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A new technique is presented for investigating the kinetics and
thermodynamics of chemisorption of oxygen and, potentially, of
other adsorbates on conductive catalyst films deposited on solid
electrolytes, such as yttria-stabilized zirconia, an O*conductor. In
this technique, termed potential-programmed reduction (PPR),
the catalyst surface is first exposed to the chemisorbing gas and
then the catalyst potential is swept linearly by, typically —1 V,
causing the reduction of chemisorbed oxygen to 0%~ at distinct
and well-resolved catalyst potential values E. In this way current
peaks centered at E, are generated. The area of each peak provides
direct quantitative information about the coverage of adsorbed
oxygen and the corresponding E,, value about its Gibbs free energy.
The PPR technique has certain similarities with temperature-pro-
grammed reduction but is isothermal and provides direct thermo-
dynamic as well as kinetic information. It is, however, limited to
conductive catalyst films which can be supported on solid electro-
Iytes. In the present work the PPR technique is used to investigate
oxygen chemisorption on Ag and Pt. In the case of Ag two types
of oxygen are resolved at temperatures 300 to 450°C (atomically
adsorbed and subsurface), while on Pt there is usually one peak
corresponding to atomic oxygen with a second peak developing
after prolonged exposure to positive potentials. © 1994 Academic

Press, I[nc.

INTRODUCTION

Solid electrolyte cells have been used extensively in
catalytic research during the last fifteen years. Work in
this area has been reviewed recently (1). Their first appli-
cation to measure in situ the thermodynamic activity of
oxygen on metal catalysts was originally proposed by
Wagner (2). This led to the technique of solid electrolyte
potentiometry (SEP) which has been used in conjunction
with kinetic measurements to study a number of catalytic
reactions on metals (3-8) and is particularly useful for the
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study of oscillatory reactions (5, 8, 9). Recent experimen-
tal (10, 11) and theoretical work (1) has shown that solid
electrolyte cells can be used both as work function probes
and as work function controllers for their gas-exposed
metal electrode surfaces (1, 10, 11). It should be noted that
similar types of solid electrolyte cells with appropriately
chosen electrodes can be operated in the fuel cell mode
for power generation (12, 13) or for chemical cogeneration
(14-16), i.e., for the simuitaneous production of electrical
power and chemicals, e.g., NH; oxidation to NO (14) or
H,S oxidation to SO, (16), as also reviewed recently (1).

From a catalytic viewpoint the most interesting applica-
tion of solid electrolyte cells is their active or oxygen
pump mode of operation, i.e., external voltage or current
application to cells of the type

gascous reactants, metal catalyst/ZrO,

(8 mol%Y,0,)/M, O,

to affect the catalytic activity of the catalyst. It has been
found that the activity and selectivity of metal catalysts
can be altered dramatically and in a reversible manner
by electrochemically pumping oxygen anions to or from
catalyst surfaces (1, 11, 17-29). The increase in catalytic
rate can be up to 100 times larger than the regular (open-
circuit) catalytic rate and up to 3 x 10° times larger than
the rate of ion supply to the catalyst (1, 11, 17-29). The
effect has been termed non-Faradaic electrochemical
modification of catalytic activity (NEMCA effect), elec-
trochemical promotion in catalysis (30), or in situ con-
trolled promotion (27). Work in this area has been re-
viewed recently (1).

Recent application of cyclic voltammetry in solid elec-
trolyte cells (31-35) has shown that the technique can be
used both for studying the NEMCA effect (31) and for
investigating different oxidation states of metals (33-35).

In the present communication we report that the use
of the same type of solid electrolyte cells in conjunction
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with the linear potential sweep technique (36) provides
the means to examine in siru different oxygen species
chemisorbed on metal catalysts and to study both their
thermodynamics and their desorption kinetics. Cyclic vol-
tammetry as well as the similar linear potential sweep
technique (36) are powerful techniques used routinely in
aqueous electrochemistry to study redox reactions on
electrodes. Because of the aqueous electrolyte involved,
previous applications of the linear potential sweep tech-
nique have been limited to low temperatures where only
electrocatalytic (net charge-transfer) and not catalytic re-
actions take place on the electrodes. The use of solid
electrolytes makes it possible to use electrochemical reac-
tions at temperature of catalytic interest and thus to study
the chemisorptive and catalytic phenomena taking place
on the gas-exposed catalyst-electrode surfaces. There-
fore, electrochemical techniques, such as linear potential
sweep, can be applied to study heterogeneous reactions
at high temperatures (250-750°C).

EXPERIMENTAL

Catalyst and Apparatus

The experimental apparatus is shown schematically in
Fig. 1. The central part of the apparatus is the § mol%
yttria stabilized zirconia (YSZ) tube continuous flow reac-
tor (adsorption cell) shown in Fig. 2. Within the experi-
mental space time range used in the present study the
reactor, with volume of 30.3 c¢cm®, has been shown to
behave as a continuously stirred tank reactor {CSTR) as
described in previous papers (5, 8, 17). A potentiostat—gal-
vanostat (AMEL 553) in conjunction with a function gen-
erator (AMEL 567) was used to generate linear variation
in time of the potential of the working electrode with
respect to the reference electrode. The oxygen content of
effluent gas was analyzed via on-line gas chromatography
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FIG. 1. Schematic diagram of the apparatus.
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FIG. 2. Zirconia adsorption cell.
(Perkin—-Elmer Sigma 3000) and mass spectrometry (Balz-
ers QMG 311). At temperatures below 1200°C YSZ is a
pure O conductor (1).

