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Abstract

The Pt-catalyzed oxidation of propane was studied in an oxygen ion conducting solid electrolyte cell at 623–773 K and atm
total pressure. Under open circuit, the solid electrolyte potentiometry (SEP) technique was used to monitor the thermodynamic
oxygen adsorbed on the catalyst surface during reaction. Reaction kinetics and SEP measurements were combined to elucidate
mechanism. Under certain conditions, sustained oscillations in the reaction rate and the surface oxygen activity were observed. T
exhibited a strong non-Faradaic modification of catalytic activity (NEMCA) effect. By varying the potential of the Pt catalyst, t
of propane oxidation could be reversibly enhanced by up to a factor of 1400. At positive potentials, the reaction exhibited a pro
electrophobic NEMCA enhancement. At negative potentials, the reaction also exhibited a strong electrophilic enhancement, indic
the promoting effect is of the “inverted volcano” type.
 2005 Elsevier Inc. All rights reserved.
Keywords: Propane oxidation on Pt; Solid electrolyte potentiometry; Electrochemical promotion; Rate oscillations
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1. Introduction

As an environmentally benign alternative to conventio
flame combustion, the catalytic oxidation of hydrocarb
has received considerable attention[1–6]. The catalysts use
for combustion are mainly supported noble metals, es
cially Pt and Pd[5]. Excluding Pd in the case of methan
Pt is considered the most active metal for the catalytic
dation of hydrocarbons[3,6].

Stable lower alkanes, such as propane, require relat
high temperatures for complete oxidization over suppo
Pt catalysts[6]. But if the reaction is run under the appr
priate conditions, then the incomplete oxidation of prop
can result in the production of industrially important co
pounds. Toward this end, numerous investigators have s
ied the Pt-catalyzed oxidative dehydrogenation of prop
at high reaction temperatures (873–1373 K). These stu
* Corresponding author. Fax: +30-2310-996145.
E-mail address: stoukidi@cperi.certh.gr(M. Stoukides).
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doi:10.1016/j.jcat.2005.07.017
-

have focused on the production of propylene, a key ch
ical in the polymerization and organic synthesis indust
[7–9].

Platinum is the most widely used catalyst for the co
bustion of propane[1–6,10–17]. In an effort to enhance th
catalytic activity of Pt, earlier work has focused on the r
of the support[4–6,10–12], the effect of particle size an
catalyst dispersion[2,3,11], and the effects of solid additive
and gas phase promoters[3,13–17].

Yazawa et al.[5] studied the Pt-catalyzed combustion
propane on several supports (MgO, La2O3, Al2O3, Si2O3–
Al2O3, ZrO2, and SO4

2−–ZrO2). They concluded that sup
port materials affect the catalytic activity of Pt by affecti
the oxidation state of the catalyst. These authors also
served that the support effect in a reducing atmosphere
significantly different from that in an oxidizing atmosphe
Kiwi-Minsker et al.[4] studied the reaction on Pt support

on glass fiber materials modified by several oxides (Al2O3,
ZrO2, and TiO2) and observed the highest catalytic activity
on glass fibers modified by TiO2. Garetto et al.[6] studied

http://www.elsevier.com/locate/jcat
mailto:stoukidi@cperi.certh.gr
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the reaction on zeolite supports and found that their ac
ity was much higher than that of the Pt/Al2O3 catalysts.
The Pt/zeolites’ superiority was attributed to their ability
maintain a higher density of propane at the metal–sup
interface[6].

Hubbard et al.[2] reported that the catalytic activity o
highly dispersed Pt was one to two orders of magnit
higher on Pt/zirconia than on Pt/γ -alumina. With increasing
metal loading, this difference gradually vanished. Yazaw
al. [11] studied the effect of catalyst dispersion on seve
support materials and found that the reaction turnover
quency decreased with increasing catalyst dispersion an
turnover frequency increased with increasing acid stren
of the support. The variation in activity with catalyst disp
sion and support acidity was attributed to the concomi
variation in the oxidation state of platinum. Large platinu
particles are less oxidized than small ones, and reduced
inum is the much more active form. Similarly, platinum
acidic supports is less oxidized than platinum on basic s
ports.

The additive effect on supported Pt catalysts has b
studied in an effort to find ways to enhance their catal
activity [10,15,16]. Yazawa et al.[10,16] investigated the
variation in reaction rate with the addition of a large nu
ber of metal additives on Pt/Al2O3 and found that intrinsic
catalytic activity increased with increasing electronega
ity of the additive. This effect was observed in an oxidizi
atmosphere only and was attributed to increased oxida
resistance of Pt[10].

Several investigators have reported that small amo
of SO2 can promote the catalytic combustion of propa
over Pt/Al2O3 [3,13,14,17]. Researchers from the Unive
sity of Cambridge and Ford Motor Co. jointly studied t
role of SO2 in the promotion of Pt/Al2O3 catalysts[3]. Their
work confirmed that PtO2 particles are essentially inactiv
and that an increase in metal loading increases the me
character of Pt. These findings explain the structural s
sitivity of propane combustion. Moreover, sulfation cau
simultaneous reduction and partial sintering of the PtO2 par-
ticles. Finally, the effect of SO2 is not confined to the catalys
itself; it is support-specific because it facilitates the disso
tive chemisorption of propane at the Pt/Al2O3 interface[3].
Burch et al.[13] studied the reaction on supported Pt ca
lysts in the presence and in the absence of SO2. The pres-
ence of SO2 resulted in strongly enhanced activity of t
alumina-supported catalysts but produced no effect on
silica-supported catalysts. It has been suggested that2
results in the polarization of the perimeter sites at the
support interface, sites important in the activation of the fi
C–H bond of propane[13].

