydration energy of the
anion is about —3.9 eV, the increase in energy towards the sur-
face is moderate. In contrast, for the molecule, the increase in
the pmf is higher than that of the absolute value of solvation
energy in the bulk. We attribute this to an exclusion effect:
water likes to form a hydrogen-bonded network on the surface
and expels the molecule, the solvation shell of which is much
weaker than that of the anion.

In previous studies on metal deposition, we considered the
approach of small metal ions towards an electrode surface and
concluded that they could get very close to the surface with-
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out loss of solvation energy."™® This is not true for the larger su-
peroxide ion and oxygen molecule. We show below that this
has important consequences for oxygen reduction.

2.3. First Step in Oxygen Reduction

We now have the ingredients we need to calculate the free
energy surface for Reaction (R1). As pointed out previously,"
with our theory, we can plot such surfaces for various elec-
trode potentials. In Figure 6, we present the surface for the po-
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Figure 6. Free energy surface Reaction (R1) on Ag(100). The electrode poten-
tial is for equilibrium in the outer-sphere mode.

tential if the reaction is in equilibrium in the outer sphere. As
usual, we have plotted the free energy as a function of the dis-
tance, d, of the reactant from the surface and of the solvent
coordinate.™ A quick reminder: the solvent coordinate charac-
terizes the state of the solvent; it takes on the value g, if the
solvent were in equilibrium with a reactant of charge —qg. At
d=5A and g=0, we see a minimum that corresponds to the
uncharged O, molecule; towards the bulk of the solution this
extends into a valley. We have chosen the energy zero such
that the energy is zero at this minimum. Likewise, at large dis-
tances, but at g=1, the minimum for the anion is found; again
this extends into a valley towards the bulk, but it has a real
shallow minimum that corresponds to the slight minimum in
the pmf observed in Figure 5. These two minima are separated
by a saddle point with an energy of 0.5eV. A transition be-
tween these minima corresponds to outer-sphere electron
transfer, so according to Marcus theory,"® the activation
energy should correspond to 1/4, in which 1 is the energy of
reorganisation. As we have argued previously,"*'? in aqueous
solutions, 1 is half the absolute value of the energy of hydra-
tion (—3.9 eV in the bulk), so this activation energy agrees with
Marcus theory. Notably, close to the surface, 1 decreases a little
as the absolute value of energy of solvation becomes smaller,
in accordance with the pmf for the anion.
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Right on the electrode surface, at =1, there is a third mini-
mum that corresponds to the adsorbed state. Due to the
effect of solvation, which favors charged particles, its charge is
—1, which is somewhat lower than that for the adsorbed state
in a vacuum (see Figure 2). Its energy is practically the same as
that of the other two minima. This is the result of a compensa-
tion effect: the interaction with the metal lowers the energy
by 0.4 eV (see Figure 2), but the pmf is higher than that in the
bulk by about 0.5 eV (see Figure5). A little extra energy is
gained by the change in the charge. The saddle point that sep-
arates the ionic state in the bulk from the one at the surface
has an activation energy of about 0.4 eV. Within the accuracy
of our calculations, this is of the same order of magnitude as
the saddle point for the outer-sphere step.

We have also performed calculations for a cathodic overpo-
tential of #=0.2V, which makes reduction more favorable. The
effect on the outer-sphere pathway is straightforward: The
energy of the ion is lowered by —e,n, whereas that of the mol-
ecule is unchanged, and the saddle point is lowered by the
order of 0.1V to give a transfer coefficient of a=0.5. The
effect on the rest of the surface requires a model for the varia-
tion of potential near the surface. We have chosen a simple
model, in which the effect of the overpotential decays linearly
between d=5.1A, and the electrode surface, at which its
effect vanishes. However, the qualitative conclusions are inde-
pendent of the details of this decay. The corresponding surface
is shown in Figure 7. Because the effect of the overpotential
vanishes right on the surface, the energy of the adsorbed state
is unchanged, and is now higher than that of the anion in the
solution.