The catalyst film under study is deposited on the inside
bottom wall of the stabilized zirconia tube and acts as the
working electrode. Reference and counter electrodes are
prepared on the outside bottom wall of the tube using
either the same material with the working electrode or
other suitable electrocatalytic materials (1). In this form
of three-electrode system, the working electrode(catalyst)
is exposed to the chemisorbing gas, in the present case O,,
while the counter and reference electrodes are exposed to
ambient air, so that the potential of the reference electrode
remains constant during the experiments.

Catalysts investigated in this paper were platinum and
silver. It is also possible to deposit other catalysts such
as metal oxides on the solid electrolyte as reported in
other studies (33-35). Details of Pt catalyst film prepara-
tion have been described previously (8). The procedure
is to use a thin coating of Englehard A1121 Pt paste fol-
lowed by drying and calcining in air for 2 h at 400°C and
then for 30 min at 820°C. The Ag catalyst film was pre-
pared by depositing a thin coating of Ag solution in butyl
acetate (GC electronics 201) followed by drying at 80°C
and calcining at 600°C for 2 h (1, 20-22). Reference and
counter electrodes were prepared from the same material
as the working electrode in exactly the same way. Previ-
ous XPS experiments have shown no detectable metal
impurities in catalyst films prepared by this procedure (4,
8, 17, 28).

Experimental Procedure

The experiments were conducted isothermally at tem-
peratures 340-500°C. The isothermal experimental proce-
dure consisted of the following steps:
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I. Application of a negative potential (—800 mV with
respect to the O, (21 kPa), M (Pt or Ag)/YSZ reference
electrode) under ultrapure He (99.999%) flow in order to
remove any residual oxygen from the catalyst film surface.

II. Catalyst exposure to a 21% 0,-79% He mixture at
a space time of 36 s for oxygen adsorption. The time of
exposure, hereafter denoted by 15, was typically on the
order of 100-1000 s. During this step, as well as during
the next step, the catalyst was maintained under open
circuit conditions.

I1. Catalyst exposure to ultrapure He for a time pe-
riod, hereafter denoted by ry., typically of the order
100-500s. During this step the gas phase of the cell is
cleaned from gaseous oxygen. This is why t,;, was chosen
to be typically 5 to 10 times longer than the gas residence
time in the cell (cell volume 30.3 ¢cm?, He flowrate 2 cm?
STP/s) as in previous isothermal titration studies (1, 21).
The gas phase is essentially oxygen-free after the first
three residence times. During fy, oxygen desorption from
the catalyst is taking place and, in fact, as shown below
the kinetics of oxygen desorption can be studied by vary-
ing tye.

IV. Linear potential sweep application starting from
the open-circuit potential Vg _ Vi (typically —30 to
—200 mV) and reaching Vg = —1 V. The potential Vi,
is swept linearly at a sweep rate v, typically 3—-100 mV/
5, l.e.,

VWRZV[‘)VR_U.I' [1]

During this step oxygen species adsorbed on the metal
at or near the three-phase-boundaries (tpb) metal cata-
lyst—YSZ~gas are reduced to O*", which migrate to the
YSZ lattice

O(a) + 2¢-— 0O, (2a]
or, in Kroger-Vink notation (1), frequently used in the
solid state literature,

O(a) + Vg + 2¢' — O, [2b]
where V and O, stand for lattice vacancy and lattice
oxygen, respectively.

When the potential Vy,, which is swept linearly ac-
cording to Eq. [1], reaches the vicinity of the equilibrium
potential of an adsorbed oxygen species, then the charge
transfer reaction (2) takes place until the adsorbed oxygen
species is completely depleted and thus a (negative) cur-
rent [ is generated which, when recorded as a function
of the varying Vi, gives rise to well-resolved peaks, i.e.,
to the potential-programmed reduction (PPR) spectra.

During the present investigation we have also studied
an alternative way of supplying oxygen to the catalyst
surface, instead of step (II); i.e., a positive current or
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potential was applied to the cell under He catalyst expo-
sure conditions and thus adsorbed oxygen O(a) was gener-
ated via the reverse of reaction (2}, i.e.,

0 —0(a) + 2¢ . [3]

1t should be noted that the PPR technique bears several
similarities with temperature-programmed desorption
(TPD) and temperature-programmed reduction (TPR)
which are commonly used in catalysis research. The main
differences of PPR from the TPD and TPR techniques are
the following.

[. In PPR it is the catalyst potential (and work function
(1, 10, 11)) which is varied linearly in time instead of tem-
perature.

[I. In PPR the adsorbed oxygen species are reduced
electrochemically to O instead of desorbing or reacting
catalytically with a reducing species.

The main advantage of PPR is that it is isothermal and
can give direct kinetic and thermodynamic information
about adsorbed species. The theory of linear potential
sweep voltammetry is well developed in aqueous electro-
chemistry (26-38) and can be used for data interpretation
in solid electrolyte systems as well (31, 32). The main
disadvantage of PPR is that it is limited to conductive
catalysts supported on solid electrolytes.