Despite the different interpretations presented by the
ious research groups, it is generally understood that th
trinsic catalytic activity of Pt toward propane oxidation c

be significantly enhanced by a properly chosen support and
the presence of additives and gas phase promoters. Anothe
alternative approach to catalytic promotion, non-Faradaic
talysis 234 (2005) 476–487 477
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modification of catalytic activity (NEMCA), or electrochem
ical promotion, has been developed and applied in nume
catalytic reaction systems[18,19]. In NEMCA, the catalytic
reaction is run in an electrochemical cell in which one
the electrodes is placed concomitant with the catalyst u
study. By appropriately controlling either the current or
cell potential, ions can be “pumped” into or away from t
electrode catalyst. Ionic “pumping” changes the work fu
tion of the electrode and thus alters its catalytic propertie

Vernoux et al.[20] investigated the electrochemical pr
motion in the oxidation of propane on Pt, along with t
oxidation of propylene. They found significant differenc
in the promotion behaviors of propane and propylene,
attributed these differences to the much stronger adsorp
of the alkene on the catalyst surface. Kotsionopoulos
Bebelis[21] studied the NEMCA effect in the catalytic ox
dation of propane on Pt and compared the results with th
obtained on Rh. These authors found that the increase i
rate of oxygen consumption could exceed the rate of oxy
ion “pumping” by three orders of magnitude, resulting in e
hancement of the intrinsic catalytic rate by up to a facto
1350[21].

This work reports results of the reaction of propane o
dation studied in a solid electrolyte cell. Experimental fin
ings obtained under both open- and closed-circuit opera
are presented. Under open circuit, the cell operated as a
ular catalytic reactor, and the kinetics of the reaction w
studied in conjunction with measurements of cell poten
The effect of oxygen ion “pumping” on the catalytic activi
of Pt was investigated under closed circuit.

2. Experimental

The experimental apparatus (schematically illustrate
Fig. 1) consisted of the feeding unit, reactor, and analyt
system. Reactant gases, C3H8, O2, and diluent He were o
99.999% purity. Analyses of the inlet (C3H8 and O2) and
outlet gases (C3H8, O2, CO2, and H2O) were performed us
ing a Shimadzu GC-14B on-line gas chromatograph wi
thermal conductivity detector. A Porapak QS column w
used to separate C3H8, CO2, and H2O, and a Molecular
Sieve 13X was used to separate O2. CO and CO2 concen-
trations were also continuously monitored using a Bi
infrared CO and CO2 analyzer. Constant currents and vo
ages across the cell were imposed using a 2053 AM
Galvanostat-Potentiostat. Two multimeters were also use
measure the potential or the current through the cell. The
actor was located in a furnace, the temperature of which
controlled within±2 K from the setpoint.

The catalytic and electrocatalytic experiments were
ried out in a solid electrolyte cell reactor, shown inFig. 2.
r
The cell reactor consisted of an 8 mol% yttria-stabilized zir-
conia (YSZ) tube (15 cm long, 16 mm i.d., 19 mm o.d.),
closed at its bottom end. Under the conditions of the present



478 C. Kokkofitis et al. / Journal of Catalysis 234 (2005) 476–487
m of

bot-
ce
and

o
ires
the

of

at
mix-

the
de-

s of
of
de-

was

ents.
is

R
ned

sur-

cial
alyst

ared
as
eres

lec-
Fig. 1. Schematic diagra

Fig. 2. Schematic diagram of the solid electrolyte cell-reactor.

experiments, this material is a pure oxygen ion (O2−) con-
ductor.

2.1. Catalyst (electrode) preparation and characterization

The Pt catalyst electrode was deposited at the inside
tom of the YSZ tube. Similarly, the Ag counter and referen
electrodes were deposited on the outer side of the tube
exposed to the ambient air (Fig. 2). Gold wires were used t
connect the three electrodes to the instruments. The w
were enclosed in quartz tubes, to avoid contact with

metallic parts of the reactor.

The polycrystalline porous Pt film was prepared from a
Pt paste (Engelhard A1121). The electrode was calcined in
the experimental apparatus.

air for 90 min at 1073 K. Scanning electron micrographs
the Pt electrode are shown inFigs. 3 and 4. Figs. 3a and b
show a freshly prepared catalyst at×9000 and×20,000
magnification, respectively.Fig. 4 shows a Pt electrode th
has been exposed for 3 days to a reacting gaseous
ture (pC3H8 = 1 kPa,pO2 = 1 kPa, andpHe = 98 kPa,T =
823 K) at×3000 magnification. Under these conditions,
catalyst underwent severe deactivation due to carbon
position on the Pt surface, as verified by EDS analysi
the samples.Fig. 4 clearly shows very large crystallites
carbon formed on the Pt surface. The problem of carbon
position was insignificant when the reactor temperature
kept below 773 K.