Blizanac et al. performed a thorough investigation of oxygen
reduction on single-crystal silver in alkaline solutions.”’ They
observed onset potentials of the order of 0.9V versus RHE,
which was compatible with an outer-sphere mechanism, as
discussed in the Introduction. The onset potential should be

saddle point

Ag(100)n=0.2V

4.0

35

distance / A

3.0

saddle point

25|

04 0.6
solvent coordinate 9

Figure 7. Free energy surface for Reaction (R1) on Ag(100) for a cathodic
overpotential of 7=0.2 V.
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close to the potential at which outer-sphere transfer is in equi-
librium. From the temperature dependence of the currents,
they determined the activation energies. For an electrode po-
tential of 0.8 V versus RHE, which translated into an overpoten-
tial of about 0.1 V for the outer-sphere reaction, they observed
activation energies of the order of 0.3 eV, which were compati-
ble with our theoretical values. The measured transfer coeffi-
cients are close to 0.5, in agreement with our results and typi-
cal for an outer-sphere mechanism.

Thus, our results suggest the following pathway: at equilibri-
um, the first step in oxygen reduction takes place in the outer-
sphere mode. The energy of the adsorbed species is about the
same as that of the anion in solution, so the two species can
interchange. The direct pathway from O, to the adsorbed
anion is not favorable because of the strong increase of the
pmf of the molecule near the surface (see Figure 5). Applica-
tion of a cathodic overpotential favors the anion in solution, so
that the adsorbed state becomes less favorable.

2.4. Au(100) Revisited

Recently, we investigated the same reaction on a Au(100) sur-
face,”? on which the adsorption energy of the O, molecule was
practically zero.®''® We used the same method as that de-
scribed herein, but because the pmfs for the molecule and
anion were not available at that time, we used a simpler
model for the solvation effects. To obtain comparable results
for Au(100) and Ag(100), we have recalculated the free energy
surface for Au(100); the result is shown in Figure 8. There are
only two minima: one for the molecule and one for the anion,
and both are far from the electrode surface. In particular, there
is no stable adsorbed state. In comparison with the results re-
ported in Ref. [7], the minimum for the anion has shifted to
a somewhat larger distance; this is caused by the increase of
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Figure 8. Free energy surface for Reaction (R1) on Au(100). The electrode po-
tential is for equilibrium in the outer-sphere mode.
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the pmf for the anion in this region. Nevertheless, the conclu-
sions are the same as before: neither the reactant nor the
product are adsorbed, and the reaction takes place in an
outer-sphere mode, with an activation energy of about 1/4 at
equilibrium.

3. Conclusions

Even though silver is much more reactive than gold, the first
electron transfer step also takes place in an outer sphere
mode. The principal reason is that the negative energy of ad-
sorption of the O, molecule is offset by the energy required to
take the reactant to the surface, in other words by the loss of
solvation. Thus, our results highlight the importance of solva-
tion effects on electrochemical reactions.

At the equilibrium potential for the outer sphere mode, the
energies for the molecule in solution, the anion in solution,
and the adsorbed anion are about the same. The energies of
activation between these states are of the order of 0.4-0.5 eV.
The application of a cathodic overpotential makes the anion in
the solution the most favorable state.

For simple electron transfer reactions, such as [Ru(NH;)J*"
=[Ru(NH,)*" 4+ e, which take place in the outer sphere, the
rate is independent of the electrode material.?*?? Theefore,
why is the rate of oxygen reduction in alkaline solutions not
exactly the same on all materials for which the first step is
outer sphere? Reaction (R1) is only the first of a series of steps;
even if it determines the overall rate it still depends on the
concentration of the product, O,”, which in turn depends on
the rates of the subsequent steps. Therefore, some variation of
the overall rate, including a dependence on the surface orien-
tation, is compatible with an outer-sphere mechanism for the
first step.

Computational Details
Theory

We have presented our theory for electrocatalytic reactions in vari-
ous publications."'®?! The new feature that we want to explain
herein is the treatment of the solvation for both the initial and the
final states. In terms of Marcus theory,"®*? the pmfs for the ap-
proach to the surface are work terms. We denote the energy of sol-
vation of the initial state O, by w;, and of the final state of O,” by
w;; both are a function of the distance from the electrode. The cor-
responding terms in our model Hamiltonian are n,w¢+ (1—n,)w;, in
which n, n, is the occupation operator for the orbital under con-
sideration, which in our case is the 1, orbital with spin up and di-
rected towards the surface. Therefore, the terms of our model
Hamiltonian pertaining to the reactant and the solvent are given
by Equation (1):