RESULTS AND DISCUSSION

Ag Catalyst Films

Typical PPR spectra of oxygen adsorbed on Ag are
shown in Fig. 3. They were all obtained for ¢, = 300 s
and v = 10 mV/s starting from the open-circuit potential
(Vwr = Vg, I = 0) and terminating at Vyz = —0.9 V.
Two well-resolved peaks, labeled A and B are obtained
for short desorption (ry,) times. Peak A is centered at
E, = —120 mV and peak B at £, = —240 mV. Longer
oxygen desorption time . leads to a substantial decrease

10
380°C

T
>
=]

&

[y
0

.0 -0.2 -0.4 -0.6

Ver . V

-0.8 1.0

FIG. 3. Effect of desorption time ¢, on the PPR spectrum of oxygen
adsorbed on Ag after exposure to gaseous O,; v = 10 mV/s, Fy, = 100
c¢cm® STP/min.
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in the area of both peaks until at ty, = 240 s only a
background current is obtained (Fig. 3). Peak A disap-
pears faster than peak B.

It is also worth noting in Fig. 3 that the open-circuit
catalyst potential (I = 0, Vg = V%) shifts gradually to
more negative values with increasing ty.. This is because
V9r is determined via the Nernst equation (1-6)

Vi = %Z In [ag/(0.21)""] (4]
by the activity a, of oxygen adsorbed on the Ag catalyst,
where F is Faraday’s constant and 0.21 is the activity of
gaseous oxygen at the reference electrode. Consequently
the decrease in V{ with ;. is due to the desorption of
oxygen from the catalyst and to the concomitant decrease
in oxygen activity. It is worth noting in Fig. 3 and subse-
quent figures that a peak disappears with increasing 7,
when V {; drops below the characteristic peak maximum
potential value, denoted by E,. This is because each E,
value corresponds, provided the peak is “‘reversible’” (31,
32, 36) as discussed below, to a certain, characteristic for
each adsorbed oxygen species, oxygen activity (or oxygen
chemical potential) value and thus when the surface oxy-
gen activity is below this characteristic value the corre-
sponding oxygen species cannot remain adsorbed on
the surface.

Figure 4 shows PPR spectra of oxygen adsorbed on
Ag obtained by ‘‘electrochemical oxygen dosing’” of the
catalyst surface via reaction (3), i.e., by applying a small
(0.2 V) positive potential and thus supplying the adsorbing
oxygen via the solid electrolyte instead of via the gas
phase. As can be seen by comparing Figs. 3 and 4 both
methods result in the same PPR spectra. This shows that
“*electrochemical dosing’’ can be used to simulate oxygen
adsorption from the gas phase provided the applied over-
potential is small (0.2 V) to avoid the complications arising
from the generation of anionic oxygen spillover species
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FIG. 4. Effect of desorption time ty, on the PPR spectrum of oxygen
adsorbed on Ag after electrochemical supply of oxygen (Vyy = 0.2 V
for 60 s); conditions as in Fig. 3.
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causing NEMCA (28). Electrochemical oxygen dosing is
more convenient for obtaining PPR spectra than gas phase
dosing because in this way the entire experiment is carried
out under continuous ultrapure He fliow. Thus in subse-
quent PPR spectra, unless otherwise specified, oxygen
was dosed through the electrolyte.

The two oxygen peaks A and B in the PPR spectra of
Figs. 3 and 4 show clearly the existence of two different
oxygen species on the Ag catalyst. The significant (120
mV) difference in the peak potential E, values shows
substantially different thermodynamic properties for the
two oxygen species; i.e., species A has significantly higher
chemical potential and thermodynamic activity than spe-
cies B and is also more active for desorption and for
electrochemical reduction.

Previous studies of the adsorption of oxygen on Ag
surfaces (21, 39~45) and in particular the use of TPD,
isotope exchange and XPS have clearly established the
existence of three main types of oxygenon Ag, i.e., molec-
ular, atomic, and subsurface oxygen.

Molecular oxygen, usually termed a-state oxygen in
TPD spectra (39), desorbs at temperatures below 200°C
(39, 40) and therefore could not be observed in the present
study, since ionic conductivity considerations limit the
use of the present technique to temperatures above 300°C.

Atomic oxygen, i.e., 8-state oxygen in TPD spectra
(39), is the active species for most Ag-catalyzed partial
and complete oxidation reactions (40, 44) and desorbs at
temperatures around 350°C (40). It gives rise to peak A
of the present investigation according to the reaction:

O@a) + Vi + 2¢' = Og. (5]

Peak B is therefore due to the third type of oxygen on
Ag. i.e., subsurface oxygen usually denoted as y-state
oxygen in TPD spectra (39). Subsurface oxygen is known
to affect significantly the chemisorptive properties of Ag
surfaces (40). Its presence is a necessary condition for
obtaining high selectivity to ethylene oxide during ethyl-
ene epoxidation. It gives rise to a broad TPD peak cen-
tered near 600°C (39), rapidly exchanges with atomic oxy-
gen (39), and can be slowly cleaned off by reaction with
CO (40) or with C,H, (21).