Three cell reactors (R1, R2, and R3), with different cat-
alytic surface areas, were used in the present experim
For R2, the catalyst loading was 8 mg of Pt. Using th
amount and an average particle size of 1 µm (Fig. 3), a sur-
face area of 23 cm2 was calculated. The surface areas for1

and R3 were calculated by comparing reaction rates obtai
with these reactors to the reaction rate obtained with R2 at
the same reaction conditions. Thus the active catalytic
face areas for R1 and R3 (before deactivation for R3) were
1480 and 450 cm2, respectively. The deactivated R3 exhib-
ited a 300-fold decrease in catalytic activity. The superfi
electrode surface area was the same for all three cat
electrodes, about 3 cm2.

The Ag counter and reference electrodes were prep
from a Ag paste (GC Electronics no. 22-202). Silver w
used as the auxiliary electrode material, because it adh
very strongly to the zirconia outside surface. The two e

trodes were calcined in air for 1 h at 923 K. The superficial
surface areas of the counter and the reference electrode were
5.5 and 0.6 cm2, respectively.
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(a)

(b)

Fig. 3. Scanning electron micrographs of a freshly prepared Pt cata-
lyst-electrode: (a) at×9000 magnification and (b) at×20,000 magnifica-
tion.

2.2. Electrochemical techniques and measurements

Under open circuit (i.e., with no current passing throu
the solid electrolyte), and when both reactants were co-fe
gaseous C3H8 and O2, the cell reactor ofFig. 2 operated as
a regular catalytic reactor. In that case, the catalytic reac
rate measurements were combined with potentiometric
using the solid electrolyte potentiometry (SEP) techniq
The principle of SEP is simple: One of the electrodes is
posed to the reacting mixture and thus serves as a ca
for the reaction under study, whereas the other electrod
exposed to the air and serves as a reference electrode.
been shown[18,19,22,23]that the thermodynamic activit
of atomic oxygen adsorbed on the catalyst surface is g
by the equation

(1)αo = (0.21)1/2 exp(2FE/RT ),

whereF is the Faraday constant,R is the ideal gas con
stant,T is the absolute temperature,E is the electromotive
force (emf) of the cell, andαo is the thermodynamic activ
ity of atomically adsorbed oxygen. The validity of Eq.(1) is
based on several assumptions[18,22,23], most important of
which is that atomically adsorbed oxygen is the only spe
to equilibrate rapidly with oxygen ions at the gas–electro
electrolyte interline. Although certainly valid for the refe
ence electrode, this assumption may not hold true for
working electrode. Originally proposed by Wagner[24],
SEP was first applied in the study of SO2 oxidation[25] and
since then has been used in conjunction with kinetic m
surements in many catalytic oxidation reactions[19,22,23].
SEP has two advantages: (a) it is an in situ technique,
(b) the measurement is continuous. The latter is very h
ful in examining transient or oscillatory phenomena on c
alytic surfaces. Earlier SEP studies were conducted on m
electrodes but later the technique was extended into o
electrodes[22].

Under closed circuit, the cell reactor ofFig. 2 can oper-
ate as an electrochemical oxygen “pump.” Using an ex
nal power source, a current (I ) can be imposed through th
oxygen ion (O2−) conducting solid electrolyte. This curre
corresponds to a flux ofI/2F g atoms of O2/s. Electro-
chemically “pumped” oxygen can alter the catalytic pro
erties of the electrode catalyst. In early studies, in which
total amount of oxygen required for the reaction was s
plied electrochemically, the maximum attainable rate of o
gen consumption at the anode was equal to the rate of2−
transport[18]. This is the case ofFaradaic operation. But
if gaseous O2 were co-fed with reactants in the gas pha
then it would be possible for the rate of oxygen consump
to exceed the rate of electrochemical transport of oxyg
Vayenas et al.[18,19]defined the rate enhancement factorΛ

as

(2)Λ = �r/(I/2F),

Fig. 4. Scanning electron micrographs of a deactivated Pt electrode ex-
posed for 3 days to reaction conditions (pC3H8 = 1 kPa,pO2 = 1 kPa,
pHe = 98 kPa,T = 823 K) at×3000 magnification.
where�r is the increase in the rate of oxygen consumption
and I/2F is the imposed flux of O2− through the elec-
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trolyte, both in g atoms O2/s. If Λ = 1, then the effect is
Faradaic. In many studies reported thus far, however,
ues ofΛ greatly exceeding unity (as high as 105) have been
observed[19]. This phenomenon, termed non-Faradaic e
trochemical modification of catalytic activity (NEMCA), ha
been attributed to changes in the catalyst work func
caused by oxygen pumping[18,19]. In addition to theΛ fac-
tor, Vayenas et al. defined another dimensionless param
ρ as

(3)ρ = r/ro,

wherer is the catalytic reaction rate obtained under “pum
ing” and ro is the open-circuit catalytic rate (i.e., atI = 0).
Today it is well established that the NEMCA phenomen
is due to electrochemically imposed spillover of ions fro
the solid electrolyte to the electrode catalyst surface,
it is these ions that act as promoters for the catalytic re
tions[19].

