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Chapter 30

Reaction mechanisms of the O, reduction/evolution

reaction

M. Gattrell and B. MacDougall

Institute for Chemical Process and Environmental Technology, Ottawa, Canada

1 INTRODUCTION

The electrochemistry of oxygen (its reduction to water and
evolution from water) has been extensively and intensively
studied because of its fundamental complexity and impor-
tance for many practical systems. Oxygen reduction is the
key to achieving the overall fuel oxidation reaction in fuel
cells. It is also of interest for metal—air batteries, and as a
cathodic reaction to reduce the cell voltage in electrochem-
ical processes. A deep understanding of oxygen reduction
is also important because it is often the counter electrode
reaction for many corrosion systems. Oxygen evolution
occurs in electrolyzers, as a counter electrode reaction for
elecirowinning, and as a competing process for many oxida-
tive synthesis reactions {e.g., chlorine, orone). It is also
important for recharging of metal—air batteries and regener-
ative fuel cells. One interesting application combining both
reactions is electrochemical oxygen pumps. These reduce
oxygen at one electrode from a low pressure and/or low
purity feed stream, then evolve oxygen from the other elec-
trode at high purity and possibly also high pressure.

The reaction is also of fundamental interest hecause it
is a good example of an electrocatalytic reaction (thus
involving adsorption) and so shows a great sensitivity to
the electrode surface and the presence of other adsorbed
species. Studies have been carried out investigating the
effects of different electrode materials, different crystal
faces, surface modification by adatoms, and the influence
of different electrolytes or contaminants.

The progress made in the understanding of oxygen elec-
irochemistry over the years and by different groups has been
the subject of numerous reviews. These include those by
1. P. Hoare {1968),11 A, Damjanovic (1969),1! J. P. Hoare
(1974),3) M. R. Tarasevich, A. Sadkowski, and I, Yeager
(1983, A, J. Appleby (1992),51 A. Damjanovic (1992),°
K. Kinoshita (1992),71 7. O’'M. Bockais (1993),[1 R. Adzic
(1998),1! among others.

The importance of better understanding, and so hopefully
betier catalyzing, the oxygen reduction reaction can be seen
in the high overvoltage in an operating fuel cell related to
oxygen reduction (see Figure 1). Being from a real fuel cell,
these curves atso reflect some transport limits within the
catalyst and backing layers in addition to the kinetic losses.
However, for the 5 atm results, where the transport losses
have been estimated to be small, the electrode potential
is still about 400 mV below the theoretical potential. The
potential drop at the cathode is even more important for
direct methanol fuel cells, where methanol that crosses the
cell membrane further decreases the cathode potential.

The overall reaction for the 4-electron reduction of oxy-
gen to water is shown below

(In acid) O, +4e™ -+ 4H" — 2H,0
Ey = 1229V vs. SHE ()
From thermodynamic data, the potential has been calculated

to be 1.229V vs. standard hydrogen electrode (SHE).!
The reaction, however, involves multiple intermediates,

Handbook of Fuel Cells — Fundamentals, Technology and Applications, Bdited by Wolf Vielstich, Hubert A. Gasteiger, Arnold Lamm.
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Figure 1. Cathode polarization curves for an Ha/air solid polymer
electrolyte (SPE) fuel cell, (Voltage vs. RHE, ohmic drop (IR}
corrected, 25cm? membrane area, 5 um catalyst layer thickness,
limiting current due to floading). The theoretical potential would
be 1.220V for | atm of oxygen. (Reproduced from Springer er al.
{1993)"% by permission of The Electrochemical Society.)

electron transfers, and reaction steps. A diagram of the
various possible intermediates and their chemical potentials
in acidic water is shown in Figure 2.1'!! It can be imagined
from the diagram that many different routes can operate.
The real situation is far more complicated because the vari-
ous intermediates will most likely interact with an electrode
surface and so their chemical potential will depend on the
local environment. This includes the nature of the electrode
surface at the site of the intermediate’s adsorption, as well
as the influence of neighboring adsorbates and the elec-
trolyte. Also, such a diagram does not show the activation
energies required to move from one intermediate to another.

In some of the literature, a distinction has heen made
between the parallel path involving dissociation of the
oxygen and its subsequent reduction to water, and the
series path involving the formation of hydrogen peroxide,
which can be a final product or an intermediate leading
also to water. From Figure 2, it can be seen that a parallel
path involving an atomic oxygen type intermediate would
require an electrode surface that could significantly reduce
the chemical potential of the intermediate. In fact, such a
pathway has only been suggested for a few metals including
Pt, Pd, Ag, and the 100 face of Au. Most other materials,
including different carbons, Hg, Au {other than the 100
face), and oxide covered metals, tend to follow a 2-electron
reduction path leading to a peroxide product. (It should be
noted that transition metal macrocycle catalysts, and oXygen
reduction at metal oxides at high temperatures {where
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Figure 2. The chemical potentials of various oxygen reduction
intermediates in acidic waler. (Note the pk, of H,0; is 11.6 and
of HO; is 7.3}, (Data from Ref. [11].)

0% is the final product), is dealt with in Macrocycles,
Volume 2 and O;-reduction at high temperatures: SOFC,
Volume 2.) The 2-electron oxygen reduction reaction is
shown below

(In acidy O, + 2™ + 2HY — 1,0,
By =0.67V vs. SHE (2)

The peroxide produced can be further reduced {leading to
a series path 4-electron reduction)

(In acid) H,0, 4 2¢~ + 2H" —— 2H,0
E, = 1.77V vs. SHE (3)

or it can decompose either homogeneously or heteroge-
neously (also yielding an overall 4-electron reduction)

2H,0, —> 0, +2H,0 ()

In fuel cells, in order to obtain maximum efficiency and to
avoid corrosion of carbon supports and other materials by
peroxide, it is desired to achieve a 4-electron reduction.['?)
The 2-electron reduction is of practical interest for the
production of hydrogen peroxide.[!¥)

Pt or Pt-based catalysts are still the most important
catalysts for oxygen reduction for fuel cells and so the
mechanisms of oxygen reduction at Pt will be the first focus
of this chapter.

2 OXYGEN REDUCTION ON PLATINUM

Oxygen reduction at platinum is characterized under
most conditions by a 4-electron reaction. Under typical
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conditions, the oxygen reduction intermediate species share
the electrode surface with platinum oxide and/or hydroxide
compounds as well as other adsorbed species. The
formation of platinum oxide and/or hydroxide compounds
shows an irreversible behavior and so the performance of
a platinum electrode may also depend on its history. The
sensitivity of the reaction to other adsorbed species has also
meant that great care has had to be taken to avoid trace
impurities during measurements.

2.1 Platinum surface characteristics

It is important in understanding oxygen reduction to under-
stand the state of the platinum swface. The key plat-
inum surface states are nicely illustrated by the series of
voltammograms shown in Figure 3. The 1'éversible"éldsogp—
tion/desorption of hydrogen can be seen below about
03V, Over short time spans, the adsorption of OH
behaves reversibly from about 0.8V up to almost 1.0V,
beyond which irreversible adsorption occurs. The irre-
versibly adsorbed oxygen is gradually reduced beginning
at potentials of about 0.95V and becoming progressively
faster at lower potentials. This irreversibility is generally
felt to be due to a transformation of the adsorbed layer into
a surface phase oxide by a place exchange mechanism. It
is also interesting that, in spite of the irreversible transfor-
mation of the adsorbed species, further adsorption up to
1.4V appears to follow the characteristic current—voltage
profile typical of a Temkin type isotherm. Thus, while no
true reversible isotherm exists involving the surface oxide
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Figure 3, Platinum electrode voltammograms showing the rever-
sible and irreversible regimes for the formation of platinum oxide
species. (0.5M H,S0,, 100mVs™', Fy = RHE). (Reproduced
from Angerstein-Koziowska et al. (1973 by permission of
Elsevier Science.)

species, there appears to be interactions between the freshly
adsorbing OH and the place exchanged oxygen species.
This ts not to imply, however, that the oxygen species cov-
erages are only potential dependent as changes in the film
stability have been noted when anodes were held at con-
stant potentials above 0.9V, and film thickening noted at
potentials above 1.4 V.U (It should be noted that these
potentials are for polycrystalline platinum electrodes. Dif-
ferent potential regions have been noted for single crystal
platinum and for platinum nanoparticles (these areas will
be discussed in more detail in the following chapters)).
The influence of surface oxides on the oxygen reduction
reaction can be clearly seen in Figure 4 where polarization
curves for oxygen at pre-reduced and pre-oxidized platinum
electrodes are shown. There is a clear difference in the
Tafel slopes, which change from —120mV decade™! for
the pre-oxidized electrode to —60mYV decade™! for the pre-
reduced electrode, (Tt should be noted that while the Tafel
measurements at the pre-reduced electrode are true steady
state values, those for the pre-oxidized electrodes were
obtained fairly quickly to avoid oxide reduction.) Tt is also
interesting that the plot for the pre-reduced platinum does
not extend above 1.0V, as this was the experimentally
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Figure 4, Cathodic and anodic Tafel lines for oxygen reduction
on oxide covered and pre-reduced Pt electrodes in acidic solutions.
* obtained by slow polarization of a pre-oxidized electrode
starting {rom open circuit, o obtained by stepping an oxidized
electrode to the desired current, A obtained at the pre-reduced
electrode. {FLE. = RHE). (Reproduced from Damjanovic and
Bockris (196613 by permission of Elsevier Science.)
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observed rest potential in the oxygen saturated solution
(discussed below).