Effect of oxygen dosing time and potential sweep
rate. Before discussing the kinetic and thermodynamic
information which can be extracted from PPR spectra,
it is useful to first describe the effect of two important
operational variables on the quality of PPR spectra.

The first variable is the amount of oxygen dosed on the
surface, which dictates the oxygen coverage at the tpb.
As shown in Fig. 5 increasing oxygen coverage obtained
by increasing the holding time fy at a mildly positive
potential has a very small effect on the peak potentials
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FIG. 5.
PPR spectrum of oxygen adsorbed on Ag; ty, = 10s; v =
Fy. = 100 cm® STP/min.

Effect of potential holding time f;; at Vg = 0.2 V on the
5 mV/s,

E, for the case of oxygen adsorption on Ag. This is not
the case for Pt as discussed below. The insensitivity of
E, on the amount of oxygen dosed in the case of Ag
suggests weak lateral adsorbate interactions. Conse-
quently, increasing holding time 7, increases the height
of the peaks but has very small effect on their position.

The second operational variable which seriously affects
the quality of PPR spectra is the potential sweep rate v.
An example is shown in Fig. 6. Decreasing sweep rate v
improves significantly the separation of the two peaks A
and B. This is because at the limit of very low v values
the PPR peaks become reversible in the electrochemical
sense (32, 36); i.e. the same E, value is obtained in the
anodic (/ > 0) and cathodic (I < 0) potential sweep and
then E, is a true thermodynamic quantity. For high sweep
rate values, E, decreases due to electrokinetic considera-
tions (32, 36) and conveys no useful thermodynamic infor-
mation (36). All the E, values reported below and denoted
by E, .. are extrapolated E, values for v = 0. Thus, in
general, as low v values as possible must be used in PPR.
However decreasing v causes an increase in the desorp-
tion time and thus a decrease in the amount of adsorbed

30 . ——

|

Ag, 380°C

Sweep Rate , mV/s

LSRRI I B S0 ot e L B R

I 10
0 /\/1_\7\1—‘1—
0.0 -02 -04 -06 -08 1.0
Vo - V

FIG. 6. Effect of sweep rate v on the PPR spectrum of oxygen
adsorbed on Ag; f; = 30's, Vg = 0.2V, 1y, = 108, Fy, = 100 e’
STP/min.
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oxygen and in peak height (Fig. 6). Consequently, an
optimal compromise must be sought in each system to
ensure both high signal and reversibility, i.e., constant E,,.

Desorption Kinetics

As shown already in Figs. 3 and 4, increasing desorption
time f,,, causes a more pronounced decrease in peak A
than in peak B. This is reasonable in view of the fact that
chemisorbed atomic oxygen is expected to desorb faster
than subsurface oxygen (21, 40).

The peak areas in PPR spectra, corrected for the resid-
ual current, provide a direct measure of the total charge
associated with the reduction of adsorbed species at the
vicinity of the tpb Ag-solid electrolyte-gas. This was
verified by repeating the potential sweep and obtaining
no residual oxygen peaks.

Consequently the amount of oxygen adsorbed at the
vicinity of the tpb (atomic oxygen or subsurface oxygen)
can be computed from

JJde [ IdE

O.tpb = 2F ZUF [631
JIdE
No,submpb = —%va [6b]

where vis the sweeprate (mV/s). The usefulness of Eq. [6]
for estimating the length / of the three-phase-boundaries
metal-YSZ-gas has been discussed previously (31). For
most metals (1, 21, 31) the parameter [ is proportional to
the exchange current ; of the metal-YSZ interface. This
parameter is important both for NEMCA studies (1) and
for the performance of solid oxide fuel cells (1, 12, 13).
Figure 7 depicts the kinetics of desorption of atomic
oxygen and subsurface oxygen obtained from Figs. 3 and
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Kinetics of desorption of atomic oxygen and subsurface
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4 via Eqgs. [6]. Both types of oxygen exhibit near first-order
desorption from the entire electrode surface by using the
isothermal surface titration technique (1, 21). The first-,
rather than second-, order desorption kinetics are due to
the high oxygen coverages (1). The apparent first-order
desorption rate constants &y extracted from Fig. 7 for
atomic and subsurface oxygen are 5.9 x 1072 s™! and
5.2 x 1073 s71, resepctively, at 380°C.

Figure 8 shows the desorption kinetics of atomic oxygen
at various temperatures. In all cases first order kinetics
are observed. The intersect at ¢y, = 0 gives the maximum
amount of atomic oxygen adsorbed at the tpb (Ng ,, =
107? g-atom Q). For comparison purposes the total maxi-
mum amount of oxygen adsorbed on the entire gas-ex-
posed Ag catalyst surface was measured via the isother-
mal surface titration technique and found to equal Ny =
3 x 1077 g-atom O. Consequently the electrocatalytically
active surface area of the Ag catalyst film (tpb plus adja-
cent sites) accounts for 0.3% of the total catalyst surface
area in qualitative agreement with previous results and
theoretical models (31).