3. Results

3.1. Catalytic (open-circuit) measurements

The catalytic reaction rate and the surface oxygen
tivity behavior was studied at 623–773 K and at 100 k
total pressure. The partial pressure of inlet propane ran
from 0.2 to 1.7 kPa, and that of oxygen ranged from 0.1
10.0 kPa. Helium was used as the diluent, and the total v
metric flow rate was approximately 90 cm3/min. As shown
previously[26,27], the reactor behavior is very close to th
of an ideal CSTR for the foregoing volumetric flow rates.
all temperatures and reactant compositions examined, u
open- or closed-circuit operation, the only reaction produ
detected were CO2 and H2O. Hence in all of the results re
ported herein, reaction rate is expressed in mol of prop
consumed per second.

Reactor R1 was used in the open-circuit experiments. T
extent of noncatalytic oxidation of propane was investiga
using a “blank” YSZ tube, identical to those used as cell
actors. Propane and oxygen passed through the blank re
at partial pressures and temperatures similar to those
for the catalytic studies. It was found that the noncatal
reaction rates were about 2–3% of the total reaction ra
the highest temperature examined (823 K). The kinetic
sults presented herein have been corrected by subtractin
noncatalytic contribution.

Fig. 5 shows the dependence of the reaction rate and
surface oxygen activity on the partial pressure of propa
pC3H8. The partial pressure of oxygen,pO2, was kept at
3 kPa, and the temperature varied from 623 to 773 K.Fig. 5a
shows that the reaction rate increases slowly with prop

up to a certainpC3H8, above which a sharper rate increase
is observed. This change in the slope of rate versuspC3H8 is
not observed at 623 K. The correspondingαo values shown
talysis 234 (2005) 476–487
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(a)

(b)

Fig. 5. Dependence of (a) the reaction rate and (b) the surface oxyge
tivity on pC3H8 at various reaction temperatures.pO2 = 3 kPa, reactor R1.

in Fig. 5b, vary from 10−1 to 10−6 and decrease with in
creasing propane. The horizontal dotted line above theαo

data corresponds to the gas phasep
1/2
O2

values in the reactor
If thermodynamic equilibrium were established between
sorbed and gaseous oxygen, then theαo data should fall on
the dotted line. It can be seen that theαo values are lowe
than thep

1/2
O2

values. It is also noteworthy that a sharp
crease in the reaction rate above a thresholdpC3H8 (e.g.,
pC3H8 > 0.85 kPa atT = 723 K) is accompanied by an u
to four orders of magnitude decrease inαo. At 623 K, where
there seems to be no change in the slope of the reaction
curve, no sharp decrease in theαo is observed either.

Figs. 6a and b show the dependence of reaction rate
surface oxygen activity, respectively, onpO2. The partial
pressure of propane was kept at 1 kPa, and the temper
was varied from 623 to 773 K.Fig. 6a shows that at lowpO2,
the reaction rate increases drastically until a maximum v
is attained. Then the reaction rate decreases sharply, a
even higherpO2, the reaction rate levels off to low value
Fig. 6b shows that atpO2 where the reaction rate maxim
are observed, the surface oxygen activity attains very
values. As inFig. 5b, the dotted line above theαo data in

1/2
Fig. 6b corresponds to the gas phasepO2
values in the reac-

tor. Clearly, at lowpO2 where the reaction rate is higher, the
deviation from equilibrium between adsorbed and gaseous
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(a)

(b)

Fig. 6. Dependence of (a) the reaction rate and (b) the surface oxyge
tivity on pO2 at various reaction temperatures.pC3H8 = 1 kPa, reactor R1.

oxygen is much stronger. At highpO2, where very low reac

tion rates are observed, the difference betweenαo andp
1/2
O2

values is diminished.

3.2. Closed-circuit measurements

Figs. 7–12contain data obtained with the cell oper
ing under closed circuit. Reactors R2 and R3 were used
in these experiments; the data ofFigs. 7–9were obtained
with R2 and those ofFigs. 10–12were obtained with re
actor R3. Figs. 7a and b show typical galvanostatic tra
sients; that is, they depict the transient effect of impo
current (I ) on the rate of propane oxidation.Fig. 7a shows
the effect of positive current, which corresponds to a fl
of oxygen ions “pumped” to the catalyst. Att < 0, the
circuit is open (I = 0) and steady state has been est
lished. The catalyst temperature is maintained at 623 K,
the inlet partial pressures of propane and oxygen are
kept at 1 kPa. The steady-state open-circuit reaction ra
2.05× 10−10 mol C3H8/s, which corresponds to an oxyge
consumption ratero = 2.05× 10−9 g atoms O2/s. At t = 0,
a constant currentI = +0.15 mA is imposed which corre
sponds to an oxygen flux equal toI/2F = 7.8 × 10−10 g

atoms O2/s. The reaction rate gradually increases to attain
a new steady-state value ofr = 6.5 × 10−8 g atoms O2/s,
about 32 times higher than the open-circuit rate (ro). On in-
talysis 234 (2005) 476–487 481
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(a)

(b)

Fig. 7. Propane oxidation rate response to step changes in applied (a
tive (I = +0.15 mA) and (b) negative (I = −0.15 mA) current.T = 623 K,
pC3H8 = 1 kPa,pO2 = 1 kPa, reactor R2.

terruption of the current, the reaction rate gradually retu
to its open-circuit value. As shown inFig. 7b, a qualitative
similar behavior is observed on imposing a negative (o
gen ions being “pumped” away from the catalyst) curr
I = −0.15 mA, which corresponds to an oxygen flux eq
to I/2F = −7.8 × 10−10 g atoms O2/s. Again, an increas
in the reaction rate is observed. The maximum level
value is aboutr = 4.2× 10−8 g atoms O2/s, about 21 times
higher than the open-circuit rate (ro). When the current is in
terrupted, the open-circuit value of reaction rate is gradu
restored.

