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The effect of electrochemically pumping O?~ to or from a porous polycrystalline Pt catalyst film
used for CO oxidation at atmospheric pressure and temperatures 250-600°C was studied. The Pt
film served both as a catalyst and as an electrode of the solid electrolyte cell CO, O,, Pt/ZrO, (8
mole% Y,0,)/Pt,0,. Under open-circuit conditions the Pt catalyst film operates as a regular CO
oxidation catalyst. It was found that electrochemical O?>~ pumping has a dramatic non-Faradaic
effect on the steady-state and oscillatory behavior of CO oxidation on Pt. The steady-state reaction
rate typically increases or decreases by a factor of 2 but a 500% increase in reaction rate is observed
under severely reducing conditions. The induced changes in reaction rate are typically two orders
of magnitude higher than the rate of O? transfer to or from the catalyst and are always accompa-
nied by the appearance of activation overpotential at the catalyst electrode. Reaction rate oscilla-
tions can be induced or stopped at will by adjusting the rate of O*- transfer and consequently the
potential of the catalyst—electrode. The frequency of electrochemically induced oscillations is
linearly related to the applied O?- current. The observed phenomena are completely reversible and
are due to electrochemically induced changes in the oxidation state and catalytic properties of the
platinum surface. These changes appear to result from changes in the work function of the metal
due to the interaction of O anions with the Pt surface. The very pronounced reaction rate increase
upon O?~ removal under reducing conditions appears to be caused by CO decomposition followed

by fast carbon combustion by gaseous O;.

INTRODUCTION

The oxidation of CO on Pt is one of the
most extensively studied catalytic reac-
tions. Despite a very large number of ex-
perimental and theoretical studies there are
still several unresolved questions regarding
the exact reaction mechanism and the ori-
gin of the hysteresis, steady-state multiplic-
ity, and limit cycle phenomena observed
under both atmospheric and low-pressure
conditions. Sheintuch and Schmitz (/) and
Slin’ko and Slin’ko (2) have reviewed work
prior to 1977. The surface science aspects
of the CO/O,/Pt system have been reviewed
by Engel and Ertl (3) while mathematical
modeling work prior to 1985 has been re-
viewed by Sheintuch (4). Both experimen-
tal and modeling work prior to 1985 have
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been thoroughly reviewed by Razon and
Schmitz (5).

One of the most intriguing features of the
Pt-catalyzed CO oxidation is its oscillatory
behavior. Most of the recent work in this
area seems to support the idea that the ori-
gin of oscillations is different at atmo-
spheric pressure and under UHV condi-
tions. Recent atmospheric pressure studies
of CO (6-9) and ethylene (10-12) oxidation
on Pt have provided strong experimental
evidence that the oscillatory phenomena
are caused by formation and decomposition
of surface PtO,. Several surface spectro-
scopic techniques have been used to posi-
tively identify surface PtO, (13, 14) and to
compare its dissociation pressure with that
obtained under atmospheric pressure con-
ditions (12, 14, 15). At low pressures (10~
Torr) the origin of oscillations appears to be
different (16—18). It was first shown by Ertl
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and co-workers that at low pressures sus-
tained oscillations appear only on the
Pt(100) surface and that during oscillations
the surface undergoes periodic structural
transformations between the (1 X 1) phase
and a reconstructed hexagonal structure
(16). Subsequent work by other groups has
confirmed these low-pressure findings but
has also provided strong evidence that at
atmospheric pressure the oscillations are
due to formation and decomposition of sur-
face PtO, (19, 20).

The use of solid electrolyte cells as 0%~
pumps to alter and to control the thermody-
namic activity of adsorbed oxygen and con-
sequently to influence the rate and selectiv-
ity of metal-catalyzed reactions has been
demonstrated recently in a number of stud-
ies: Mason, Huggins, and co-workers found
that the rate of NO decomposition on Pt
and Au can be significantly increased by
electrochemical O?~ pumping from the cata-
lyst—electrode (21, 22). Stoukides and Va-
yenas found that both the rate and the
selectivity of ethylene and propylene epoxi-
dation on silver can be affected by O
pumping (23-25). Gir and Huggins showed
that O~ pumping from Fe, Co, and Ni cata-
lyst—electrodes can increase significantly
the rate of CO hydrogenation (26, 27). They
attributed their results to an enhancement
of the C-O bond scission rate. Otsuka et al.
found that the product selectivity of meth-
ane oxidation on Ag-Bi,Oj; catalysts can be
markedly affected by O?~ pumping (28).
Similar conclusions were reached by
Seimanides and Stoukides who used Ag-
MgO catalysts (29). More recently Ha-
yakawa et al. found that propylene can
be selectively oxidized to acrolein by O?~
pumping to an inert gold film (30). A com-
mon feature of some of these recent studies
(23-25, 43) is that the change in reaction
rate is non-Faradaic; i.e., it can be signifi-
cantly higher than the rate of O transport
to or from the catalyst. This indicates that
significant changes are occurring to the cat-
alyst itself due to O~ pumping. A quanti-
tative description of these non-Faradaic

171

electrocatalytic phenomena is not possible
within the framework of classical Lang-
muir—Hinshelwood or Eley-Rideal models,
unless one postulates the creation of new
active centers (23, 24) or changes in the
binding energies of chemisorbed species.
Progress in the area of catalytic and electro-
catalytic reactions in solid electrolyte cells
has been recently reviewed (43).