Figure 9 shows the temperature dependence of the de-
sorption rate constant of atomic oxygen. The activation
energy for desorption extracted from the Arrhenius plot
is 20 kcal/mol, which is lower than most literature values
for the B-state (atomic oxygen) obtained via TPD under
UHYV conditions (39, 40, 45), i.e., 30-35 kcal/mol, but
closer to values obtained via isothermal desorption and
titration under atmospheric pressure conditions at high
oxygen coverages (4, 6). In fact, as also shown in Fig. 9,
the measured k, values are in very good agreement with
literature k4 values for atomic oxygen desorption from
the entire Ag catalyst surface of similar YSZ-supported
Ag films using the isothermal desorption titration tech-
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FIG. 8. Effect of temperature on the desorption Kinetics of
atomic oxygen.
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FIG. 9. Temperature dependence of the desorption rate constant of
atomic oxygen kq and comparison with literature values of k, for desorp-
tion from the entire gas-exposed Ag electrode surface.

nique (4, 6). This shows that no significant difference
exists in the binding energy and thermodynamics of oxy-
gen adsorbed at the tpb and over the entire gas-exposed
catalyst surface.

Thermodynamics of adsorption. The peak potentials
E, convey useful thermodynamic information, to the ex-
tent that the sweep rate v is slow enough so that the peak
is reversible (36).

Under such conditions E, is related to the chemical
potential Roya Of the adsorbed oxygen species being re-
duced via:

1
E,= aF (Boya) — HoLR) > (7]

where o, g is the chemical potential of oxygen at the
reference (R) electrode; ug, g is always equal to the chemi-
cal potential uo, g Of oxygen in the reference gas phase,
i.e., in air. The chemical potential ug ), however, of
oxygen adsorbed on the catalyst surface does not, in gen-
eral, equal the gas phase oxygen chemical potential in the
cell o, during the PPR measurements. When pq,, and
o, are equal, e.g., at the end of the adsorption process,
when equilibrium for oxygen adsorption is established,
then Eq. [7] reduces (Ref. (1)) to the usual Nernst equation

RT
E V?NR = -4-?11’1 (P02/P02,R) N [8]

where £, and P, i are the oxygen partial pressures in
the cell and the reference air compartment, respectively.

During oxygen desorption, however, wo,q is signifi-
cantly lower than ug,. In fact, it is the difference
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Moy — Moyg Which is the driving force for oxygen desorp-
tion. By taking into account that

Ko, R = M0, T 4F Vg, (91

where Vg is the reference electrode potential (po, = 21
kPa) with respect to the standard oxygen electrode poten-
tial (po, = 101.3 kPa) and w, is the standard (po, = 101.3
kPa) chemical potential of gaseous oxygen at the operating
temperature 7, it follows from Eq. [7] that

1 s
Ep == VR + —47:—(“'02@) - FLOZ)’ [10]

where the reference electrode Vy is easily computable via
RT
Ve = ﬁln (21 kPa/101.3kPa) = —0.39 RT/F. [11]

When oxygen is adsorbed associatively, i.e.,

0,(g) — O,(a), (12]
then it follows from Eq. [10] that the standard Gibbs free
energy change AG® of the adsorption process (12) is

AG® = po ) — o, = 4F(E, + Vi) (13]

or, equivalently,

AG° = 4FEP.I'CV’ [14]

where

E

p.rev

=E, + Vg [15]
and £ is the extrapolated E, value for v = 0. It should
be noted that the standard state of adsorbed oxygen in
Eqgs. [13] and {14] is that corresponding to the operating
temperature T and to the potential £ ...
When oxygen is adsorbed dissociatively, i.e.,
0,(g) — 20(a), [16]
then the chemical potential uq,,, can be expressed as
Mo = 2Howm» Where ug is the chemical potential of ad-
sorbed atomic oxygen and 2uy expresses the chemical
potential of gaseous oxygen that would be in equilibrium

with adsorbed oxygen if such an equilibrium were estab-
lished (1). Therefore, Eq. {10] is written:

1 o
Ep = _VR + ﬁ(zﬂ.«o(a) - [LOZ). [17]
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Consequently the AG® of the adsorption process (16) can
be written as

AG® =2up — ud, = 4F(E, + Vi), (18]
and thus Eq. [14] is obtained again. In the above expres-
sion the atomic adsorbed oxygen standard state is again
that corresponding to £, ., and 7. Consequently Eq. [14]
holds regardless of the associative, dissociative, or sub-
surface nature of oxygen adsorption.

As an example, at 380°C (Figs. 3 and 4) £, ., is —115
mV for peak A and —240 mV for peak B. Consequently
AG® is computed to equal —10.6 and —22 kcal/mol O,, re-
spectively.

Since from thermodynamics

AG®° = AH®° — TAS® [19]
one can rewrite Eq. [14] as
LA LA
Eyev = AF T aE [20]

It therefore follows that by studying the temperature
dependence of E; ., one can extract both the standard
enthalpy change and standard entropy change of the ad-
sorption process (16). The former equals the negative of
the heat of adsorption.