Fig. 8presents galvanostatic steady-state results. The
solute value of the Faradaic efficiency,|Λ| = |I |/2F , is
plotted versus the oxygen fluxI/2F , imposed either toward
(positive I) or away from (negative I) the catalyst. The d
points correspond to steady states. At positive currents|Λ|
increases drastically withI/2F to reach a maximum valu
of 90. At higherI/2F , |Λ| decreases gradually to a val
of 20. The same shape of curve is obtained at negative
rents.

Figs. 9a, b, and c show the effect ofVWR, the electri-
cal potential difference between the working and refere

electrode, on the change in the reaction rate�r = (r − ro),
the dimensionless parameterρ, and the absolute value ofΛ,
respectively. At all temperatures examined, an increase in



of Ca

y-

pro-
n

in-
t

d

, bu
-

hese
ed.
the

-

-
;

he

with

te of

im-
ity

ain,
in.
ed

m-
482 C. Kokkofitis et al. / Journal

Fig. 8. Dependence of the absolute Faradaic efficiency|Λ|, on the elec-
trochemical oxygen ion supplyI/2F . T = 623 K,pC3H8 = 1 kPa,pO2 =
1 kPa, reactor R2.

reaction rate is observed at either positive or negativeVWR.
A positiveVWR corresponds to positive current, that is, ox
gen ions “pumped” to the catalyst surface. Similar toFig. 7,
Fig. 9a shows that the increase in reaction rate is more
found at positive potentials.Fig. 9b shows that the variatio
of ρ with VWR has the same shape as�r versusVWR. Either
at positive or at negative values ofVWR, ρ initially increases
with |VWR| until a plateau is reached, beyond which a m
imal increase inρ is observed.Fig. 9c shows that the effec
of VWR on |Λ| is similar to that ofI/2F as shown inFig. 8.
Again, for the same|VWR|, higher|Λ| values are observe
at positive currents.

Figs. 10a, b, and c show the same effects ofVWR on �r ,
ρ, and |Λ|, respectively, using reactor R3 instead of R2. It
can be seen that the behavior is the same qualitatively
not quantitatively. Much higherρ and |Λ| values are ob
served with R3. It should be pointed out that R3 was the
catalyst exposed to reaction conditions at 823 K for>72 h.
Because of the long exposure to the reacting mixture at t
temperatures, its catalytic activity was markedly reduc
This deactivation was attributed to carbon deposition on
Pt surface (Fig. 4). Hence catalyst R3 exhibited poor open
circuit catalytic activity but a dramatic NEMCA effect.

The effect of reactant composition onρ and|Λ| is shown
in Figs. 11 and 12. Fig. 11 shows the effect ofpO2 on ρ

andΛ at positive overpotentials and forpC3H8 = 1.0 kPa.
At I = +20 µA,ρ andΛ exhibit maxima atpO2 = 1.0 kPa
(pO2/pC3H8 = 1), whereas atI = +400 µA, the maxima ap
pears atpO2/pC3H8 = 3. The values ofρ are unusually high
ρ reaches 1400 atI = +400 µA (Fig. 11a). Similarly,Fig. 12
shows the effect ofpO2 at negative overpotentials. Here t
maxima onρ and |Λ| appear atpO2/pC3H8 = 1, for both
I = −20 µA andI = −400 µA.

3.3. Oscillatory phenomena

Fig. 13a shows reaction rate and SEP data obtained

reactor R1. The reactor operated under open circuit with
the inlet composition kept atpC3H8 = 1.4 kPa andpO2 =
3.0 kPa and temperature kept at 623 K. It can be seen tha
talysis 234 (2005) 476–487

t

(a)

(b)

(c)

Fig. 9. Effect of catalyst potential on (a) the induced increase in the ra
propane oxidation, (b) the rate enhancement ratio,ρ, and (c) the absolute
Faradaic efficiency,|Λ|. pC3H8 = 1 kPa,pO2 = 1 kPa, reactor R2.

both reaction rate (rC3H8) and oxygen activity (αo) exhibit
multipeaked oscillations. The period is about 17 min. S
ilarly, Fig. 13b shows the rate and surface oxygen activ
behavior at 673 K and for the same inlet composition. Ag
rC3H8 andαo oscillate with a period reduced to about 5 m

Fig. 14 shows open- and closed-circuit results obtain
with reactor R2. The inlet composition and the reactor te
perature were kept constant (pC3H8 = pO2 = 1.0 kPa,T =
723 K). Under open circuit, a steady-state rate of 5.2 ×

−10
t

10 mol/s is obtained (Fig. 14a). Under closed circuit and
on imposing a currentI = 0.5 mA, the rate increases to a
new steady-state value of 5.6 × 10−9 mol/s (Fig. 14b). At
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(a)

(b)

(c)

Fig. 10. Effect of catalyst potential on (a) the induced increase in the ra
propane oxidation, (b) the rate enhancement ratio,ρ, and (c) the absolute
Faradaic efficiency,|Λ|. pC3H8 = 1 kPa,pO2 = 1 kPa, reactor R3.

higher currents, oscillatory behavior is observed, howe
The period is about 9 min atI = 1 mA (Fig. 14c) and de-
creases to about 4.3 min atI = 2 mA (Fig. 14d) and 2.5 min
at I = 5 mA (Fig. 14e).