Hy = [ea + @ — 2Aq + wy — wiln, + w; + AG? (1)

in which ¢, is the energy of the orbital a in the vacuum, @ denotes
the effect of the electrode potential, 1 is the energy of reorganisa-
tion, and g is the solvent coordinate; for a full explanation of the
solvent terms, see Refs.[15,19,23]. Instead of including the bulk
energies of solvation in w; and w; we can just as well use the re-
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spective pmfs; this simply amounts to a change of the energy ref-
erence and has no effects on the results. The Hamiltonian terms
describing the metal and its interaction with the reactant’s orbital
are given by Equation (2):

H, = ;skck + ;[chk*ca + Viciq] 2)

in which k labels the states of the metal with energies ¢, and
¢ and ¢” are annihilation and creation operators for the indicated
states, respectively.

We first consider the situation far from the electrode, at which the
interaction of the reactant with the metal is so small that it has no
noticeable effect on the energy—in practice, a separation of 5-6 A
is sufficient. Then the initial state is in equilibrium for g=0, and
has an energy of w, The final state is in equilibrium for g=1 and
has an energy of w;+ ¢, + @—A. Therefore the reaction is in equilib-
rium for Equation (3):

Dy =w, —w;+ A — ¢, (3)

The cathodic overpotential is defined by —e,n=®—®,, so that the
free energy of the reaction is —eyn; @ is the electrode potential
measured with respect to the Fermi level of the electrode.

The DOS corresponding to the model Hamiltonian H=H,+H, is
then given by Equation (4):
1

1.
pra Py Py vy Py 1 3 g Ty S

pa(e) = -

in which & denotes the imaginary part, and /(¢) and A(e) are the
two chemisorption functions in standard notation.!'>%!

If we delete all the terms pertaining to the solvent, we obtain the
corresponding DOS for the molecule in the vacuum [Eq. (5)]:

vac __ 23 !
Pa(e) T a6, + A(e)] + id(e) ®

The actual calculations proceeded as before :'*'*%! We first per-
formed DFT calculation for O, at various distances from the
Ag(100) surface, obtaining both the energy and the DOS of the
molecule. By fitting these results to our model, we determined the
interaction parameters of the orbital with the electrode, which are
split into the interaction with the d and with the sp bands. These
interaction parameters yielded the two chemisorption functions.*
We then calculated the energy as a function of the distance and
compared the results with those obtained from DFT. In our case,
the difference between the DFT results and those from our model
were less then 0.1 eV, so it was not necessary to correct the results
of our model. We then put the solvent and work terms into the
DOS, and calculated the energy as a function of the distance and
of the solvent parameter g to obtain the surfaces shown in the
main part of the article Figures 6-8.

Technical Details of the Molecular Dynamics

To calculate the PMF canonical ensemble (constant NVT),
a 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 mole-
cules, and the O, or O, species. Previously an equilibration run of
700 ps was performed. Periodic boundary conditions were set in
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the x and y directions, and the Ewald summation method was
used to handle with long range electrostatic interactions.

The well-known 12-6 Lennard-Jones pairwise potential was used
to model the interactions between species. For water, we used the
SPC/E (extended simple point charge) model and the correspond-
ing parameters for oxygen and hydrogen were taken from Yoshida
et al..” The Lennard-Jones parameters for silver were taken from
Agrawal et al.””! and for the O, and the O, species the parameters
were taken from Poling et al.”® and Shen et al.,”*” respectively. The
cross interactions were computed through the Lorentz-Berthelot

mixing rules, &; = /&g, and oy = (0; + 0;)/2.

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

Technical Details of the DFT Calculations

Periodic DFT calculations were performed by using the DACAPO®

code with implemented Vanderbilt®? ultrasoft pseudopotentials for
the representation of the atomic cores. A PBE (Perdew, Burke, Ern-
zerhof)® functional and a set of plane waves with a cutoff energy
of 350 eV (400 eV for the density) were chosen to describe the va-
lence electrons. Brillouin zone integration®” was performed using
4 k points in the x and y directions, and one k point in the z direc-
tion. The surface was represented by 3 layers of silver atoms. and
a 3x3 unit cell was employed.
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