Stabilized zirconia cells with appropriate
catalytic electrodes have also been used for
the simultaneous generation of electrical
power and chemicals such as NO (31, 32),
styrene (33, 34), and butadiene (35). In
these systems it was also found that reac-
tion rate and product selectivity are influ-
enced by the O current produced by the
cell. However, in these cases the observed
effects were Faradaic and conld be repro-
duced by supplying the equivalent amount
(i/4F) of oxygen from gas phase (43).

In the present paper we examine the ef-
fect of O?~ pumping on the rate of CO oxi-
dation. Similar cells operating in a passive
potentiometric mode have been used to
monitor emf oscillations and to study the
mechanism of CO oxidation on Pt (36-40).

EXPERIMENTAL METHODS

The experimental apparatus, including
the zirconia flow reactor, is similar to the
one used in previous papers (10, 11, 23-25)
and has been described in detail recently
(40). Reactants and products of the zirconia
continuous flow reactor which was oper-
ated at atmospheric pressure were analyzed
by three independent techniques:

(a) On-line gas chromatography for CO,
CO,, 0,, and N, using a Perkin-Elmer
sigma-3b gas chromatograph with a TC de-
tector. A Porapak Q column was used to
separate air and CO, and a molecular sieve
5A column was used to separate N, O,,
and CO.

(b) On-line mass spectroscopy using a
Balzers QMG 311 quadrupole mass spec-
trometer with a continuous gas sampling
system and a QDP 101 data processor
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which allowed simultaneous recording of
the CO; and O, transients during the experi-
ments.

(c) On-line IR spectroscopy using a
Beckman 864 nondispersive CO, analyzer
with a response time of 0.5 s which gave a
higher sensitivity to the effluent CO, signal
than the mass spectrometer, due to the un-
avoidable vacuum system background
noise at AMU 44,

Reactants were Linde standard CO di-
Iuted in N, and Linde standard synthetic
air. They could be further diluted with ul-
trapure (99.999%) N,. It was found neces-
sary to preheat the reactants at 350°C in a
spiral Pyrex tube placed before the reactor
in order to completely decompose Fe car-
bonyl formed in the CO cylinder over long
periods of time.

The zirconia flow reactor shown sche-
matically in Fig. 1 has a volume of 30 cm?
and has been shown to be well mixed
(CSTR) over the range of flow rates used in
the present study by obtaining the reactor
residence time distribution with a nondis-
persive IR CO, analyzer (10). All results
presented here were obtained with a total
volumetric flow rate of 4.23 cc STP/s.

The porous Pt catalyst film was deposited
on the flat bottom of a stabilized zirconia
tube (8 mole% yttria-stabilized zirconia) by
applying a thin coat of Engelhard Hanovia
A 1121 Pt paste, followed by drying and
calcining in air at 750°C for 2 h and subse-
quent treatment in a boiling 1 N HNO; solu-
tion for 1 h to remove surface impurities

YENTEKAKIS AND VAYENAS

Solid
Electrolyte

lGaIvanosfa!

Reference
electrode

Counter |(Air
electrode |

Fi1G. 1. Schematic diagram of the cell.

(38). The Pt film, approximately 5 um thick,
was examined ex situ by XPS using an
AlKa source (1486.6 eV). The only detect-
able impurities were C and O both before
and after reaction (46). The superficial sur-
face area of the film was 2 cm?. The true
surface area, too low to be measured accu-
rately by BET, was measured by a chemical
titration technique using the CO, IR ana-
lyzer as described elsewhere (10, 40). The
reactive chemisorbed oxygen uptakes of
the three different catalyst films used in the
course of the experiments are given in Ta-
ble 1. The Pt catalyst film couid also serve
as the working electrode of the solid elec-
trolyte cell shown in Fig. 1, i.e., CO, O,,
CO,, Pt/ZrO, (8 mole% Y,03)/Pt, air.

Two similar porous Pt films were depos-
ited on the outside bottom wall of the stabi-
lized zirconia tube as shown in Fig. 1. Both
were exposed to ambient air. One of them,
with a superficial surface area of 1.2 cm?,
served as the counter electrode, and the
other, with a superficial area of roughly 0.1
cm?, served as a reference electrode.

The flat bottoms of the zirconia solid

TABLE 1
Reactor Reactive oxygen Relaxation times
uptake of
catalyst—electrode i>0 i<0
(no/g atom O)
Experimental Computed Experimental Computed
(7/min) ((2Fno/i)/min) (r/min) ((2Fno/i)/min)
1 3.64 x 1077 1.0 (i = 0.9 mA) 1.30 1.6 i = —0.6 mA) 1.96
2 1.90 x 1077 2.5 = 0.4 mA) 1.33 2.4 (i = —0.6 mA) 1.02
3 1.34 x 1077 0.5 ( = 0.9 mA) 0.48 0.75 (i = —0.6 mA) 0.72
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electrolyte tubes were diamond polished to
thicknesses of the order of 400 um in order
to reduce the resistance of the cell.