4. Discussion

The kinetics of propane oxidation on Pt has bee

stimulating problem for several decades[1–17,28,29]. Otto
et al. [1] reported an apparent activation energy of 22±
3 kcal/mol, and apparent reaction orders of 0 for oxygen
talysis 234 (2005) 476–487 483

Fig. 11. Dependence of (a)ρ and (b)Λ, on the partial pressure of oxyge
at positive currents.T = 623 K,pC3H8 = 1 kPa, reactor R3.

and 1 for propane. Hubbard et al.[2] also found zero- and
first-order dependence on oxygen and propane, respect
and an apparent activation energy of 17.5 ± 3.5 kcal/mol.
Garetto et al.[6] reported first-order dependence on prop
with the reaction order for oxygen depending on the s
port used and varying from 0 to−1. The apparent activatio
energy was also support-dependent and varied from 8
29 kcal/mol. Burch et al.[13] studied the effect of SO2 on
the catalytic activity of Pt/Al2O3 and reported activation en
ergies of 18.5 kcal/mol and 30 kcal/mol for untreated and
sulfated catalysts, respectively. A first-order dependenc
propane was found for both untreated and sulfated catal
for oxygen, the reaction order varied from−0.7 (untreated)
to −1.5 (sulfated).

Vernoux et al.[20] used an experimental system very si
ilar to the one used here to study and compare the NEM
effects during propane and propylene oxidation. In addi
to the closed-circuit results, they also examined the reac
under open circuit. Although they provided no details on
effect ofpC3H8, they reported on the role ofpO2 on the reac-
tion rate. The oxygen content varied from 0.1 to 2.5% w
temperature and propane content held constant at 673 K
0.2%. The reaction rate was found to vary in a manner v

similar to that shown inFig. 6a; it went through a maximum
atpO2/pC3H8 = 1, then decreased sharply to very low values
exhibiting negative to zero-order kinetics. In the same work,
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Fig. 12. Dependence of (a)ρ and (b)|Λ|, on the partial pressure of oxyge
at negative currents.T = 623 K,pC3H8 = 1 kPa, reactor R3.

the SEP technique was used to study the dependence
open-circuit voltage of the cell on temperature. A smo
increase with increasing temperature was observed, with
ues varying from−170 mV at 545 K to about−65 mV at
680 K.

In the present study, the oxidation of propane was
amined in view of the kinetic and potentiometric info
mation obtained.Fig. 5a shows that, excluding the low
est temperature (623 K), the reaction order for propan
higher than 1. This seems to contradict findings of pre
ous studies[1,2,6,13], which agree on linear dependence
propane. It should be pointed out, however, that in al
these studies, the reactant mixture was rich in oxygen.
oxygen:propane ratio varied from 5 to 50; that is, it was
ways above the stoichiometric. All of the data inFig. 5were
obtained withpO2 = 3 kPa; therefore, a comparison of t
present results to those of earlier studies should be limite
values ofpC3H8 < 3 kPa/5= 0.6 kPa.Fig. 5a shows that the
change in slope appears afterpC3H8 exceeds a temperatu
dependent value. These thresholdpC3H8 values are abou
0.6 kPa (pO2/pC3H8 = 5) at 773 K, 0.85 kPa (pO2/pC3H8 =
3.5) at 723 K, and 1.4 kPa (pO2/pC3H8 = 2.1) at 673 K.
Hence at all temperatures, the change in slope appea

propane-rich ratios, that is,pO2/pC3H8 < 5. Figs. 5a and b
show that a change in the dependence of the reaction rate
with pC3H8 is accompanied by an analogous change in the
talysis 234 (2005) 476–487

e

t

(a)

(b)

Fig. 13. Rate (rC3H8) and oxygen activity (αo) oscillations at (a)T = 623 K
and (b)T = 673 K.pC3H8 = 1.4 kPa,pO2 = 3 kPa, reactor R1.

dependence ofαo. Within the low reaction rates region
the αo values are up to one order of magnitude lower th
their correspondingp1/2

O2
values, indicating a moderate d

viation from thermodynamic equilibrium between adsorb
and gaseous oxygen. Within the high reaction rates reg
however, a strong deviation betweenαo and p

1/2
O2

is ob-
served.