The platinum surface of an oxygen reduction catalyst
in an operating fuel cell would be expected to correspond
with the steady state results obtained with the pre-reduced
platinum (i.e., it will be partially covered with adsorbed
oxygen species). Therefore most research has focused on
this type of platinum surface,

2.2  Open circuit potential and exchange current
density

One difficulty for the study of the oxygen reducticn reac-
tion (as well as for practical applications) is its very
low exchange current density (around 1071 Aem™? (see
Figure 4)), This makes experimental measurement of the
thermodynamic rest potential difficult because of the possi-
ble influence of other reactions. Indeed, even with carefully
prepared systems, the rest potential measured at a platinum
electrode with 1atm of oxygen rarely exceeds 1.1V vs.
normal hydrogen electrode (NHE)."! The typical open cir-
cuit potential for oxygen electrodes in fuels cells is around
1.0V vs. NHE. (In Figure 4 the rest potential is about
1.0V with an apparent exchange current density of about
10-7-107% A em™?). Successful equilibrium potential mea-
surements have been made only in high purity solutions
and after extensive pre-oxidation of the platinum electrode,
Even then the potential was often only stable for a few
hours. Such a cathodic shift in the open circuit poten-
tial from the thermodynamic potential would need to be
powered by some anodic reaction (in the case of Figure 4
this reaction would have to provide a current of about
10771075 Aem™? to balance the oxygen reduction cur-
rent at that potential), Various possible reactions have been
proposed (and are discussed in detail elsewhere)™! includ-
ing trace crgenic contaminant oxidation, oxide formation, or
platinum corrosion, with the latter mechanism now consid-
ered to hest fit the data, This platinum corrosion is reported
to start at about 0.5V vs. SHE in 2M H,50, at about
1072 A cm—2, then increase to a mass transfer limited cur-
rent of about 1077-10"%Acm™2 at about 0.8-0.9V vs.
SHE. The characteristics of such a corrosion reaction appear
to provide a reasonable explanation for the observed rest
potentials at least in the acidic {pH 0-3) and basic (pH
11-14) regions, while contaminants may still play a role
in the neutral regions.'® This corrosion can, however, be
greatly decreased after forming a phase oxide on the plat-
inum surface, thus explaining the ability to successfully
measure the thermodynammic open circuit potential at pre-
oxidized electrodes.

2.3 Mechanism and kinetics

Oxygen reduction on platinum occurs predominately
through a 4-electron oxidation to water (or to OH™
in base). The mechanism is complicated because of
the various oxygen reduction intermediates, as well as
platinum surface oxides and/for hydroxides. Bxperimentally
measured oxygen reduction electrochemical parameters can
provide information only up to the rate-determining step.
Because of the slow kinetics of the reaction, the reverse
reaction (oxygen evolution) occurs at a significantly higher
potential where a phase oxide exists on the platinum
surface. This change in the electrode surface means that
the electrochemical characteristics of the reverse reaction
cannot provide information on the reaction steps for oxygen
reduction that follow the rate-determining step. Therefore,
many different methods have been used to try to fully
understand the mechanism and the results have sometimes
been inconclusive.

2.3.1 Tafel slopes, reaction orders

A significant amount of experimental work has been done
to measure the reaction orders and Tafel slopes for oxygen
reduction on platinum. When trying to interpret the results,
however, one must bear in mind that the state of the
platinum surface can change with petential,

This area has been intensively studied by many people
and has at times been the subject of some controversy. A
key researcher has been Damjancvic, who started research-
ing the area with Bockris in the 1960s, and continued until
the early 1990s. In early work, it was noted that the Tafel
slope and reaction orders were different depending on the
potential region and pH of the measurements. In acidic
solutions (of perchloric acid or sulfuric acid) one poten-
tial region was observed where partial coverage of oxide
species existed (approx. 1.0-0.8 V vs. RHE). In this range,
the Tafel slope was measured as —60mV decade™!, and
the reaction orders were 1 with respect to oxygen pressure,
and 1.67 with respect to pH (measured over a small range
from pH 1 to 2.2).1'7I The second region occurred at larger
cathedic cutrent densities that yielded potentials where the
platinum was oxide free (from approx. 0.8V to the onsel
of hydrogen adsorption at approx. 0.35 V vs. RHE). In this
range, the Tafel slope was measured as —120mV decade ™,
and the reaction orders were one with respect to oxygen
pressure, and one with respect to pH.[!”

In the partial oxide coverage region, the results were
explained by observing that the coverage by oxide species
{PtOH or PtO) is essentially linear with potential and shifts
with pH (see Figure 5). Hence, a Temkin isotherm for the
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Figure 5. Dependence with potential of the coverage of a
platinum electrode by oxygen-containing species, measured at
various pH values, (Reproduced from Sepa ef al. (1981129 hy
petmission of Elsevier Science.)

adsorbed oxygen species might be assumed, given by

F 2.3RT
0=—|E+——pH-E; &)
Y F

where v is a constant and E, is the potential at the onset
of adsorption of oxygen species on the platinum surface
at pH = 0. It was then assumed that the swface oxygen
intermediates produced by oxygen reduction interact equiv-
alently with and/or are identical with the surface oxygen
species produced on polarization of platinum in aqueous
solutions. If so, the enthalpy of activation for a reaction step
producing an adsorbed oxygen species will contain some
fraction (given by a symmetry factor «) of the enthalpy of
adsorption of the product. This will vary with the coverage
of oxygen species on the eclectrode surface, which in turn
is a function of potential and pI.

AGE = AG_*EzEu + ayd 6)
where AGY._,, is the activation energy at the potential for

the onset of adsorption of oxygen species on the platinum
surface at pH = 0. Coimbining the equations yields

AGy = AGy_g, +aFE +2.3aRTpH N
If one then postulates the rate-determining step (involving
an electron transfer, pH dependence, and the adsorption of

an oxygen species) to be

S+0,+H" +e~ —> S—0,H ®)

Then the resulting rate equation in the Tafel regime wilt be

= Jc’anQZ[H+] exp [_AGS} exp l:_ﬂFV} 9)

RT RT

Substituting equation (7) and assuming that o =~ 0.5
yields

—FV
i =knFpn, [H}S [] 10
Po, H"1 " exp RT (10)

This is in good agreement with the experimentally observed
results. The same mechanism can also be used at lower
potentials (higher curtent densities), where the total cov-
erage of oxygen species is expected to be small. With no
potential dependent coverage of surface oxygen species,
and again assuming that p = 0.5, reacticn (8) will yield the
observed Tafel slope of —120mV decade !, and the reac-
tion orders of one with respect to oxygen pressure, and one
with respect to pH.

It should, however, be noted that equation (8) can be
broken down into

§$+0, —+ § — 0, (fast) {an
and
rds
§~0,+H"+e” —= S—0,H (12)

and that other possible products could be envisioned such
as SO + SOH without changing these relationships.'!