Constant currents or voltages were ap-
plied between the working and the counter
electrodes by means of an AMEL 35353
galvanostat—potentiostat. The catalyst tem-
perature was controlled within 2°C and also
measured with a second thermocouple at-
tached to the wall of the stabilized zirconia
tube at a distance of I mm from the counter
electrode. The open end of the stabilized
zirconia tube was clamped to an appropri-
ately machined water-cooled stainless-steel
cap. The cap had provisions for introduc-
tion of reactants and removal of products
through Pyrex tubes and also for introduc-
tion of a Pt wire partly enclosed in a Pyrex
tube to establish electrical contact with the
catalyst electrode.

Under open-circuit conditions the film
exposed to the reactants (working elec-
trode) functions as a regular catalyst for CO
oxidation. By measuring its potential rela-
tive to the reference or counter electrode
one can determine the thermodynamic ac-
tivity of oxygen on the catalyst during reac-
tion (10, 40), which may differ substantially
from the gas phase oxygen activity if oxy-
gen adsorption is not in equilibrium during
the reaction. When the circuit is closed and
the galvanostat is used to apply a constant
current { between the working and the
counter electrodes the oxygen ions O?~ are
transferred to or from the working catalyst—
electrode at a rate i/2F, where F is Fara-
day’s constant. The potential difference
Vwr between the working and the reference
electrodes was continuously monitored
during oxygen pumping. It equals theoreti-
cally the sum of the open-circuit emf plus
the overpotential of the working electrode
(41). In practice the reference electrode is
never ideal and Vyyg always contains a non-
zero chmic component which we denote as
IR. This component was determined using
the current interruption technique and was
subtracted from Vyp in order to obtain the
IR-free catalyst potential.
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Three different zirconia reactor cells
were used in the course of the experiments.
Close agreement was observed with all of
them between measured and theoretical
(Nernstian) open-circuit emf values when
0O, and N, mixtures of known po, were fed
through each cell reactor. This verified the
pure anionic conductivity of the solid elec-
trolyte. When CO-0O, mixtures are fed
through the reactor the open circuit emf E
takes values between —20 and —900 mV.
This indicates that the oxygen activity on
the catalyst is much lower than the gas
phase oxygen activity, because the intrinsic
rate of O, adsorption is comparable to the
rate of the surface reaction (10, 40). The
three zirconia reactor cells used in the
experiments differed in the surface area of
the platinum catalyst which also served as
the working electrode (Table 1). Both gal-
vanostatic and potentiostatic operations
were explored in the course of the experi-
ments and both modes of operation were
found to produce similar results. All the
results reported here were obtained
galvanostatically, i.e., by imposing a con-
stant current between the catalyst and the
counter electrodes and monitoring the po-
tential difference between the catalyst and
the reference electrodes.

Figure 2a shows the effect of applying a
constant current i = +400 uA to cell reac-
tor 1 while monitoring the reactor effluent
CO; concentration and thus the rate of the
reaction under oxidizing gas phase condi-
tions. At the start of the experiment the cir-
cuit is open and the catalyst is at a steady-
state activity. At time ¢ = 0 the galvanostat
is used to apply a current i = 400 A with a
corresponding rate of oxygen transfer to
the catalyst Go = i”2F = 2.07 x 107% g at-
oms O/s. This causes an increase in the rate
of Ar = 1.68 x 1077 g moles CO,/s which is
a factor of 81 greater than Go. Defining an
enhancement factor as A = Ar/Gg one has
in this case A = 81. At the same time the
voltage Vwr between the catalyst and the
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reference electrode changes from —128 mV
to a steady-state value of +230 mV. Subse-
quently the circuit is opened and r is re-
stored to its initial value within 15 min. The
galvanostat polarity is then reversed and a
current { = —400 pA is applied to the cell
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with a corresponding rate of oxygen re-
moval from the catalyst Go = —2.07 X 107?
g atoms/s. This causes a decrease in the
rate of Ar = —0.51 X 107 g moles CO,/s
which corresponds to an enhancement fac-
tor A = 24.6. At the same time the cell volt-
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FiG. 2. Effect of electrochemical O?~ pumping on the rate of formation of CO, (solid lines) and on
catalyst potential relative to the reference electrode (broken lines). Inlet compositions and tempera-
tures: (a) pco = 4.7 X 1073 bar, po, = 0.1 bar, T = 412°C, reactor 1; (b) pco = 2.9 X 1072 bar, po, = 4.03
x 10-3 bar, T = 555°C, reactor 1; (c) pco = 2.8 X 10-2bar, po, = 3.84 x 1072 bar, T = §55°C, reactor 2.

See text for discussion.
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age gradually reaches a steady-state value
Vwr = —840 mV. Finally the circuit is
opened again and the catalyst activity and
cell open-circuit emf relax to their initial
values within a few minutes. Thus the phe-
nomenon is reversible and no permanent
change of the platinum catalyst has taken
place.