Figure 10 shows the effect of temperature and #, on
the PPR spectra of oxygen adsorbed on Ag, obtained at
constant v. At lower temperatures, the peak separation
is not good because the electroreduction kinetics are slow
and the peaks are not reversible. Thus lower v value had
to be used to ensure reversibility at the low temperature
range to extract the E, ., vs T dependence shown in Fig.
11. As shown in Fig. I, E, ., increases with T in good
qualitative agreement with Eq. [20], since AS® is expected
to be negative for a chemisorptive process. By combining
Fig. 11 and Eq. [20] one obtains

AHS = —18(=9%kcal/mol, AS} = —12(x7)cal/mol - K,
AH} = —50(*20)kcal/mol, and
AS§ = —38(=17)cal/mol - K,

where the error limits correspond to a 95% statistical
confidence level.

The AH; value is in very good agreement with the
measured activation energy for atomic oxygen desorption
(20 kcal/mol). The ASS value is small but reasonable if
one takes into account the expected high surface mobility
of adsorbed atomic oxygen. The —AHj and —AS§ values
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FIG. 10. Temperature effect on the PPR spectra of oxygen adsorbed
on Ag; ty = 60 s, Vygp = 02 V, Fy, = 100 cm® STP/min, v =
20 mV/s for T = 430°C, and v = 10 mV/s for other temperatures.

for subsurface oxygen are both high but reasonable. In
general the E, ., variation with 7 is rather small (~30 mV
for each 100 K) and consequently the determination of
AH® and AS® is subject to significant experimental error
in the present exploratory study. Nevertheless, Eqs. [14]
and [20] in conjunction with PPR offer, in principle, a
unique opportunity to study the thermodynamics of ad-
sorption on metal surfaces.

Pt Catalyst Films

The chemisorption of oxygen on Pt surfaces has been
the subject of numerous papers and reviews (46-51).
There is general agreement that above 300 K oxygen ad-
sorption is dissociative. The adsorption/desorption kinet-
ics have been studied by TPD (46-51), molecular beam
scattering (50), Auger spectroscopy (51), and work func-
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tion measurements (47). On Pt (111) the atomic oxygen
peak desorption temperature is near 450°C (usually de-
noted as @-state), while molecularly adsorbed oxygen
which desorbs below 300 K is usually termed the a-state
(48). The desorption kinetic constant k; from the Pt(111)
surface, which is expected and has been shown by STM
(1) to be the dominant surface plane of the polycrystalline
films used here, has been expressed by Campbell et al.
(50) as

kg = vyexpl—(E4o + wlp)/RT], [21]

with v, = 2.4 X 1072 (cmy/s - atom), E, , = 50.9 kcal/mol,

and w = —10.0 kcal/mol, and by Yates and co-workers
(48) by the same expression with E; 5 = 48.0 kcal/mol,
» = —5.3 kcal/mol, and v, = 1.5 x 1073 (cm?/s - atom).

As shown below, these kinetic constants are in excellent
agreement with the present results.

On stepped surfaces, e.g., Pt(112), Yates and co-work-
ers (48) found that the B-state splits into two states 8,
and B, of which the more weakly bound state 3, exhibits
attractive lateral interactions and the (3, state exhibits
repulsive lateral interactions (48).

Figure 12 shows typical PPR spectra obtained with a
polycrystalline Pt film after dosing with oxygen through
the solid electrolyte (Vg = 0.2 V for 30 s). When low
oxygen potentials are used, only one oxygen peak is ob-
tained as shown in Fig. 12. This peak clearly corresponds
to atomic oxygen, i.e. to peak ‘8"’ in TPD spectra of
oxygen on Pt (48). The E, value is between ~50 and —150
mV and, as also shown in Fig. 12 and discussed below,
increases with increasing temperature. This is consistent
with the negative AS® of oxygen adsorption (Eq. [15]).
Figure 12 also depicts the effect of desorption time (1y,)
on the PPR spectrum and consequently also demonstrates
that oxygen coverage has an important effect on E. At
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FIG. 11. Temperature effect on the reversible peak potentials, E ..,
of oxygen peaks A (atomic oxygen) and B (subsurface oxygen).



248
60
F p
£ Pt , 500°C
Haof
~
I 20F
O:All AL IRE ISREREEN Ladaassaatlaaaaiagay legiataaay
0.2 0.0 -0.2 -0.4 -0.68 -0.8
Ve . V
60
E Pt , 450°C
E tge S
F40f p
-
I 20t

0
0.2 0.0

JIANG, YENTEKAKIS, AND VAYENAS

60
: P .
F Pt . 476°C
3 the .8
140:
3 10
3 25
- 50
b 80
I 20F 1%
;
E
O:AAAAlll Adaita ol leasataralangiianad
0.2 00 -02 -04 -0.68 -0.8
Ve . V
60
b Pt , 428°C
E tae .8
F40f P

T TY T YT YT T T Y

1]
0.2 0.0

-0.2
Vo . V

-04 -06 -08

FIG. 12. Effect of desorption time ;. and temperature on the PPR spectrum of oxygen adsorbed on Pt; ty = 30s, Vyg = 02 V, v =

10 mV/s, Fy. = 100 cm® STP/min.