While the initial work was dene in acidic solutions, the
approach was later extended to higher pH values where
some changes were observed.['® 18] Notably, an Tafel slope
of —60mV decade™!, and reaction orders of one with
respect to oxygen pressure, and 0.5 with respect to pH
at low current densities were observed. At high current
densities (where little coverage of the platinum surface
with oxygen species occurs), the observed Tafel slope is
—120mV decade™!, the reaction order is one with respect
to oxygen pressure, and there is no dependence on pI. This
was explained using the same approach as before (involving
interactions with a partial coverage of oxide at low current
densities), but using a pH independent rate-determining
step of

S+0,+e” —>S—0, (13)
ar
S4+0,+H0+e —> S—OH+O0H" (14

(with other products possible, as was mentioned for acidic
solutions).

e e,
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Figure 6. Diagram based on the developed model, showing the
polarization curves for oxygen reduction on platinum for the entire
pH range. (Reproduced from Sepa ef al, (198 1) by permission
of Elsevier Science.)

Using these rate equations, a diagram can be developed
for the curgent-potential response for oxygen reduction at
the platinum electrode as shown in Figure 6.

It should also be recognized that other data sets and
explanations have been developed over the years,! 1%
but at the present time this appears fo be the most
internally consistent approach,!'®! which also encompasses
a large range of data. Finally, as was mentioned earlier,
establishing information about the reaction beyond the
rate-determining step requires the application of other
techniques.

2.3.2 Isotopic resuits

Studies using isotopic oxygen have been useful in exam-
ining the reactions of molecular oxygen and hydrogen
peroxide.” Using mixtures of B8y, 180-'%Q, and
16(3_160) on various surfaces, it has been shown that, for the
reduction of oxygen to peroxide, the oxygen atoms are not
exchanged. This underlines the stability of the 0-0 bend,

In addition, little exchange of the oxygen is found during
heterogeneous decomposition of peroxide to oxygen at a
platinum surface, ! The degree of exchange in this peroxide
decomposition reaction increases in the presence of alkali
carth cations, and decreases with the presence of C17 or
H,PO, . This was interpreted in terms of two mechanisms
for the peroxide decomposition. One involves the direct
interaction between two peroxide molecules (which can
lead to an exchange of oxygen) and the other involves
coupled electrochemical reactions via the electrode surface
(which results in an oxygen without breaking of the
0-0 bond).

2.3.3 Rotating ring disk electrode results

In trying to study the reaction intermediates of oxygen
reduction, the rotating ring-disk electrode (RRDE) method
of Frumkin ef al.,?'] has been an important tool. It was
first applied to the investigation of the oxygen reduction
reaction by Mueller and Nelorasov,??! and still continues
to be used, Many attempts have been made to use the
data resulting from RRDE studies to obtain insight into
the reaction pathways at the electrode surface.

The RRDE can detect the amount of peroxide released
into solution in relation fo the total reaction occurring at
the disk electrode. This can be seen in Figure 7 where the
disk and ring currents are shown as functions of potential,
It can be seen that, at potentials below about 0.15V, the
number of electrons involved in the oxygen reduction at the
disk decreases, and peroxide is detected at the ring. This is
thought to be due to an interference effect of the adsorbed
hydrogen on the oxygen reduction reaction, although a
reaction between the oxygen reduction intermediates and
adsorbed hydrogen has also been suggested.

14

12

Id (A X 104)

S R
1.0 0.8 0.6 0.4 0.2 0.0

Potential {V vs. RHE)

Figure 7. RRDE currents for oxygen reduction at plaiinum;
o disk current, and x ring current. (0.1N Hy50,, 0= 1205,
ring at 14V vs, RHE). (Reproduced from Damjanovic ef al.
(1967)* by permission of The Electrochemical Socicty, Inc.)
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This example illustrates how the RRDE allows one to
distinguish between 2- and 4-electron reductions. It does
not directly allow one to distinguish between a parallel 4-
eleciron reduction and a 4-electron reduction via peroxide.
Therefore a significant amount of work has focused on
examining the dependence of the RRDE response with
rotation rate and disk potential to fry to obtain more
information, Various reaction pathway models have been
developed and their expected responses evaluated, then
compared o experimental data. This appreach has to
be used with care, however, because any number of
mechanisms may be able to fit a given set of data,

An initial approach (Scheme 1) was described by Dam-
janovic et al., that distinguished between the series mech-
anism (through peroxide (k, 4+ &3)) or the parallel mech-
anism {with earlier breaking of the oxygen bond then
reduction of the two fragments to water (k,)).>¥

Oz buik
K (4ey \K2(2e‘)
it
2H:0 HOOH HOCHpuik
3 (2e7)
2H,0

Scheme 1

At steady state, the rate equations can be solved to yield

Iy Iy (4/‘:l ) (4kl ) . im
D = 1 2 K 1% (15
Iy~ (I/N) 2k, ) 2k, + (15)

where I, is the disk current, [ the ring current, N the
ring collection efficiency, I the ring current corrected for
the collection efficiency, w the RRDE rotation rate, and
k' =1.61D23%/6k, (where D is the diffusion coefficient
of peroxide and v is the solution kinematic viscosity). The
rotational dependence of the ring-disk data was then used
to distinguish between the different pathways using a plot
of I,/I, versus w™!/2,

1t should be noted, however, that the relationships derived
are based on the assumption that the rate of release of
peroxide from the disk is governed by mass transport,
which results in its dependence on rotation rate. If this
is not the case, due for example to desorption-controlled
release of the peroxide, the intercept at infinite rotation
rate will be more complicated and the resclts of the I,/ /p
versus @~ /2 plots more difficult to interpret, Thus this
model is not sufficiently general, and by not including
such reaction sieps as peroxide decomposition, and the
adsorption and desorption of reactants and products, the

results of an analysis with this model (and other simplifiad
models) will reflect the starting assumptions. Unfortunately,
it has been shown that for more general models, there
is insufficient data available to determine all the rate
constants.[?*! Accordingly, different simplified models have
been used for specific electrode materials, and data on the
electrochemistry of peroxide solutions has also been used
to try to determine some of the constants. Listings and
comparisons of the models can be found elsewhere.* 7 % 20]
In addition, work has been dene to develop diagnostic
criterion in the form of plots, which can be used to compare
the relative rates of different reaction pathways.

A commonly used plotting method was developed by
Wroblowa er @l., for the proposed reaction pathways, shown
in Scheme 2.7

02 bulk HOOHbu\k
2H,0 d'”' 2H,0
: 02 surface HOOHzudace '
Ky (+4e7) (+2€ ) % o (126

ke (‘ HOOHags

Sclieme 2

This scheme does not explicitly include an O, 4 species
(essentially lumping together the O, ... and O, 4, which
is mathematically equivalent to assuming a rapid equilib-
rium between O, e and a low coverage of O2 W) FOr
this scheme, the resulting equations are

ID ID kl kS
— ‘D 29 Aap S 4 16
W uym T TAT et 09
where
2k, -, 2ky Ky
- X @yt h) g
(kzk_s)(_g—l—k3+k4)+ - a7
and
= —0.62D¥316 (18)

It was noted that for an Ip/7g versus ™'/ plot of these
equations, the inlercept (J) at infinite rotation rate would
be given by

. o
Intercept = J =1+ 2% A (19)
2
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and the slope (S} by

i
Slope = S = 3.4 (20)
Ya

Then for a series of curves measured at different potentials,
the intercepts and slopes can be related by

k
DY 1)

J=1+2
The resuiting J-S plots provide an additional method
for viewing data. If &, and k, have the same potential
dependence and if ks is potential independent, a linear plot
with an intercept of (1 + 2k, /k,) will result. This intercept
can be used to find the ratio of &, (the parallel mechanism)
to k, (the series mechanism). If k, and k, have different
potential dependencies, the plot will appear curved.