As shown in Figs. 2a, 2b, and 2c the po-
tential transients consist of two parts: a
very rapid initial increase or decrease,
shown by a dotted line and corresponding
to an ohmic IR drop, and a subsequent
gradual transient. It is the IR-free potential
difference Vwgr-IR which gives the sum of
the open-circuit emf E plus the catalyst—
electrode overpotential 7. for the three-
electrode system used here (47). If the ref-
erence electrode were an ideal reference
electrode then the IR term would practi-
cally vanish. During the course of the ex-
periments it was found that IR-free voltages
in excess of approximately =2.5 V should
not be applied to the cell because this
causes electrolysis of the solid electrolyte.
Once zirconia has been reduced to metallic
zirconium the cell resistance drops precipi-

tously, the open-circuit emf drops to zero,
no oxygen can be pumped to the catalyst,
and the phenomenon disappears.

Figures 2b and 2c¢ show the effect of ap-
plying constant currents but now under rel-
atively reducing gas phase conditions.
There are important similarities but also
differences between these figures and Fig.
2a which was obtained under oxidizing gas
phase conditions. The main similarity is
that the rate increases when O~ is pumped
to the catalyst (positive currents) as shown
in Fig. 2b. The corresponding enhancement
factor is A = 48.7. Similarly when small
negative currents are applied the rate de-
creases as shown in Fig. 2¢ (A = 7.2). How-
ever, when the applied current is high
enough so that the IR-free catalyst potential
with respect to the reference electrode ex-
ceeds —1.3 V, then a dramatic increase in
the rate is observed (Figs. 2b and 2c¢). The
curve labeled a on Fig. 2b was obtained
when a negative current of —600 uA was
first applied to the cell after repetitive posi-
tive currents. This caused a nearly sixfold
increase in the rate with a corresponding
enhancement factor A = —529;1i.e., removal
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of O?~ causes a very substantial increase in
the rate. After several successive applica-
tions of —600 ©A to the cell the increase in
the rate stabilized to the one shown by
curve b in Fig. 2b which gives an enhance-
ment factor A = —255. As shown in the
same figure the voltage behavior is practi-
cally the same for both cases a and b. The
difference between curves a and b is an ex-
ample of how the catalyst history can some-
times influence the magnitude of the ob-
served effect.

The catalyst history also has an impor-
tant effect on the shape of galvanostatic
rate transients. This is shown in Fig. 3
which shows galvanostatic transients ob-
tained with a positive current of 900 uA
under identical temperature and gaseous
composition conditions. Curve a was ob-
tained after large negative currents had
been previously applied to the catalyst
while curve b was obtained after previous
imposition of positive currents. The shapes
of the rate transients are quite different but
both give the same final steady-state in-
crease.

The observed dramatic increase in reac-
tion rate upon 02~ removal from the cata-
lyst under reducing conditions leads to
rates of CO oxidation more than a factor of
2 higher than the maximum rate obtainable
on the same catalyst and at the same tem-
perature for any gaseous composition un-
der open-circuit conditions. It does not
therefore appear feasible to explain this
phenomenon by simple changes in the sur-
face coverages of chemisorbed CO and
atomic oxygen or even complete reduction
of the Pt surface resulting from the continu-
ous removal of O?~. The observation that
this phenomenon occurs only when the IR-
free voltage of the catalyst with respect to
the reference electrode is more negative
than —1.3 V strongly suggests that com-
plete or partial CO disproportionation is
taking place on the catalyst surface; CO
disproportionation is thermodynamically
possible under these conditions. Carbon
from CO disproportionation is then com-
busted by gaseous oxygen to produce CO,.
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F1G. 3. Effect of catalyst history on the shape of the
reaction rate transient upon application of a positive
current of 900 uA. Curves a and b are obtained after
previous application of negative and positive currents,
respectively. Inlet composition: pco = 2.44 X 102 bar,
Po, = 3.36 x 1072 bar, T = 555°C, reactor 1.

In many respects the phenomenon is simi-
lar to that observed upon application of
voltages exceeding —1.5 V during CO hy-
drogenation on transition metals (26, 27).

Effect of Current Density

Figure 4 shows the steady-state effect of
applied current i on the reaction rate and on
the IR-free catalyst—electrode potential in
an oxidizing gaseous composition. The
same data are plotted in Fig. 5 as the rela-
tive increase or decrease in the rate (Ar/rg)
vs the ratio of the rate of O?" transport to
the catalyst (i/2F) divided by the open-cir-
cuit CO oxidation rate ro. This mode of
presentation has also been adopted in sub-
sequent figures because it has the advan-
tage that the enhancement factor of any
data point can be immediately computed
from the slope of the line connecting that
particular point with the origin of the axes.
As shown in Figs. 4-6 positive currents,
i.e., 0%~ pumping to the catalyst, generally
increase the rate of CO oxidation but some
exceptions have been observed and one is
shown in Fig. 6. For increasingly positive
currents a saturation and subsequent grad-
val decrease is usually observed in the rate
increase Ar. This is similar to the behavior
of r vs Po, observed under open-circuit con-
ditions (40) and may correspond to a satura-
tion in the coverage of oxygen adsorbed on
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Fic. 4. Effect of current on the steady-state change in reaction rate Ar (a) and on catalyst potential
(b). Inlet composition: pco = 4.7 X 1073 bar, po, = 0.16 bar, reactor 1.

the catalyst surface. As shown in Figs. 4-6
there exists a distinct maximum in Ar with
increasing T at constant current. This maxi-
mum is observed at temperatures near
550°C.