This type of behavior has been reported in two previ
works in which kinetics were studied in conjunction w
SEP measurements, namely the oxidation of hydrogen
Ni [26] and on Cu[27]. In those studies, the two regim
were associated with the oxidation of the catalyst and for
tion of surface oxide on which the reaction rate was sign
cantly lower than on the reduced catalyst. This interpreta
can apply to the present data as well. At highpO2/pC3H8, the
Pt surface is oxidized, and low reaction rates are attained

low pO2/pC3H8, the surface is reduced, making it much more
active for propane oxidation. A high reaction rate means that
the steady-state value of the thermodynamic activity of ad-
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(a)

(b)

(c)

(d)

(e)

Fig. 14. Effect of applied current on the reaction rate: (a)I = 0, (b)
I = 0.5 mA, (c) I = 1 mA, (d) I = 2 mA and (e)I = 5 mA. T = 723 K,
pC3H8 = 1 kPa andpO2 = 1 kPa, reactor R2.

sorbed oxygen will be markedly reduced. This is shown
the right side ofFig. 5b, where, excluding the 623 K,αo de-
viates fromp

1/2
O2

by two to five orders of magnitude. At th
lowest temperature examined (623 K), the catalyst sur
remains oxidized at allpC3H8, and thus a linear reaction ra

is observed.

The picture is quite similar inFig. 6, which plots reaction
rate andαo versuspO2. At low pO2, the catalyst is reduced,
talysis 234 (2005) 476–487 485

and high reaction rates are observed. AspO2 increases, how
ever, the Pt surface is gradually oxidized, and its catal
activity drops. Hence, after going through a maximum,
rate decreases withpO2. At even higherpO2, the reaction
rate tends to become independent ofpO2. Again, Fig. 6b
shows thatαo deviates significantly from its thermodynam
equilibrium value (p1/2

O2
) in the reduced catalyst regime.

The experimental results presented inFigs. 5 and 6in-
dicate that, depending on thepO2/pC3H8 ratio, each figure
can be divided into two regions, one where the catalyst is
duced and very active and one in which the reaction ra
low and the catalyst is oxidized. If the data analysis is limi
into the highpO2/pC3H8 regime, then a linear dependence
pC3H8 is observed (Fig. 5a). The apparent activation ener
calculated from these data is 18.5 ± 2.5 kcal/mol. Simi-
larly, the highpO2/pC3H8 data ofFig. 6a show negative- to
zero-order kinetics with respect to oxygen. The apparen
tivation energy extracted from these data should be the s
as that calculated fromFig. 5a, and indeed, it was found t
be 19.5 ± 2.5 kcal/mol. Thus the average value for the a
tivation energy found herein is about 19 kcal/mol, which is
in good agreement with those values reported in prev
works[1,2,6,13].

Since 1981, when NEMCA was first observed during
oxidation of ethylene on Ag[30], this phenomenon has bee
studied in a very large number of heterogeneous cata
systems[19]. The particular reaction of propane oxidati
on Pt, has been studied by Vernoux et al.[20] and Kot-
sionopoulos and Bebelis[21]. Vernoux et al. compared th
closed-circuit behavior of propane and propylene oxida
and found that propane exhibits electrophobic promot
propylene, electrophilic promotion. The rate of propane
idation was electrochemically enhanced on application
positive voltage (O2− pumped to the catalyst). Values as hi
as 2.3 for rate enhancement (ρ) and 1650 for Faradaic en
hancement (Λ) were measured. On imposing negative vo
ages (O2− pumped away from the catalyst), the catalytic r
was reduced by up to a factor of 3, withΛ attaining values
as high as 14,250.

Kotsionopoulos and Bebelis studied the electrochem
promotion in the oxidation of propane on Pt and Rh at te
peratures between 700 and 800 K[21]. On Pt, and at sub
stoichiometric oxygen:propane ratios (pO2/pC3H8 < 5), the
reaction rate was enhanced by either positive or nega
overpotentials. The highestρ measured were 1350 for pos
tive overpotentials and 1130 for negative overpotentials.

The present NEMCA results are in qualitative agreem
with those of Kotsionopoulos and Bebelis.Figs. 7–12show
that the reaction rate is enhanced electrochemically at
positive and negative overpotentials. This type of “inver
volcano” behavior has been observed in several NEM
studies conducted on Ag, Au, Pd, Pt, and Rh catalysts[19].

On Pt, the inverted-volcano NEMCA has been observed in
oxidation of methane[31], ethane[32], ethylene[33], propy-
lene [34], and methanol[35]. The reaction exhibits elec-
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trophobic behavior at positive potentials and electroph
behavior at negative potentials.

The electrophobic behavior (i.e., the promoting effec
positive potentials) follows all of the NEMCA character
tics that were analyzed in detail by Vayenas et al.[18,19].
According to the classical interpretation, NEMCA is d
to the electrochemically controlled backspillover of ion
species from the solid electrolyte to the catalyst electr
surface[19]. In the present study, on application of po
tive potentials, the back-spillover Oδ− species cause an in
crease in the catalyst work function, which in turn results
a weakening of the chemisorptive bond of oxygen. Notew
thy among the present results are the very high values oρ,
the reaction rate enhancement ratio, obtained especially
reactor R3. As mentioned earlier, R3 is the catalyst that wa
gradually deactivated, resulting in a very low intrinsic c
alytic activity (ro). According to Eq.(3), ρ is inversely pro-
portional toro. This can explain why theρ values obtained
with R3 were much higher than those obtained with R2. In
previous NEMCA studies, typicalρ values were between
and 50, and in only a few cases[19,36,37]haveρ values
>100 been reported. In the recent work of Kotsionopou
and Bebelis[21], the maximumρ observed was 1350. Henc
the value of 1400 observed in the present study (Fig. 11a) is
the highest ever observed with any catalytic reaction sys

At negative potentials (i.e., on electrochemical remo
of oxygen from the Pt surface), the reaction exhibits str
electrophilic behavior. Clearly, this type of electrochemi
promotion cannot be attributed to ionic back-spillover. T
interpretation of the observed rate increase can be sim
to that reported by Kaloyiannis and Vayenas[18,32] for the
oxidation of ethane on Pt. Thus at negative potentials,
promotion effect can be attributed to the electrochemic
induced decrease in oxygen coverage and enhanceme
propane chemisorption. In the present case, an addit
factor may contribute to the rate enhancement: electroch
ical “pumping” of oxygen away from the catalyst causes p
tial reduction of the surface and, consequently, an increa
reaction rate.