An example of such a plot is shown in Figure 8 for
oxygen reduction in 85% phosphoric acid.*®! The straight
line relationships in the Iy, /I plot confirm that the reaction
is first order in oxygen. The straight line J -3 plot indicates
that k| and %, have the same potential dependency with the
intercept (1 + 2k, /k,) of 5.2 giving an estimate of | /&, of
2.1. On gold, J-S§ plots show an intercept of close to one,
indicating that k, is essentially zero,*”) and for platinum
in 0.55M H,S0, a curved plot is reported, indicating

150

50

o (rpm)~12 x 102

Figure 8. In/Iy versus w~"? and J-S plots for oxygen reduc-
tion on platinum, (85% HiPO,, 25°C, ring potential 1.2V, volt-
ages versus RHE, N = 0.40). (Reproduced from Adzic (1998)™
by permission of Wiley-VCH:)

{(according to the model) different potential dependencies
for k, and k.19

In the latter paper, a comparison of some simplified
models was made and it was concluded that, for their case,
the model of Damjanovic was adequate. Then, using a
combination of 7,/I, versus w2 and Iy, /(Tyim — Ip)
versus o~ /2 plots, values of k,, k, and &, were obtained at
various potentials. These results are shown in Figure 9. The
parallel route dominates (k; 3> &,) from about 0.8-0.6V
RHE, However, below about 0.6V, &, becomes potential
independent (which corresponded to an observed flattening
of the mass transfer corrected Tafel slope) leading to
speculation about an oxygen adsorption or chemical rate-
determining step before the first electron transfer. At very
low potentials {around 0.4 V), the series pathway begins to
dominate, though k, remains larger than &, and so most
of any peroxide produced would be expected to be further
oxidized to water,

A very general reaction pathway has been developed
by Anastasijevic ef al.®"! (see Scheme 3: modified for
acid conditions for ease of comparison with the other
schemes). This scheme is written using cnly single electron
transfer steps, and explicitly includes oxygen irreversible
dissociative adsorption at sites for strong adsorption, versus
weak adsorption sites for the series route. It also allows
for transfer of series pathway intermediates at wealdly
adsorbing sites to strongly adsorhing sites of the parallel
pathway, effectively bluming the difference between a
series and parallel route. They found when using the
more general model that interpretation of the various plots
was more complex, but a number of conclusions could

¥
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| !
1074 1078 1072 107

Rate constant (cm s71)

Figure 9. Rate constants for the intermediate steps of O, redue-
tion on Pt as a function of potential, Constants calculated based
on Scheme 1. (0.55M H,S04, 25°C). (Reproduced from Hsueh
et al. (1983)26 by permission of Blsevier Science.)
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still be drawn.®! A linear I,/I; versus w'/* plot is
characteristic of a pathway with first order (or pseudo first
order) elementary reaction steps that produces only one
compound that reacts at the ring. Non-linear .J—§ plots are
characteristic of coupled series and parallel pathways (i.e.,
kyy andfor k;, = 0). A linear J—S plot with an intercept
greater than 2/n, (where n is the average number of
electrons exchanged per oxygen) implies that a paraliel
pathway is operating and the ratio of paralle} to series path
can be estimated. And the J—S plot consists of a single
point when only the 2-electron series pathway is operating,
Finally, while fitting such a complex model does not
seem possible using electrochemical data alone, simplified
models must be used with caution to avoid misleading
conclusions that can be made using a model that overlcoks
possible reaction intermediates or steps. Nevertheless, some
useful qualitative and quantitative information can be
obtained.

The concept of different sites for the parallel 4-electron
and series 2- andfor 4-electron reductions of oxygen has
developed from numerous experiments over the years.
These experiments have shown the non-equivalent influence
of adsorbed and sub-monclayer deposits of species (under
potential deposition {UPD) metals or partially reduced
oxides) on the two reactions.* * In general on platinum,
while such species tend to inhibit the overall reduction
of oxygen, they more strongly inhibit the paralle]l reaction

kq (=) k5 (e~ Ke (=)
025 ads™ " HOOH 5 445 OHig agg He0
ks (e-)
Koy
kole-)
HOOHads
g 8~
\/_25] =
HOOHsurface
diff.
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pathway. An example of such work is shown in Figure 10.
This work shows the influence of different anions on the
RRDE response at a palladium electrode (which behaves
generally similarly to platinnm). It can be seen that in the
presence of anions such as H,PO,~, C17, and Br, the
overall process of oxygen reduction at the disk decreases,
but the amount of peroxide oxidized at the ring increases.[*%
This data was also examined in terms of a reaction pathway
model {similar to Scheme 2) and it was found that these
results were related to a decrease in k,/k, (rather than
simply a decrease in k,). One explanation for this is that
the parallel mechanism requires two adjacent sites for
dissociative adsorption, while oxygen reduction to peroxide
may only require one site. This would have the general
effect of making the 4-electron reduction second order in
available sites, and so0 be more sensitive to changes in the
number of available sites.[*] .

With the ability to prepare good quality single crystal
RRDEs, these approaches are now heing extended to
investigating the effects of surface structure on the oxygen
reduction reaction pathways.[* 31! This work has confirmed
the important role of structure-sensitive adsorption of
anions. Adsorbed hydrogen (in the Hypp region) decreases
the disk current and guantitatively increases the ring
current, which is felt to be due to a blocking of_sites for
breaking of the O-O bond.*!) On the other hand HSO,
was found to inhibit O, reduction, but not to affect the
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Figure 10. RRDE results for oxygen reduction at a Pd electrode
showing the effect of adsorbed anions. 1: 0.1 N H80,, 2: 0.1IN
H:PO,, 3-6: 0.1N H,50,+HCI, 7-12: 0.1N H,S80, 4 HBr;
at concentrations of; 7: 107*N, 8 107'N, 9. I07°N, 3 and
10; 10~°N, 4 and 11: 10~*N, S and 12: 107° N, 6; 1072 N. 1-12:
disk current, 1'—12’ ring current, curves 7—12 and 712 are dis-
placed by 0.2V along the potential axis. (Voltages versus RHE).
(Reproduced from Vilinskaya and Tarasevich (1973)%% by per-
mission of Kluwer Academic/Plenum Publishers.)

reaction pathway, as no peroxide was detected at the ring,
It was also reported that on Pt(111), where irreversible
PtOH formation does not occur until higher potentials, no
change in Tafel slope at low current densities is observed, in
keeping with the previously described theory. Single crystal
investigations is discussed in detail in Oxygen reduction
reaction on smooth single crystal electrodes, Volume 2.

2.3.4 Gas phase adsorption dale

Gas phase studies of oxygen adsorption on platinum show
strong interactions and dissociative adsorption. On Pt(111),
true physisorption is found below 90K, with the oxygen
molecule sitting parallel to the surface. With increased
thermal activation, chemisorption occurs with two different
adsorbed states being found. One is a superoxide-type
species (i.e., O, ) that is weakly bound, receiving one
glectron from the platinum surface in its = antibonding
orbital, The other adsorbed state, reported to occur at higher
temperatures (above 135K} or at specific sites, is a peroxy-
type species (i.e., 0,%7) with two electrons donated by
the platinum surface. Above about 100-150K (or if other
forms of activation energy are supplied) the chemisorbed
species dissociate to atomic oxygen sitting at three-fold
hollow sites (a (2 x 2) low energy electron diffraction
LEED pattern),’? The atomically adsorbed oxygen can
be imaged by scanning tunneling microscope (STM) as
can be seen in Figure 11. An interesting result is the non-
uniformity of the oxygen adsorption, with the melecules
dissociatively adsorbing to form clusters and chains.

Figure 11. Atomic-resolution images of oxygen islands. The
images illustrate the enhanced precursor dissociation probability
at adsorbed oxygen atoms and the resulting quasi-one-dimensional
growth for (a) T = 140K (3 L dose, image 100 x 60 A%); () T =
105K with chain-like islands corresponding to strings of oxy-
gen pairs (1L dose, image 70 % 40A%); (c), Model illustrating
the directional growth of Oy (black spheres) chains on P{(111);
(1), an oxygen precursor molecule (shaded) approaches an atom
island; (i), on its dissoctation a chain segment cvolves. (Repto-
duced from Zambelii e al. (1997) by permission of Nature
Publishing Group.)
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The dissociative adsorption is generally thought to pass
through the same stages as secen on elevating the temper-
ature. That is, the oxygen molecule physisorbs, and then
passes through a chemisorbed oxygen molecule precur-
sor or precursors, before dissociating at favorable sites.
Based on ab initio local-spin-density calculations, the two
chemisorbed molecular precursors are thought to be adsor-
bed in a bridge configuration between two Pt atoms (cor-
responding to the O,~ type species), and asymmetrically
across a three-fold hollow (see Figure 12) (corresponding
to the O,* type species).™ The lowest energy dissocia-
tion path calculated for the latter species is diagrammed in
Figure 12, leading to the atomic oxygen sitting at face cen-
tre cubic (FCC) sites with a final saturated coverage of one
oxygen atom per four platinum surface atoms. The bridge
type configuration is predicted to pass through the three-fold
hollow type configuration as it dissociates. The key factor
in the adsorption behavior is the interaction between the
oxygen molecule antibonding orbital and the metal d band.
This is influenced by the height of the metal d band relative
to the Fermi level, and the interatomic spacing of the metal
atoms relative to the oxygen molecule bond length,