higher temperatures (478° and 500°C) E, shifts to more
positive potentials with increasing oxygen coverage. This

could imply either strong repulsive interactions between
the adsorbed oxygen atoms or significant heterogeneity
of the adsorption sites on the polycrystalline Pt film, with
the lower energy sites occupied first, or both. However,
as also shown in Fig. 12 at lower temperatures (T = 428°C)
the situation changes and E, shifts to more negative poten-
tials with increasing oxygen coverage. This shows that
adsorption site heterogeneity must play a limited role.
This observation is clearly indicative of attractive interac-
tions between the adsorbed oxygen atoms. This is in ex-
cellent agreement with the work of Yates and co-workers
(48), who have found that on Pt(112) there exist two
atomic adsorption states (8,, 8,) with desorption maxima
at 417 and 487°C, of which the more weakly bound state
B, exhibits attractive interactions and the more strongly
bound state 3, exhibits repulsive interactions. This behav-
iour is nicely manifested in Fig. 12 (T = 450°C) where,
upon decreasing oxygen coverage, E, first increases (at-
tractive interactions corresponding to desorption of the
more weakly bound oxygen, i.e., state 8, of Yates and
co-workers) and then decreases (repulsive interactions
corresponding to desorption of the more strongly bound
oxygen, i.e., state 3, of Yates and co-workers).

These trends are shown clearly in Figs. 13 and 14. Thus
Fig. 13 shows the effect of the amount of oxygen adsorbed
at the tpb (No,,,) computed by integration of the PPR
peaks (Eq. [6]) and of the relative oxygen coverage 6, on

the peak potential E,. The relative oxygen coverage 6,
scale has been constructed by assigning the value of unity
to the maximum measured amount of oxygen adsorbed
at the tpb, i.e., 2.6 x 107 g-atom O.

As shown in Fig. 13 repulsive interactions (increasing
E,) dominate at low coverages and attractive interactions
(decreasing E) appear at high coverages.

By cross plotting the data of Fig. 13 one obtains Fig. 14,
which depicts the effect of temperature on E; at constant
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FIG. 13. Effect of the amount of adsorbed oxygen and of oxygen
coverage on the peak potential of atomic oxygen on Pt.
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FIG. 14. Temperature effect on the peak potential of atomic oxygen
on Pt at constant oxygen coverage.

values of the oxygen coverage. The observed linear de-
pendence conforms nicely to Eq. [20]. However, as dis-
cussed below, the extracted AH® and AS® values can be
taken only as first approximations.

As shown in Fig. 15 prolonged (z; > 100 s) application
of a more positive potential (Vyz = 0.3 V) leads to the
formation of a second oxygen peak (labeled & in Fig. 15).
This second peak has also been obtained during cyclic
voltammetric investigation of Pt electrodes deposited on
YSZ (32).

It has been also recently shown by XPS (28) that pro-
longed application of positive Vyg values results in the
spillover of significant amounts of oxidic oxygen from the
Y SZ lattice on the Pt surface. The coverage of this anionic
and relatively unreactive (28) oxygen species with Ols
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FIG. 15. Effect of holding time 1y at a potential Vyg = 0.3 V on the

PPR spectrum of oxygen adsorbed on Pt at P, = 0.1 kPa; v =
30 mV/s, Fy, = 100 cm® STP/min. i
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binding energy at 528.8 eV (vs 530 eV for normally chemi-
sorbed atomic oxygen (28)) can be comparable to that of
normally chemisorbed oxygen as the two species coexist
on the Pt surface (28). This anionic oxygen species has
been shown to act as a promoter by weakening the Pt-
atomic oxygen bond (1, 11, 28) and to cause NEMCA
when using YSZ as the solid electrolyte (28). Conse-
quently the second oxygen peak labeled 6 in Fig. 15 must
be attributed to spillover oxidic oxygen (28). The fact that
the E,, of the 8-state is more negative than the E of the 8-
state (normally chemisorbed atomic oxygen) is consistent
with its significantly lower reactivity (1, 28) which allows
it to act as a promoter in NEMCA studies (1, 28). The
possible relationship of this anionic oxygen species with
the formation of subsurface oxygen or surface PtO,
(52-56) is not yet clear. The present exploratory PPR
study has focused on normally chemisorbed atomic oxy-
gen, i.e., peak B.

Desorption kinetics. Figure 16 shows the kinetics of
atomic oxygen desorption; i.e., it depicts the time evolu-
tion of Ng ,,, computed by integration of the PPR peaks
(Eq. [6]). The maximum amount of oxygen adsorbed at
the tpb is 2.6 x 107 g-atom O. Similarly to the case of
atomic oxygen desorption from Ag, the kinetics can be
adequately described as a first-order desorption process
(Fig. 16). Similar behaviour has been observed for the
desorption of atomic oxygen from polycrystalline Pt films
when using the isothermal desorption-surface titration
technique (1, 5, 8). Most previous workers have extracted
amodified second-order dependence from their TPD spec-
tra with a coverage-modified desorption activation energy
(48, 50), i.e., Eq. [21], but in reality the situation is more
complex, as shown by the isothermal desorption spectra
of Yates and co-workers (48) and by the ‘‘autocatalytic”
nature of the desorption of the 8,-state from Pt(112) (48).
It is likely that the difference in the observed apparent

Pt Catalyst

10t

No.tpb ,x10™"° g—atom O

......................................