As mentioned earlier, the inverted-volcano type of NE
CA was also reported by Kotsionopoulos and Bebelis[21],
but not by Vernoux et al.[20]. The latter focused primarily
on the comparison between propane and propylene ox
tion and found that the rate of propane oxidation increa
at positive potentials but decreases at negative potential
explanation for this finding could be the different react
conditions of the experiments. Vernoux et al.’s NEMCA e
periments were done at 610–640 K, whereas ours don
623–773 K. Also, Vernoux et al. worked at high oxyge
propane ratios (5< pO2/pC3H8 < 12) whereas most of ou
NEMCA results, especially those with highρ andΛ values,
were obtained atpO2/pC3H8 = 1. It is possible that with re

actor R3, the promotional effect on negative polarization is
related to carbon deposition on the catalyst surface. Contri-
butions from all of the aforementioned experimental details
talysis 234 (2005) 476–487

f
l
-

-

t

may have been responsible for the differences between
results and results of Vernoux et al.

Figs. 13 and 14show that under certain conditions, bo
reaction rate and surface oxygen activity exhibit oscillat
behavior. Since the discovery of oscillations in hetero
neous catalytic reactions in the late 1960s[38–40], numer-
ous reaction systems have been reported to exhibit sust
oscillations. Several comprehensive reviews on this inte
ing subject have been published, and quite a few experim
tal and modelling details can be found therein[41–43]. The
oxidation of propane is not listed as an oscillatory reac
in any of these reviews, however.

Recently, Gladky et al. reported oscillations during
catalytic oxidation of propane over a nickel wire[44]. The
reaction was studied at 873–1123 K, and the reaction m
ture was 95% propane and 5% oxygen. Oscillations w
observed at 923–1023 K. The oscillation period was ab
100 s, and the periodic changes in the reactant conce
tions were accompanied by significant synchronous fluc
tions in the catalyst temperature.

It is risky and inappropriate to consider that the os
latory phenomena observed in the present work are ne
sarily of the same nature and origin as those reported
Gladky et al. Not only was the catalyst different in the t
studies, but the experimental conditions were quite diffe
as well. Gladky et al. used a high excess of propane
let pO2/pC3H8 = 0.053) and as a result detected produ
of partial oxidation, such as H2, in the effluent stream. Th
concentration of H2 was found to oscillate together with th
concentrations of O2 and H2O [44].

For the data exhibiting oscillations (Fig. 13), the con-
version of propane and oxygen was low (<8%). The cata-
lyst temperature remained constant during the oscillati
Given the accuracy of the measurement, it is certain tha
temperature could not fluctuate by more than 2–3 K. If
observed changes in the reaction rate were due to chang
the catalyst temperature only, then the latter should be a
15–20 K; therefore, the present oscillations are not of t
mal origin.

Oscillations have been observed in the catalytic oxida
of C3H6, CO, and H2 on Pt [41–43]. If any of these com-
pounds were among the products, then one could ass
that the observed oscillatory phenomena are related to
oxidation of that compound rather than to the oxidation
propane. But none of these products was detected her
particular, the absence of CO, reported to be an interme
of either the partial or the deep oxidation of propane[17],
was verified by both the gas chromatography measurem
and the infrared CO analysis. It is possible that the obse
oscillations are related to periodic oxidation and reductio
the catalyst surface. This assumption is partially suppo
by the closed-circuit results ofFig. 14. The open-circuit cat

alytic reaction rate exhibits a stable steady state, but with
increasing catalyst potential, the rate eventually becomes os-
cillatory.
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A conclusive interpretation of the phenomena observe
the present study requires further experimental work. Spe
ically, the limits of gas phase composition and temperat
within which sustained oscillations appear, need to be in
tigated. Experimental work in this direction is currently
progress.

5. Conclusions

The catalytic oxidation of propane on Pt was studied
der both open-circuit and closed-circuit conditions. With
cell operating at open circuit, the reaction was positive or
in propane and, depending on thepO2/pC3H8 ratio, either
first, zero, or negative order in oxygen. The apparent a
vation energy was about 19 kcal/mol. Under certain con
ditions, reaction rate and surface oxygen activity exhib
sustained oscillations.

With the cell operating at closed circuit, the reaction
hibited a strong NEMCA effect of the “inverted volcan
type; that is, the rate is electrochemically promoted at
ther positive or negative potentials. At positive potentia
the effect is more pronounced, and the intrinsic reaction
can be enhanced by up to a factor of 1400. On imposin
constant potential, it is possible to electrochemically ind
oscillations in the reaction rate.
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