While this provides background information about the
interactions of oxygen with platinum, the electrochemical
case will be more complex because of the presence of
adsorbed water and ions, and of platinum hydroxide species
coming from the oxidation of water, It is also interesting to
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Figure 12. Sketch of the initial, transition, and final states for the
dissociative adsorption of O, over Ni, Pd, and Pt{111). The initial
state is the precursor over the hollow position [FFC (solid line)
for Pt and Pd, hexagonal close packing (HCP) (dashed lines) for
Ni] and then O, dissociated via the transition state into the again

hollow adsorbed oxygen atoms [FFC (solid line) for all surfaces; .

for palladium and platinum the HCP site (dashed line} has to be
crossed]. (Reproduced from Fichler er at. (20009034 by permission
of the authors.)

note that the maximum coverage for gas phase adsorption
is only 0.25 monolayers, and no equivalent process to place

exchange is reported (at least until about 900 K where phase
oxide formation begins).[3]

2.3.5 Molecular calculations

The complexity of the oxygen reduction reaction makes
fundamental modeling difficult. In one recent model, a sin-
gle platinum site was used for coordinating the reactant
species, along with an associated proton which was rep-
resented by a hydronium ion solvated with two waters.%%!
The effect of electrode potential was considerad by geomet-
ric variations to the reactant complex to achieve the desired
electron affinity. This resulted in estimates of the transition
state structure and its activation energy.
The reaction steps used were

Pt — O, -+ H' ) + ¢ — Pt— OOH 22)
Pt— OOH +H*,, + ¢~ -+ P{OHOH) (23)
P{OHOH) + H"y +¢ —— Pi—OH+H,0  (24)
Pt— OH+H*Y ) +e” —— Pt OH, (25)

1t was found that, due to the donation of charge from the
Pt to the oxygen atoms, the activation energy for formation
of the transition states was greatly reduced for all steps
except the reduction of the hydroxide radical, for which
it increased. This shows how, while a strong metal oxygen
interaction can facilitate the oxygen dissociation, too strong
an interaction will inhibit the overall reaction. As well
as step (23), an alternative step (shown below step (26))
was also considered, but excluded because of its high
activation energy.

Pt— OOH | H' ) + ¢~ — Pt—O+IL,0  (26)

The calculated enargies for the various intermediates and
their transition states are plotted as a function of applied
potential along the reaction pathway in Figure 13, Tt can
be seen that the highest activation energy is predicted to
be for the dissociation of peroxide, implying that peroxide
would be the principle product with the initial electron
transfer to adsorbed O, being the rate-determining step.
Hence these results suggest that single Pt sites with end-on
O, adsorption would favor peroxide formation, hence O-O
bond cleavage and 4-electron reduction probably requires
two or more free adjacent Pt sites. '

This provides some confirmation of the suggestion by
Yeager that the reaction pathway varies depending on
the mode of O, adsorption. End-on adsorption (Pauling
type) was thought to favor peroxide formatior, and side-on
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Figure 13. Energies as functions of elecirode potential for the O;
reduction reaction system passing through the peroxide pathway.
TS — transition state. (Reproduced from Anderson and Albu
(2000)3¢! by permission of The Electrochemical Society, Inc.)

adsorption (either at a single site (Griffiths type) or across
two sites (bridge type)) was suggested to lead to water.””!

3 EFFECT OF TEMPERATURE

Different results have been reported for the temperature
dependence of the oxygen reduction reaction. Depending on
the electrode type, the electrolyte, and whether the electrode
is reduced or oxide covered, temperature independent or
temperature dependent Tafel slopes have been reported.'®!
An example of a temperature independent Tafel slope is
shown in Figure 14. As well as raising questions about
the characteristics of the electron transfer, this effect
complicates the determination of the heat of activation for
the reaction.

A framework for characterizing these anomalous transfer
coefficient dependencies has been developed by Con-

- way,®™ and has been discussed for the case of oxygen

reduction.’% 40! Starting from the standard Gibbs energy of
activation at a given electrode potential V, offset from a
reference potential

AG = AGH+BFV i)

where AG} is the standard Gibbs energy of activation
at the reference potential. Ideally the reference potential
would be the potential of zero Galvani potential difference
(&M = ©3), however, as this is not kaown, an apparent
energy of activation is customarily defined ai the reversible
potential (AG} or AG¥%). The value B (the symmetry factor)
is the fraction of the electrode potential influencing the

5°C

Potential {V vs. RHE)

~log i {1 in A em™2)

Figure 14. Tafel relationships at Au electrodes at different tem-
peratures. (pH 2.2 HCIO,, RHE reference at room temperature).
(Reproduced from Damjanovic ef al. (1986)7 by permission of
Berichte det Bunsen-Gesellschaft filr Physikalische Chemie.)

activation energy and so

184G _ 19AH T 0AS
T F 9V F 8V F aV

(28)

whete AH* and AS* are the enthalpic and entropic compo-
nents of the Gibbs energy of activation at a given electrode
potential. One can then make the simplifying assump-
tions that the derivatives with respect to the enthalpic and
entropic components are constant over the range of poten-
tial and temperature of interest. (The empirical nature of
this approach was pointed out by Gileadi).*!! Then p can
be written as

B=Py+T8s (29)

In this manner B can be expanded into a temperature depen-
dent and a temperature independent component. Experi-
mentally the constants can be determined using a Conway
plot of reciprocal Tafel slope versus 1/T.

It should be noted that while equation (29) has been
derived for the symmetry factor, more than simply an
electron transfer will be involved for most reactions, and
so the measured variable will be a transfer coefficient (o).
This is important because more complex reaction schemes
may result in other terms in the rate equation due to, for
example, adsorption (a 0 or (1-0) term). Though for such
a factor to affect the Tafel slope in a manner that changes
with temperature, it would have to be both potential and
temperature dependent.

In general, for oxygen reduction at oxide-free metal
electrodes (such as Pt, Pd, and Rh) in aqueous solutions, P is
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approximately constant (B, is between 0.4 and 0.5 and By is
small and around 2 x 10~ K~! (or possibly even zero)l*1).
In conirast, at oxide covered electrodes the Tafel slope is
essentially censtant and B therefore varies linearly with
temperature (hence By, is close to zero). Such temperature-
independent Tafel slopes have also been reported for gold
(as shown in Figure 14), and for some conditions with Pt
in concentrated phosphoric acid,[4% 421

Small variations of the entropy of the activated complex
with potential are conceivable (i.e., a non-zero value of
Bs). However, a complete lack of effect of changing the
enthalpy of the product (by changing the potential}, on
the enthalpy of an activated complex located at a state
midway between the reactant and the product, is difficult to
understand (i.e., a B; of close to zero). (This is especially
true when one considers that at the same time the entropy
of the activated complex is supposed to be changing). ! In

fact, it is recognized that the cases that yield a By of close

to zere represent complex electrochemical situations,?® In
particular, this is true at oxide-covered electrodes, where the
state of the oxide and the related positior of the activated
complex in the applied electric field can easily vary with
temperature and potential, (Extreme anomalous temperature
dependence (i.e., a By of close to zero) is also commonly
found for oxygen evolution at oxide-covered electrades),
For the case of results obtained in concentrated media,
such as phosphoric acid, Appleby has suggested a change
in available sites as a function of potential and temperature,
due to changes in the adsorption of oxygen species at
the electrode surface.”®! It has also been pointed out that
insufficient information is available to properly correct for
diffuse double layer effects in media such as concentrated
phosphoric acid.™¥ It has also been suggested that the
oxygen reduction mechanism in concentrated phosphoric
acid may differ from that indicated by equations (11) and
(12).M01 The case of gold is puzzling, but may be related to
the large variations of activities (and Tafel slopes) found on
different crystal faces.**! It has been shown that, in some
circumstances, two parallel reactions can give 2 total current
that has the appearance of a temperature-independent Tafel
slope.**) A summary of proposed explanations was made
by Yeager,™! based on Conway’s review of the arca. 6]
These include:

(a) tunneling in reaction coordinate space;
(b) poteatial and temperature dependent:
(i) surface adsorption/desorption of the reactants;
(i) changes in the structure of the double layer
(particularly solvent structure and double layer
thickness);
(iii) or adsorption/desorption of charged species from
the supporting electrolyte, resulting in changes in
the activity coefficient of the activated state:

(c) changes in the symmetry of the potential energy barrier;

(d) partial drop of the electric field at the electrochemical
interface within the electrode phase;

(e) a shift in the rate-determining step;

(f) artifacts due to impurities.