400
tHe y S

FIG. 16. Temperature effect on the Kinetics of atomic oxygen de-

sorption from Pt.
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desorption kinetics may be due to the higher pressures
of the present investigation although, as subsequently
shown, there is excellent qualitative agreement regarding
the normalized values (molecules/(cm?®s)) of atomic oxy-
gen desorption from the present study and from the stud-
ies of Campbell et al. (50) and of Yates and co-workers
(48).

Figure 17 shows the temperature dependence of the
first-order desorption rate constant k4(s™') obtained from
the slopes of Fig. 16. The extracted desorption activation
energy (40 kcal/mol) is in reasonable agreement with liter-
ature values for high oxygen coverages (46-51).

Figure 18 compares the normalized desorption rate R,
values (molecules/cm?s)) of atomic oxygen from the pres-
ent work and from the works of Campbell ¢ al. (50) and
of Yates and co-workers (48). To this end we have used
the Pt(111) surface density (d = 1.5 x 10" atoms/cm?)
and a maximum absolute oxygen coverage of 0.25 (48,
50) to express our data on the basis of the observed first
order desorption kinetics (Fig. 17), i.e.,

Ry = (0.25d) k40, [23]

The computed values are compared with those directly
computed from Refs. (48) and (50) via Eq. [21]. The ob-
served excellent qualitative agreement corroborates the
reliability of the PPR technique for studying desorption ki-
netics.

Thermodynamic considerations. The measured E,
values for the S-state of oxygen are of the order of —100
mV (Figs. 12-15) and allow, in principle, the computation
of AG” for the adsorption process (16) via Eqgs. [14] and
[15]. Thus at 450°C and a relative oxygen coverage of 0.5
itisE, ., = —110 mV, and consequently AG® is estimated

to be —10 kcal/mol O,. As shown in Fig. 13 for low 6,
values E, increases with 6, and the increase is almost
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FIG. 17. Arrhenius plot of the desorption rate constant Ay of
atomic oxygen.
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linear, consistent with the assumptions of the Temkin
isotherm (31), i.e., consistent with a linear decrease in the
heat of adsorption with coverage due to lateral repulsive
interactions. For higher 6, values E, starts to decrease
with 6, which indicates attractive lateral interactions,
consistent with the observations of Yates and co-workers
for the more weakly bound state 8, (48).

The observed linear increase in E, with T at fixed 6
(Fig. 14) is consistent with Eq. [20]. It gives —AH° values
of 60(=25) kcal/mol, where again the error limits corre-
spond to a 95% statistical confidence level. The average
value of 60 kcal/mol is somehow larger than expected
(46-51) for the relatively high oxygen coverages of this
investigation and also larger than the measured activation
energy of desorption (40 kcal/mol). The computed —AS®
values are —67 (*35) cal/mol - K. The average is signifi-
cantly larger than the expected —40 to —45 cal/mol - K
(53). However, it is quite reassuring for the PPR technique
that all the literature —AH° and —AS° values (46-53) are
within the undoubtedly broad error limits of the present
exploratory study. In general the extraction of AH° and
AS° via the temperature dependence of E; is expected to
be less accurate than the extraction of AG®. There are,
however, two additional factors which must have contrib-
uted to the high computed average values of |AH°| and
|AS°| in the present study. First, there must have been
some irreverisiblity of the PPR oxygen peak. Since Pt is
not as good an electrocatalyst as Ag for the charge-trans-
fer reaction (2) and (3) (Ref. (1)), i.e., since it has in
general a lower /; value than Ag (1), it follows that it is
in general more difficult to obtain a truly reversible oxygen
reduction peak (36). Second, it is well established (1,
19-21) that application of negative potentials, i.e., de-
creasing catalyst work function in the type of solid electro-
lyte supported catalysts studied here, causes in general
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a strengthening in the Pt-O bond (1, 11). This is qualita-
tively consistent with the measured higher |AH°| values.
Thus a negative overpotential of 0.15 V, causing (I, 11)
a work function decrease of 0.15 eV, is expected to cause
an increase up to 0.15 eV/atom O, i.e., up to 7 kcal/mol
O, in the heat of adsorption of oxygen relative to its open-
circuit value (1, 19). This change in binding strength with
changing catalyst potential and work function is intimately
related to the origin of NEMCA (I, 11, 19) and is conse-
quently a small disadvantage of the PPR technique. Nev-
ertheless, at least in the present case of oxygen chemisorp-
tion on Ag and Pt, and peak potentials E, appear at
relatively small overpotentials (—0.1to —0.25 V) and con-
sequently the increase in the binding strength of electron-
acceptor adsorbates, such as oxygen, is rather moderate.

CONCLUSIONS

Preliminary experiments have shown that PPR is a use-
ful new technique for detecting different oxygen species
on conductive catalysts. The PPR technique can give use-
ful information about the thermodynamics of adsorption
(AG” and via temperature variation AH® and AS°) and can
be used for the investigation of adsorption and desorption
kinetics. The main disadvantage of the technique is that
it is limited to conductive catalysts supported on solid
electrolytes. Also the applied potential may have a moder-
ate effect on the measured kinetic and thermodynamic
gquantities. The main advantages are isothermality and in
situ applicability without any high vacuum requirements.
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