Negative currents, i.e., O?~ removal
from the catalyst, under oxidizing gaseous
conditions always cause a relatively small
decrease in the rate (Figs. 4 and 5). It
should be noted that the IR-free cell voltage
does not reach —1.3 V because the ex-
change current density is high since there is
ample adsorbed oxygen which can be re-
duced to O*~.

Figure 6 shows the steady-state effect of

applied current in a more reducing gaseous
environment. For positive currents the ef-
fect is similar to that obtained in oxidizing
environments; i.e., the rate usually in-
creases until saturation or a shallow maxi-
mum is observed. The effect of negative
currents however is more complex as
shown in Fig. 6 and as previously dis-
cussed. Small negative currents, i.e., re-
moval of 0?7, cause a decrease in the rate,
but high negative currents cause a dramatic
increase in the rate as the IR-free voltage
exceeds —1.3 V and CO disproportionation
and subsequent combustion can take place.

This is also shown in Fig. 7 where the
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FiG. 5. Effect of dimensionless current on the dimensionless steady-state change in reaction rate (a)
and on catalyst potential (b) under oxidizing conditions. Broken lines are constant enhancement factor

lines. Conditions as in Fig. 4.

effect of current is studied at constant tem-
perature and three different gaseous com-
positions. It can be seen that a rate en-
hancement with negative currents is
observed only when the gaseous composi-
tion is reducing enough so that the IR-free
voltage exceeds —1.3 V.

Effect of Gaseous Composition

Figure 8 shows typical results of the ef-
fect of gaseous composition on the steady-
state open-circuit emf E and on the rate r
when constant currents of 0.9 and —0.6 mA

are applied to the cell. These currents cor-
respond to Go = 4.66 X 10~? g atom/s and
Go = —3.11 x 107? g atom/s, respectively.

Application of a positive current is
shown to increase the rate of the reaction at
all gaseous compositions. The rate maxi-
mum is slightly shifted to higher pco/po,
ratios. Negative current, i.e., oxygen re-
moval from the catalyst, causes a slight
decrease in the rate for pco/po, ratios
roughly below unity and a dramatic in-
crease in the rate under severely reducing
conditions.
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Effect of Temperature

The qualitative aspects of the effect of
temperature on the rate increase or de-
crease Ar for constant gaseous composition
and constant positive or negative applied
current are shown in Fig. 9. For positive
currents there is a distinct maximum in the
rate enhancement Ar. Negative currents,
i.e., O removal from the catalyst, have an
increasingly negative effect on Ar until a

temperature is reached where Ar becomes
positive and increases with an apparent ac-
tivation energy of roughly 30 kcal/mole.

Effect of Current on the Oscillatory
Behavior of CO Oxidation

As shown in Figs. 10 and 11 the rate and
emf oscillations of CO oxidation can be
started or stopped at will by imposition of
appropriate currents. Thus in Fig. 10 the
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catalyst is originally at a stable steady state.
Imposition of a negative current merely de-
creases the rate but imposition of a positive

current of 200 pA leads to an oscillatory

state with a period of 80 s. The effect is

completely reversible and the catalyst re-
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tive applied current. Inlet compositions: (O) pco = 4.7
X 1073 bar, pg, = 0.16 bar, reactor 1; (@) pco = 2.8 X
1072 bar, po, = 3.84 X 1072 bar, reactor 2.
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turns to its initial steady state upon current
interruption. The opposite effect is de-
picted in Fig. 11 where the catalyst under
open-circuit conditions exhibits stable limit
cycle behavior with a period of 184 s. Impo-
sition of a negative current of —400 pA
leads to a steady state. Upon current inter-
ruption the catalyst returns to its initial
oscillatory state. Application of positive
currents leads to oscillatory states charac-
terized by higher frequencies.

A striking feature of the effect of current
on the oscillatory behavior of CO oxidation
on Pt is shown in Fig. 12. It can be seen that
the frequency of oscillations is a linear
function of the applied current. As shown
in the figure this observation holds not only
for intrinsically oscillatory states, i.e.,
those which have a nonzero frequency at
i = 0, but also for those which do not ex-
hibit oscillations under open-circuit condi-
tions, such as the ones shown in Fig. 10.

DISCUSSION

The observed phenomena clearly show
that the nature of the platinum catalyst is
changing significantly during electrochemi-
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F1G. 10. Induction of rate and catalyst potential oscillations by O?~ pumping. Top and bottom curves
show tlie behavior of the mole fraction of effluent CO, and Vg, respectively. Inlet composition: pco =
4.7 x 1073 bar, po, = 0.16 bar, T = 297°C, reactor 1.
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Fi1G. 11. Transition from an oscillatory state to a steady state and to a higher-frequency oscillatory
state upon application of negative and positive current, respectively. Top and bottom curves show the
behavior of the mole fraction of effluent CO, and Vg, respectively. Inlet composition: pco = 4.7 X

1073 bar, po, = 0.16 bar, T = 332°C; reactor 1.

cal oxygen pumping. The increase or de-
crease in the rate of CO oxidation is more
than two orders of magnitude greater than
the rate of oxygen pumping through the
electrolyte. It can be easily shown that the
electrolyte temperature cannot rise locally
more than 2 K at most, due to I’R heat
generated during O2~ pumping. The electro-
lyte temperature was measured at a dis-
tance of 1 mm from the counter electrode
and no measurable temperature rise was
observed during pumping. The absence of
local catalyst heating due to oxygen pump-
ing is also demonstrated by the fact that
upon reversing the direction of pumping the
change in the rate Ar usually changes sign.