Some of these explanations are overlapping, and with
many of them it would be difficult to explain a com-
plete independence of the Tafel slope with temperature,
unless the effects were so large as to be more commonly
observed. Some of these effects have been estimated and
are expected to not be large, with By values of less than
1.5 x 107* K=" Further, in some cases, such effects
would also be expected to result in a potential dependence
of the Tafel slope.[*] .

Finally, it should be noted that a series of precise
studies has been carried out investigating the anomalous
temperature dependence of transfer coefficients. In most
cases studied to date, after careful double layer corrections,
the apparent temperature dependent transfer coefficients
have been found to disappear, However, in one recent study
an apparent true variation of the transfer coefficient has
been found. 3!

One result of these discussions impacts the evaluation of
the apparent heat of activation at the reversible potential
(AHg). If this is calculated by extrapolation of heats of
activation measured at other potentials, the data should be
corrected using B rather than  (as follows from equations
(28) and (29)). A second result is that when By is zero, care
should be taken in using the Tafel slope for mechanistic
determinations. Under such a situation the reaction, and
the environment at the electrode surface, are probably
complex, 4! 48]

Evaluation of apparent heats of activation has proven use-
ful in the understanding of the oxygen reduction reaction.
Extrapolation of the measured heats of activation for OXy-
gen reduction on Pt from the low and high current regions
to a common potential was able to show the same apparent
heat of activation."] This supports the hypothesis that the
basic mechanism is the same in both regions {equation (8)
in acid and equations (13) or (14) in base). More recently,
equal apparent heats of activation for oxygen reduction ai
different platinum crystal faces has been used to support
the idea that the same reaction pathway occurs on all the
tested faces,1

4 OTHER ELECTRODE MATERIALS

Oxygen reduction is a surface-sensitive reaction and so the
electrode material will strongly. affect the reaction. Two
classes of materials can be identified based on whether pre-
dominately a 2-electron or 4-electron reduction occurs. i 481
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Differences in oxygen bonding will affect the reaction
pathways on different metals. Materials that weakly interact
with oxygen would therefore be expected to favor the two
electron reduction to peroxide. Those with sironger oXy-
gen interactions can dissociate the oxygen molecular bond
allowing the formation of water.

Predominanily 2-electron reduction to peroxide (0-0O
bond not broken):

mercury

gold (except gold (100) in alkaline solution)®C!
carbon

oxide covered metals

most transition metal oxides.

Predominantly 4-electron reductions occur (0O~0O bond
broken):

platinum

platinum family metals

platinum alloys

silver

gold (100} in alkaline solution*"!
metallic iron in neutral solution!
some oxides {pyrochlores).

Of these materials, for fuel cells operating with acidic
electrolytes, platinum and its alloys are commonly used,
with carbon being used as a supporting material. In alkaline
systems a wider vasiety of electrode materials is possible.
Platinum, its alloys, and silver can also be used. In addition,
fwo electron reduction materials can be combined with
peroxide decomposition catalysts such as silver, platinum,
or various transition metal oxides. The decomposition
catalysts ideally keep the concentration of peroxide within
a fuel cell electrode structure close to zero and regenerate
oxygen, thus allowing an overall 4-electron reaction to
oceur. In the alkaline case, the carbon support is also
an active part of the elecirode. (Alkaline fuel catalysts is
discussed further in O reduction and structure-related
parameters for supported catalysts, Volume 2)

The two electron reduction of oxygen will yield peroxide.
This is a kinetically easier reaction than the reduction to
water, and so the reverse reaction of oxidation of percxide
to oxygen can be studied without greatly changing the

“potential (and so at a similar electrode surface). In theory
this can be used to provide additional information about
the reaction mechanism, though in practice care must be
taken to distinguish between currents for oxygen reduction,
peroxide oxidation, and peroxide reduction, and due to
peroxide decomposition (which releases oxygen at the
electrode surface).

4.1 Gold

Gold is unique among the metals studied for oxygen
reduction because of its lack of ability to adsorb oxygen
(having no unpaired d-electrons), which is reflected in its
high potential for oxide formation (1.457V vs. SHE).I!!]
The average number of electrons transferred per oxygen
molecule during its reduction has been reported to vary with
potential and crystal face. The Au(100) face in particular
shows high (4-electron) catalytic activity in the region in
alkatine solusion where swface adsorbed AuOH exists. 44
The reactions at gold can be cotnplex, with oxygen reduc-
tion, peroxide reduction, peroxide oxidation, and peroxide
decomposition all possibly occurring, depending on the
potential and crystal face. Intermediates therefore can also
be expected to diffuse between sites of different activi-
ties. Its activity can also be greatly enhanced by impurities,
especially in acid solutions where oxygen reduction is very
slow. This has been most notably reported for platinum
ions corroded from other electrodes in the electrochemi-
cal cell.[*)

In general, oxygen reduction on gold is found to be
first order in O,, pH independent, and yielding a Tafel
stope of around —120mV decade! (the latter shown in
Figure 14).% 5" Therefore the rate determining step is
considered to be

S+0,+e ——> S0y (30)

However, in some cases the initial adsorption (hefore the
electron transfer) has been feit to be the rate-determining
step. ¥ Tn alkaline media, the reverse reaction of peroxide
oxidation has been studied and reported to be 1/2 order
with respect to OH™ and HO,™, and the Tafel slope was
—120mV decade~!. This has led to the overall second
stage of the Teaction (itself involving a few steps), being
postulated to be!?! 3

25 — 0,7 +H,0 —— 28+ HO,™ + 0, -+ OH™
(31
though it shouid be noted that a clear reaction order of 1/2
with respect to HO,~ was only obtained at higher overpo-
tentials for peroxide oxidation. In the potential range for
significant oxygen reduction, it has been suggested that the
second step could become the fusther reduction of 0, ¥

S—0,” +H,0+¢ —— S—~HO,”+0H (2

More recent work has focused on the nature of the
reaction at single crystals and the effects of ad-atoms and
UPD metals.”! The effect of potential cycling to activate
polyerystaliine gold foil for oxygen reduction has been

I S b g
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Tollowed by STM, where it was found that a relatively well
defined crystal surface with coherent areas of Au(100) can
be formed.i>¥

4.2 Carbon materials

The reduction of oxygen on carbon is catalyzed by strong
interactions with the surface, While outer Helmholtz (non-
interacting) reduction of oxygen to superoxide (O,™) has
been reported to be possible at basal plane graphite, the rate
is far lower than for oxygen reduction at other carbons.[ 8
In the same paper, it is also reported that the attachment (by
pre-adsorption or chemical bonding) of various quinones to
basal plane graphite, to simulate some of the functional
groups found on the carbon surface, fesults in a large
enhancement of the oxygen reduction current.

Slightly different mechdnisms have been proposed by
different workers, with one key difference being between
results using graphite versus glassy carbon. The reac-
tion is pH independent, and first order in oxygen. Tafel
slopes are typically around —120 mV decade ! for graphite
and —60mV decade™! for glassy carbon, though variations
around these values have been reported for different car-
bons, and values as low as —30mV decade™! have been
reported in strong afkali (i.e., 6 N KOH).I%®! Generally the

Edge and basal plane
regiens (f,)

Physisorbed impurity (8;)

Surface oxides

OH Muliilayer
oxide film

OH

first reaction step is thought to involve adsorption and elec-
tron transfer {similar to gold, see equation (30)). Fellowing
this, either further reduction or disproportionatidn {as in
equation (31)) have been proposed.l"! A step involving
a transformation between two different forms of adsorbed
superoxide has also been proposed.™® [n alkaline solutions
(pH > 10} two waves are seen in oxygen reduction polat-
ization curves, both corresponding to oxygen reduction to
peroxide, but most probably at different sites on the carbon
surface.*’! Different cations, D,0 versus H,0, and selec-
tive modification of different carbon surface groups, have
all been reported to shift the oxygen reduction voltammet-
ric wave.’8! All these factors confirm the complex role
that carbon surface chemistry plays in the reaction, which
should be taken into account when considering the oxy-
gen reduction mechanism. Some of the important surface
features of carbon are shown in Figure 15.

4.3 Iridivum oxide

Oxygen reduction on iridium is of interest because of
its possible application in regenerative fuels cells (see
for example Ref. [59]). In the potential region of oxygen
reduction, iridium electrodes are covered with a phase
oxide. As a result, the electrode surface/solution interface

Phenol

Carbony!

Lactone

Carboxylic acid

o-Quinone

Figure 15, A schematic showing some of the carbon surface features of relevance to electrochemistry, and details of some different
possible oxygen-containing surface functional groups. (Reproduced from McCreery (1991)1% by permission of Marcel Dekker, Inc.)
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will have an acid-base equilibrium and an associated
potential difference.!”! Rate data shows a low current
density and a high current density region, with the change
oceurring at about 1 x 1075 Acm ™ independent of pH (see
Figure 16).

Tn ¢he low current region the reaction rate is given byt®!

—FE
i = kr{H30+]p03 exp (—_‘RT ) (33)

and in the high current region by

) —FE
i, =k, [Hg()*]l”zp02 exp (ZRT ) (34

The fractional reaction order with respect 1o acid in the
high current density region is explained by considering the
potential field set up by the acid-base equilibria between the
metal oxide and the solution (shown below in Figure 17).

The potential difference developed between the surface
layer of the oxide and the solution is given by!®%

2.3RT

Ad* = const. — ——pH (35)
F
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Figure 16, Polarization curves for oxygen reduction at an iridium
elecarode; © pH 2.2, x pH 3.1, and o pH 11.0. (Laim O,
25°C). (Reproduced from Sepa et al. {1987)1%1 by permission
of Blsevier Science.)

M—OH M—0H M—OH
0—H O—H 0
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0—H O—-H 0—H
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In acidic soiution  Hydrated metal oxide  In hasic solution
at pH of zero charge

Figure 17. Schematic of the metal oxide solution interface in
different pH regions (based on Ref. [60]).

One can then assume, for the high current density range, an
initial electron transfer rate determining siep as in equation
(30) occurring in the inner Helmholtz layer (THL). For such
a case, only part of the applied potential difference will
affect the reaction rate.

. —BF{E —~ A¢™)
i, =k, [H3O+]p02 exp (T (36)
substituting equation (35) in equation (36) yields
. —pBFE
i, = k) [14]'.30“‘][611;02 exp ( RT (37

which for p = 1/2 will be identical to equation (34). In a
similar manner, one can choose as rate-determining step a
chemical step following the first electron transfer (which
would then be in guasi-equilibrivm). If the resulting rate
equation is then correcied for the potential drop from. the
IHL to the solation, an equation of the form observed for
the low current density region (equation (33)) resulss 1%
However, while this reaction model.appears to fit the data,
it has been shown to be overly simplified. This is because
both Tafel slopes have been found to be unchanging with
temperature (over a range from 5 to 45 °()182) As was
discussed earlier, if By appears to be zero, this raises
concerns that the present understanding of the system is
insufficient, This is definitely true for the reaction rate in the
low current density region, where a transfer coefficient of
one is not expected to be temperature dependant.[ﬁz] Thus a
complete understanding of oxygen reduction on metal oxide
surfaces will require further study.

5§ VOLCANO PLOTS

In attempting to correlate electrocatalytic ability with some
physicochemical property of a material, plots can be
made of electrochemical activity (either current density at
constant potential, or potential at a constant current density)
versus the physicochemical property under consideration.
If the resulting plot shows a maximum in activity with
roughly linear correlations on either side of the maximum,
it is referred to as a volcano plot. These plots were first
proposed for understanding catalysis data by Balandin. %

The optimum heterogeneous catalyst will provide the
cotrect reaction site geometry, along with the proper
electronic environment, to facilitate the reaction of inferest.
Following this, the reaction sites should allow easy release
of the product to achieve a high rate of site turnover.
The geometric properties considered can include the inter-
atomic distance, the crystal structure, its grain size, and
the conceniration and types of defects and irregularities.

il
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Electronic parameters can include the %d character, d-band
vacancies, and more genera] characteristic measures such
as the work function and ihe latent heat of sublimation,
It is usually felt that the catalyst site should adsorb the
reactant (for the rate determining step) sufficiently strongly
to activate it (to lower the energy required to achieve the
activated imtermediate), but not so strongly as to stabilize
the reactant.

A volcano plot based on the d-electron properties of
various metals and alloys is shown in Figure 18. The plot
shows clear trends even though, at the chosen potential,
the metals considered include bare metals, partially oxide
covered, and phase oxide covered, with 2- and 4-electron
reduction pathways. This supports the view that the rate-
determining step is influenced by similar factors on the
different materials. It has been shown experimentally that
there is a relationship between the equilibrium coverage of
oxygen at a metal surface (measured in 1M H,S0, at open
circuit with 1atm of oxygen) and the number of unpaired
d-electrons per atom.[% Also, the heat of adsorption of
oxygen has been correlated with the position of the center
of the d-band (though there was considerable scatter due {o
the influence of surface structure).[63]

One interesting aspect of the oxygen reduction system is
that the experimental enthalpies of activation do not show
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Figure 18. A volcano plot for oxygen reduction versus d-orbital
vacancies, (The d-orbital vacancy for Os is considered (o be the
same as that for Ru). (85% HiPO, and 25°C; 900mV vs. RHE
corresponds to 1y = —360 mV). (Reproduced from Mukerjce et al.
{1995} by permission of Marcel Dekker, Inc.)

a minimum. Instead, as the metal oxygen bond strength
increases, the enthalpy of activation steadily decreases.
Examination of the data shows that the steadily decreasing
enthalpies of activation are compensated for by a steady
decrease in the pre-exponential factor in the rate equation.
It is the counterbalancing of these two effects that produces
the observed volecano relationships.

As suggested by Applehy,[ % the primary explanation
is most likely that, with increasing strength of the metal
oxygen bond, a larger fraction of the electrode’s surface is
covered with adsorbed oxygen species from its equilibrium
with water. This results in fewer bare metal sites for
the oxygen reduction and so ‘a decrease in the pre-
exponential factor of the rate equation. (One interesting
reported observation is, for the metals on thé Os to Pt side
of the volcano, the reaction rates are roughly equal at the
potentials at which the adsorbed oxygen layer is reduced.)
Thus a catalytic material must balarice a strong adsorption
of oxygen, to lower the activation enthalpy of the rate-
determining step, with a weak adsorption -of the oxygen
species produced from the reduction reaction and from the
equilibrium with water, to have a high coverage of bare
metal reaction sites. Among the elements, platinum has the
optimum balance of these factors.

To tmprove the activity of platinum, significant interest
has focused on platinum. alloys, Platinum has been alloyed
with a varety of elements including V, Cr, Si, Ti, Mn,
Fe, Co, and Ni. The degree of enhancement of activity
obtained with these alloys, and the possible reasons for
the observed results, has been an area of much discussion.
From a fundamental point of view, important influences of
the alloying elements include the inter-atomic spacing and
increases in the Pt 5d-orbital vacancies, as well as a possible
direct role of surface atoms of the alloying element, This
direct role has been suggested to be through interactions
with oxygen species or through activity as a redox mediator.
Further questions arise because much of this work has been
done with dispersed catalyst powders on carbon substrates,
and so other factors including variations in particle size may
also affect the results. Particle size can affect the specific
surface area, and the distribution of atoms between various
crystal faces, edge, and corner sites.'®”! Another issue is
the possible formation of high roughness swfaces, from
the selective leaching of the alloying element.