Internal gas phase diffusional limitations
inside the porous Pt film are totally absent
under the conditions of these experiments
(10, 40). External concentration gradients
have also been shown to be negligible (J0,
40). Thus it can be safely concluded that it
is the intrinsic properties of the platinum
catalyst which change during electrochemi-
cal oxygen pumping.

When oxygen is pumped to or from the

catalyst the thermodynamic activity or oxy-
gen on the platinum catalyst increases or
decreases significantly because of the ex-
ternally applied voltage. It thus becomes
possible not only to affect the surface cov-
erage of chemisorbed oxygen but also to at
least partly oxidize or reduce the platinum
catalyst. The experimentally observed re-
laxation time constants are of order 0.5-10
min and show conclusively that the ob-
served phenomena involve surface rather
than bulk oxidation of the platinum crystal-
lites. The reactive oxygen uptake ng of the
polycrystalline Pt films used was typically
2 X 1077 g atoms O. Typical currents em-
ployed in the present study were of order
600 pwA corresponding to a transport of
1.56 x 1072 moles O,/s through the electro-
lyte. Thus the time required to fully cover
the Pt surface with atomically chemisorbed
oxygen or to form a monolayer of PtO; is
of order 1 and 2 min, respectively, in very
good agreement with the experimental re-
laxation times. This is shown in Table 1
where experimental (r) and computed
(2Fng/i) relaxation times are compared for
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Fi1G. 12. Effect of applied current on the frequency of rate and emf oscillations. Conditions as in Fig.
11. Filled circles on the frequency vs current diagram represent osciilatory states of this figure; open

circles include states shown in Fig. 10; reactor 1.

the three catalysts used. The experimental
relaxation time 7 was defined as the time
required for the rate increase or decrease to
reach 63% of its final steady-state value as
shown in Fig. 3. This definition is appropri-
ate for the galvanostatic response of first-
order systems, i.e., Ar ~ (1 — exp(—1t/7)),
which closely approximates most of the ex-
perimentally observed transients for both

positive and negative currents. The only
notable exception is in the case where a
positive current follows previous applica-
tion of a negative current (Fig. 3) in which
case 7 would deviate from the values shown
in Table 1 because of the complexity of the
galvanostatic transient. The notably good
agreement shown in Table 1 between 7 and
2Fno/i shows conclusively the following.
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(a) The observed changes in reaction rate
involve changes in the surface and not in
the bulk of the Pt catalyst crystallites, in
which case the relaxation time constants
would be at least four orders of magnitude
longer.

(b) The entire surface of the porous Pt
catalyst film undergoes changes in its oxi-
dation state and in the coverages of ad-
sorbed O and CO, although the reaction

O(ad) + 2¢- = O?- (D

takes place only at the three phase bound-
aries between the platinum catalyst, the gas
phase, and the solid electrolyte. This be-
havior is similar to that observed during
02~ pumping to silver epoxidation catalysts
(23-25) and suggests a significant mobility
of chemisorbed species on the catalyst sur-
face.

The main experimental observations can
be grouped as follows.

(I) The reaction rate increases dramati-
cally with large negative currents in reduc-
ing environments and high temperatures.
When this happens the IR free voltage lev-
els to values exceeding —1.3 V (Figs. 2b,
2¢, 6,7, 8).

(II) The reaction rate usually increases
with positive currents and always de-
creases with negative currents in an oxidiz-
ing environment (Figs. 2a, 3, 4, 5, 7, 8).

(II1) Rate oscillations can be started or
stopped at will by application of appropri-
ate currents (Figs. 10 and 11).

Observation (1), as already discussed,
very strongly suggests that large negative
currents in reducing environments cause
CO disproportionation followed by fast
combustion of carbon by gaseous O,. This
mechanism of CO, formation, which is not
available under open-circuit conditions to
Pt catalysts, becomes thermodynamically
possible since the IR-free voltage of the cat-
alyst with respect to the reference electrode
is more negative than —1.3 V and leads to
rates of CO, formation more than a factor
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of 2 higher than open-circuit rates obtained
at the same temperature for any gaseous
composition (Fig. 8). The proposed inter-
pretation of the observed phenomenon is
further corroborated by the following three
experimental observations.

(a) The phenomenon takes place only un-
der reducing gas phase conditions, i.e.,
when the catalyst surface is almost entirely
covered by chemisorbed CO. Under these
conditions the only possible cathodic reac-
tion is

CO(ad) + 2¢~ > C(ad) + 0>~ (2)
The usual cathodic reaction
O(ad) + 2¢- — 0> (3)

must take place only to a very small extent,
since the coverage of chemisorbed oxygen
is very small.

(b) The rate enhancement decreases rap-
idly with decreasing temperature at con-
stant current, as shown in Fig. 9. The ap-
parent activation energy is of order 30
kcal/mole. This implies that at low temper-
atures (T < 450°C) gaseous oxygen cannot
oxidize rapidly the carbon formed on the
surface. The observed activation energy is
close to the value of 27 kcal/mol reported
for carbon oxidation (42).

(c) When the negative current is discon-
tinued, the rate of CO, formation goes
through a maximum as a function of time
before it relaxes to its open-circuit value
(Fig. 2¢). This maximum is more pro-
nounced when a positive current follows
application of a negative current (Fig. 3).
These transient rate maxima are observed
only after application of negative currents
in reducing environments and must be
caused by the oxidation of carbon stored on
the surface due to reaction (2).

Observation (II) can be interpreted, but
only in a qualitative manner, by changes
occurring in surface coverages of adsorbed
species as a result of oxygen pumping. Ox-
ygen pumping to the catalyst increases the
thermodynamic activity and coverage of
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adsorbed oxygen; thus the rate can in-
crease. If however the sum of the open-
circuit coverages of adsorbed O and CO is
near unity, then an increase in 6o would
cause a decrease in fcg and thus a possible
decrease in the product 8p8co which is pro-
portional to the reaction rate. Such rate de-
creases with positive currents have been
observed at low temperatures (e.g., Fig. 6)
where the sum of open-circuit coverages
fo + 8co must be near unity. However,
such a decrease in reaction rate with posi-
tive currents can also be caused by PtO,
formation (6-15) which is also possible at
temperatures roughly below 550°C (12, 15).
The existing experimental information does
not permit an unambiguous discrimination
between the two interpretations. It is very
likely that both mechanisms act in parallel.

However, it should be pointed out that
the magnitude of the observed effect, i.e.,
A > 1, cannot be explained quantitatively
by any type of Langmuir-Hinshelwood or
Eley—-Rideal kinetic model if the rate con-
stants of adsorption and surface reaction
are not changing during O*~ pumping. Such
changes will occur if the work function of
the metal changes. However, the work
function of the metal is indeed changing
during O°- pumping, under conditions
where the catalyst electrode exhibits signifi-
cant overpotential, due to the interaction of
the Pt surface with excess oxygen anions,
i.e., O?~ and also possible O~ which is
known to be an intermediate of reaction (7).
A more detailed semiquantitative treatment
of the effect of O~ pumping on the rate of
catalytic reactions on metals which ac-
counts for such changes in the work func-
tion of the metal will be presented in two
forthcoming papers (44, 45).

Figures 5 and 9 show that the rate in-
crease Ar exhibits a distinct maximum with
temperature at any constant positive ap-
plied current. This observation can be ex-
plained as follows. At high temperatures
the kinetics of the exchange reaction (/) are
very fast; therefore no overpotential ap-
pears at the catalyst electrode and conse-
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quently there is no positive or negative ex-
cess of oxygen anions to interact with the
Pt surface and induce changes in the work
function of the metal. Under these condi-
tions O?~ pumping affects only surface cov-
erages but not reaction rate constants and
its effect becomes Faradaic (A = 1) and
therefore negligible. This also explains why
only Faradaic effects have been observed
upon oxygen pumping during ammonia,
ethylbenzene, and butene oxidation on Pt
catalyst electrodes (37-35). In all these
cases temperatures in excess of 600°C had
been employed and no significant overpo-
tential at the catalyst—electrode had been
observed. The effect of temperature on Ar
shown in Fig. 9 is quantitatively similar to
that observed with oxygen pumping on sil-
ver electrodes during ethylene epoxidation
(24).

As shown in Figs. 4-7 small negative cur-
rents cause a decrease in reaction rate, pro-
vided the IR-free catalyst potential does not
drop below —1.3 V. This can be qualita-
tively attributed to a decrease in the activ-
ity of adsorbed oxygen which causes a cor-
responding decrease in the rate. Larger
negative currents in relatively reducing en-
vironments cause an increase in the rate
(Figs. 6-8). Under these conditions any
amount of oxide previously existing on the
surface must be reduced and this would
cause an increase in the rate (5, 6-9, 40).
However, the magnitude of the observed
increase can be accounted for only by the
additional CO disproportionation route pre-
viously discussed.

Observation (IIT) emphasizes the impor-
tant role played by the oxidation state of
the catalyst in the oscillatory phenomena
observed during CO oxidation.