Earlier work focused on phosphoric acid fuel cell con-
ditious (100% H,PQ, and 200°C) and reported enhanced
activity due to alloying that could be correlated with
the mnter-atomic spacing of the catalyst powder as mea-
sured by X-ray analysis,[ég] Other workers, however,
using bulk alloys, noted corrosion of the alloying ele-
ment leading to surface roughening, which appeared to
explain the enhancement.’®! More recent work has shown
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that as the inter-atomic spacing decreased, the d-orbital
vacancies increased and so the different factors appear to be
interrelated (Crx, Mn, Fe, Co, and Ni alloyed with 75 at% P,
and average catalyst particle sizes from 35 to 69 A0 A
volcano type relationship was obtained with an optimum
performance for the Pt/Cr alloy, as measured in a pro-
ton exchange membrane fuel cell (PEMFC) at 95°C (see
Figure 19). It also appeared that the formation of PtOH was
inhibited on the alloys. This led to the suggestion that these
alloys allow optimization of the glectronic and geomeiric
properties of the catalyst surface, resulting in an increased
adsorption of O,, but also a suppression of reaction site
blocking by PtOH formation. This work also ohserved no
change in the oxidation state of the alloying elements in
the potential range of oxygen reduction and hence no sign
of redox mediation.

The possible role of atoms of the alloying elements at
surface sites is controversial. This is because most of the
alioying elements would be expected to be most stable as
their oxide or hydroxide under normal operating conditions
and so might not be expected to be very active.l% 711 Thus it
is felt (and supported by X-ray photoelectron spectroscopy
(XPS) surface analysis)’® that the suxface is depleted
of alloying elements. Recent work with sputter deposited
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Figure 19. Platinum alloy catalyst performance plotted as a
function of measured physical properties. ® PiPt bond distance,
and o d-orbital vacancy of Pt (Catalyst performance measured
i1 a PEMFC at 95°C and Satm at 900mV vs. RHE. The
physical properties were measured from in situ X-ray adsorption
spectroscopy (XAS)in 1M HCIOY). (Reproduced from Mukerjee
et al. (1995)1701 by pormission of The Blectrochemical Society.)

alloys appears to confirm this view, but suggests that the
surface platinum layer is affected by the alloying elements
in the sub-surface metal. "™

Thus, while platinum remains the best catalyst in terms
of activity and stability, there appears to be some possibility
of fine-tuning its performance.

6 OXYGEN EVOLUTION

As already discussed, oxygen evolution differs from oxygen
reduction in that it takes place on a phase oxide, rather than
bare metal. Thus the mechanisms and characteristics of a
good catalyst will be different. This is of particular interest
for regenerative fuel cells where one type of electrode
catalyst system will have 1o perform both for oxygen
evolution and oxygen reduction.

The field of oxygen evolution has been reviewed by
Kinoshita.[?! As well as being catalytic, the metal oxide
should be stable and conductive. An important concept
in oxygen evolution catalysis is the role of the chang-
ing valence state of the metal ion. During the discharge
of water to form oxygen, various oOxygen intermedi-
ate species are created (ie., the reverse of Figure 2).
The activation energy to form these intermediates, and
their chemical potentials, can be lowered by interac-
tion with the metal atoms in the oxide. This interaction
is strong, leading to catalysis, if the metal atom can
teadily change valence state to form a bond with the
intermediate.

This transition of the metal cation in the oxide to a
higher valent state (and a higher coordination number) can
he written Tor the first step of water electrolysis (ie., n
acid) as

| | OH
—M~OH + H0 — —M_
| | ~oH

+H + e (38

The subsequent steps ate often considered to be

IMOH —— MO +M + H,0 (39
or possibly
MOH —— MO +HY 4 (40)
followed by:
MO —— 2M + O, (41)

In addition, other alternatives may be possible, as can
be imagined from the possible intermediates in Figure 2
with the additional inclusion of interactions with the metal
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oxide. Thus the mechanism might change with electrode
material and also with the cation site geometry. The
geometry can change not only the adsorption energy for
the oxygen species, but also the activation energy for
the change of the cation oxidation state and the related
change of its coordination number (e.g., metal cations
at edge and defect sites can more easily change their
coordination number). This sensitivity to the oxide char-
acteristics can be seen in different activities (exchange
cutrent densities and, more significantly, Tafel slopes) for
anodes of the same material prepared at different ther-
mal decomposition temperatures.’™” The oxide prepara-
tion temperature (and time) can affect characteristics such
as the oxide crystallite size, the surface area, the oxide
non-stoichiometry (and hence crystal defect sites), and
the amount of trapped residual precursor material {often
chloride).

For this type of mechanism, it is postulated that catalytic
ability should be related to the enthalpy of transition of
the oxide from a lower to a higher oxidation state. Metal
oxides with a high transition enthalpy will not easily
stabilize intermediates. Those with a very low transition
enthalpy will form stable higher oxides and so later release
of the oxygen species to form O, will be slow.[3 This
concept can be used to create a voleano plot as shown in
Figure 20,

The plot shows reasonable trends, though these should
be taken with caution because the plotted values are only
approximate. The values are based on averages from a
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Figure 20. Volcano plot of the overpotential for oxygen evolution
versus the enthalpy of the lower to higher oxide transition,
o Alkaline, and e acidic solutions. (Reproduced from Trasatti
{19847 by permission of Elsevier Science.)

number of sources and proper surface area normalization
for many of the materials is difficult. Also, the different
materials have different Tafel slopes (and so the plot is
possibly not for constant mechanism), and no allowance
was made for potential drops caused by the effect of space
charge behavior of the polarized oxide films. Others have
made a link between the potential for the onset of sig-
nificant oxygen evolution and the redox potential of the
metal cation.74!

The presence of metal redox couples at the electrode
swface is supported by electrode capacitance data as a
function of potential. These results for Ni, Co, and Pt show
capacitance changes with potential that are consistent, for
each metal, with the oxidation of metal cations to a higher
valence. As well, this potential corresponds to changes in
the Tafel slope for oxygen evolution.”! An interesting
observation was that the slope of potential relaxation
curves varied with the starting potential, indicating a
possible reconstruction of the electrode surface layer at
potentials with a large coverage of higher oxidation state
metal cations.

Although platimun and its alloys are the best catalysts for
oxygen reduction, they are not the most active materials
for oxygen evolution. This is believed to be due to
the insulating nature of the platinum oxide film. This
film, estimated to be around 10-15A thick (depending
on the electrode potential and time at that potential),
decreases the probability of electron tunneling, which
decreases the exchange current density for the reaction.!®!
(A slight increase in the symmelry factor, equivalent to a
Tafel slope change of about 9mV decade™" might also be
expected.)

The very high activity of RuQ, and IrO,-based elec-
trodes for oxygen evolution can therefore be understood
because of their relatively low redox potentials (ca. 1.39
and 135V vs. RHE respectively)’ and the high con-
ductivity of their oxide films. Thus for regenerative PEM
fuels cells, a mixed platinum and iridium catalyst (IrQ,
being more stable than RuQ,) is often considered in
order to obtain balanced performance for both reactions.!””!
Recent work has used a combinatorial approach to opti-
mize catalyst mixtures for PEM regenerative fuel cell
applications."”) After testing 715 combinations of the ele-
ments Pt, Ru, Os, Ir, and Rh (prepared by borohydride
reduction of the aqueous metal salts) the optimum over-
all performance was found for Pt,sRu,lr,s. Combined
oxygen evolution and oxygen reduction data are shown
in Figure 21. It can be clearly seen that the addition
of other metals significantly improves the activity for
oxygen evolution versus that for platinum alone, while
platinum remains among the best catalysts for oxygen
reduction.
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Figure 21. Combined polarization curves of various catalysts for
both oxygen evolution and oxygen reduction. (Reproduced from
Chen et al. (200177 by permission of Elsevier Seience.)

7 CONCLUSIONS

The reduction and evolution of oxygen represent important
multistep electrocataiytic reactions. Since the early worlk
in this area, our understanding of the complex catalytic
interactions between the reactanis, the electrode surface,
and other adsorbed species has grown greatly. Through
new work, this understanding continues to grow in detail
and to be expanded to a wider variety of materials and
conditions. The following chapters will look at a range
of these areas. The study of the oxygen reduction reac-
tion at single crystal surfaces and macrocycle complexes
will be covered. The important effects of catalyst parti-
cle size and of catalyst particle interactions with its sur-
rounding environment in a fuel cell will be considered.
And the reaction in alkaline electrolytes and the wide
variety of electrode materials possible under those condi-
tions will be presented. Also, the very different chemistry
in molten carbonate and solid oxide fuel cells will be
examined. '
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