Previous solid electrolyte potentiometric
studies of the oxidation of ethylene (10-12)
and CO (40) on Pt have shown that at the
high-frequency bifurcation between oscilla-
tory and nonoscillatory states the thermo-
dynamic activity ao of oxygen adsorbed on
the catalyst is near to the value which cor-
responds to the dissociation pressure of
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surface PtO,. This has been taken to indi-
cate that oscillations are caused by forma-
tion and destruction of surface PtO,, an
idea corroborated by numerous recent
independent studies (6—9, 19). Within the
accuracy of the data the same observation
appears to hold also during oxygen pump-
ing. Thus in Fig. 10 the open-circuit emf
is —370 mV and the corresponding (10)
surface oxygen activity (ap = (0.21)'?2
exp(2FE/RT) = 1.3 x 1077 bar'?) is well
below the dissociation pressure of PtO, (12)
at this temperature (E* = —190 mV, ad =
2.2 X 10~* bar'?); consequently there are
no oscillations. Application of a positive
current of +100 1A causes an IR-free cata-
lyst voltage of —208 mV (ap = 9.5 x 1073
bar!”?) which again leads to a nonoscillatory
steady state as shown in Fig. 12 (open cir-
cles). It is only at higher positive currents
causing IR-free catalyst voltages higher
than —190 mV that oscillations appear.
From this observation and from the fact
that the waveform of the rate and emf oscil-
lations is not altered by oxygen pumping
one may conclude that the underlying oscil-
latory mechanism is the same both under
open-circuit conditions and during oxygen
pumping.

It is only the limit cycle frequency which
changes with current. The observed quasi-
linear increase in frequency with increasing
current is very similar to the frequency in-
crease with increasing po, at constant inlet
pco and temperature observed for low po,
under open-circuit conditions for the form
of relaxation type oscillations described
here (40). Thus in both cases an increase in
the rate of oxygen supply to the catalyst
causes a roughly inversely proportional de-
crease in limit cycle period. This supports
an idea underlying both previous mathe-
matical models developed to describe the
oscillatory behavior of ethylene (/1) and
CO (9) oxidation on Pt, i.e., that the limit
cycle period is largely determined by the
time required to form a fraction, e.g., one-
tenth (Ref. (9, Fig. 1)), of a monolayer of
PtO,. Indeed at a rate of oxygen supply Go
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= 1.04 x 10~° g atom/s which corresponds
to 200 A (Fig. 10) and taking into account
that the reactive oxygen uptake of the cata-
lyst (Table 1) is no = 3.64 X 107 g atoms O
one computes that the time required to
form one-tenth of a monolayer of PtO, is 70
s, in good agreement with the current in-
duced experimental period of 80 s. The dot-
ted straight lines in Fig. 12 correspond to
the expected slope of the frequency depen-
dence on current (v = i/4Fano) if the limit
cycle period is determined by the time re-
quired to form one-tenth (¢ = 0.1) or one-
fifth (¢ = 0.2) of a monolayer of PtO,. The
good agreement between the experimental
and the computed frequency dependences
on applied current shows that the observed
effects of O>~ pumping on the oscillatory
behavior of CO oxidation can be rational-
ized within the framework of the platinum
oxide-based models for CO (9) and ethylene
(I11) oxidation on Pt under atmospheric
pressure conditions,

CONCLUSIONS

The intrinsic rate of CO oxidation on
polycrystalline platinum supported on sta-
bilized zirconia can be altered significantly
by means of electrochemical 0>~ pumping
to or from the platinum catalyst. Similarly
to previous studies of olefin epoxidation on
Ag (23-25), CO hydrogenation on transi-
tion metal electrodes (26, 27), and to very
recent studies of methanol oxidation on Ag
(43, 44) and ethylene oxidation on Pt (45),
the observed effect is non-Faradaic; i.e.,
the observed increase or decrease in reac-
tion rate can exceed the rate of O®~ trans-
port to or from the catalyst by more than
two orders of magnitude, leading to en-
hancement factors as high as 500. The ob-
served relaxation time constants are of
order 2Fngli, where np is the reactive
chemisorbed oxygen catalyst uptake. Simi-
lar behavior has been observed during light
olefin epoxidatien (23-25).

The observed effects of positive and
small negative O?~ currents on catalyst be-
havior can be interpreted only in a qualita-
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tive manner by changes in surface cover-
ages of chemisorbed oxygen, CO, and
PtO,. It should be emphasized that no
quantitative interpretation of the observed
non-Faradaic phenomena is possible within
the framework of classical Langmuir—Hin-
shelwood or Eley—Rideal kinetic models,
unless one postulates the creation of new
active catalytic centers (23, 24) or changes
in the binding energies of chemisorbed spe-
cies resulting from changes in the work
function of the metal. Such changes must
indeed be taking place during O%~ pumping
due to the interaction of oxygen anions with
the Pt surface.

The observed dramatic increase in reac-
tion rate with large negative currents and
catalyst voltages less than —1.3 V strongly
indicates that CO disproportionation and
subsequent carbon combustion occur under
these conditions and lead to rates of CO
oxidation significantly higher than those ob-
tainable by the usual surface reaction be-
tween chemisorbed O and CO. Oxygen an-
ion pumping to or from the Pt catalyst also
has a dramatic effect on the oscillatory be-
havior of CO oxidation. The observed phe-
nomena are qualitatively consistent with
recent PtO,-based models proposed to de-
scribe the oscillatory behavior of CO oxida-
tion on Pt (6-9).

The application of external voltages to
solid electrolyte cells with catalytic elec-
trodes appears to be a very powerful means
of influencing catalytic phenomena on
metals. The use of in situ surface spectro-
scopic techniques to monitor changes oc-
curring on catalyst surfaces due to 02~
pumping could lead to a better and quanti-
tative understanding of the observed phe-
nomena which are of clear practical as well
as theoretical importance.
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