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Abstract

Studies of characterization and electrochemical promotion of the electrochemical catalyst Pt/K-8Al, O3 for low-temperature propene combus-
tion are reported for the first time. Characterization of Pt/K-8Al,O3 by surface titration, SEM, and XRD revealed useful information about the
electrochemical catalyst. On the other hand, it was found that Pt/K-8Al, O3 can be strongly promoted at low temperature for propene oxidation un-
der both near-stoichiometric and oxygen-rich conditions. For instance, under C3Hg/O7: 2000 ppm/7% at 200 °C, a rate enhancement ratio (oco, )
of 7 was achieved under application of Vyyr = —2 V, increasing propene conversion from 10 to 70%. In addition, the origin of the NEMCA effect
was investigated using cyclic voltammetry along with CO; analysis as well as FTIR measurements and SEM-EDX analysis. These techniques
showed that the presence of more stable and effective promoter phases (potassium oxides and superoxides) were responsible for both a permanent
NEMCA effect and a higher promotional phenomenon in comparison to sodium conductors.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Catalytic combustion of hydrocarbons is a nonpolluting
means of heat generation and also may be used to destroy
volatile organic contaminants (VOCs) present at trace levels in
large amounts of oxygen (e.g., automotive exhaust). The most
effective catalysts for the catalytic combustion of light hydro-
carbons (methane, propane, or propene) are supported noble
metals, such as platinum [1]. However, these kinds of catalysts
are very expensive and thus require various stages of recovery
and recycling. Alternately, the use of electrochemistry to ac-
tivate and control a reaction process is an expanding domain,
because it allows for significantly improved catalytic perfor-

* Corresponding author. Fax: +33 4 72 43 16 95.
E-mail address: philippe.vernoux @ircelyon.univ-lyonl.fr (P. Vernoux).

0021-9517/$ — see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2007.06.031

mance of metal catalysts by reducing the energy requirements
(to work at lower temperatures) or the amount of metal (to
use thinner films). This process, called the non-Faradaic elec-
trochemical modification of catalytic activity (NEMCA) effect,
or electrochemical promotion of catalysis (EPOC), was discov-
ered [2] and developed [3,4] by Vayenas and co-workers. It is
based on the control, by an applied potential, of the catalyst
work function due to electrochemical pumping of ions (promot-
ers) from a solid electrolyte [5,6]. Recent studies have explored
the utility of electrochemical promotion to improve Pt catalytic
activity for propene combustion using YSZ [7,8], YZTil0 [9],
Na-BAl>03 [10], and NASICON [11] as solid electrolytes. All
of these studies were carried out at 300-500 °C, which is the
usual working temperature range for an electrochemical cata-
lyst. However, the fuel-efficient characteristics of diesel engines
result in low exhaust gas temperatures (below 300 °C), espe-
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cially during low-speed driving. This implies that the practical
development of EPOC for car exhaust treatment depends on
new electrochemical catalysts (i.e., coupling catalysts and solid
electrolytes) able to work at lower temperatures with high ef-
ficiency. Concerning the catalyst, we have recently shown [12]
that the wet-impregnation procedure is a suitable and simple
technique for preparing Pt catalyst films with reasonable Pt dis-
persion that are active at lower temperatures. Regarding solid
electrolytes, sodium conductors such as NASICON and Na-
BAl,O3 have higher ionic conductivities at lower temperatures
than anionic ones, such as YSZ or CGO. Unfortunately, previ-
ous studies have shown that electropumping of Na ions from
Na-SAlO3 [10] or NASICON [11] can activate Pt catalyst
for propene oxidation under fuel-rich conditions, but not under
oxygen-rich conditions.

The aim of our research was to find an electrochemical
catalyst that can be effective and electrochemically promoted
at low temperatures for the propene oxidation reaction under
both near-stoichiometric (for energy production) and oxygen-
rich conditions (for VOC abatement) or unburned hydrocarbon
elimination in car exhaust. Potassium is known as a classical
promoter [13] and has been widely used in various catalytic re-
actions. For instance, it has been used to promote Pt catalysts
for the reduction of NO by propene [14] and for CO oxidation
[15]. In addition, the electrochemical promotion by potassium
on Pt catalyst has been investigated for the selective hydrogena-
tion of acetylene [16]. This work has demonstrated the extraor-
dinary promotional effect of potassium in improving the cat-
alytic activity and selectivity of Pt in an even more pronounced
way than Na [15]. In the present work, we studied for the first
time the electrochemical promotion by potassium of Pt catalyst
for low-temperature propene combustion. Our findings clearly
demonstrate the practical applications of EPOC for catalytic
combustion of hydrocarbons, because we have found that Pt/K-
BAl,O3 electrochemical catalyst can be strongly promoted at
low temperatures while exhibiting high catalytic performance
under both near-stoichiometric and oxygen-rich conditions.

2. Experimental
2.1. Electrochemical catalyst preparation

The electrochemical catalyst consisted of a porous, con-
tinuous, thin Pt film (geometric area of 1.12 cm?) deposited
on a side of a 17-mm-diameter, 1-mm-thick K-8Al,O3 disc
(Ionotec). Au counter and reference electrodes were deposited
on the other side. These electrodes were deposited by ap-
plying thin coatings of gold paste (Gwent Electronic Materi-
als C1991025D2), followed by calcination at 800 °C for 2 h.
Gold was selected because it exhibits no significant activity for
propene combustion in the form of large particles (1 um di-
ameter) under our operating conditions, as checked by blank
experiments. Then the Pt film was deposited, as described in
detail elsewhere [12], by successive steps of deposition and
thermal decomposition (650 °C for 1 h) of an H,PtClg precur-
sor solution, with a metal concentration of 0.1 M. The final Pt
loading was 1.24 mg Pt/cm?.

2.2. Catalytic activity measurements

Catalytic activity measurements of Pt films deposited on K-
BAl,O3 were performed in a quartz reactor as described pre-
viously [7]. The reaction gases were mixtures of C3Hg (Air
Liquide, 8000 £ 240 ppm), O, (Air Liquide, 99.95%), and
He (Air Liquide, 99.999%), which was used as the vector
gas. The gas composition was controlled by mass flow con-
trollers (Brooks), with accuracy >1%. The feed composition
was 2000 ppm C3Hg, 1-7% O», and the balance He; the over-
all flow rate was 4 L/h. Reactants and products were analyzed
using an online micro-gas chromatograph (Varian CP-2003),
whereas CO, concentration in the effluent from the reactor was
also continuously monitored using an infrared (IR) analyzer
(Horiba VA-3000). Before analysis, the water produced by the
catalytic reactions was trapped by an electro-gas cooler (M&C
Products, ECP1000-G).

The propene conversion into CO, was defined as

propene conversion = 100 x Pco,/(Pco, +3 x PcyHg), (1)

where Pco, and Pc,y, are the partial pressures of CO> and
propene in the outlet gas, respectively. Carbon dioxide was
the only carbon-containing oxidation product. Carbon monox-
ide was not detected according to our lower detection limit
of 50 ppm. The carbon mass balance between C3Hg and CO»
had an error <3%; therefore, we can assume that CO, forma-
tion from possible carbon deposition was insignificant during
the catalytic tests. Before catalytic activity measurements, the
Pt film was pretreated under Hy at 450 °C for 1 h to reduce
the metal. Then the sample was cooled down to 200 °C un-
der a flow of helium. The reactive mixture flow (with 1% O,)
was switched into the reactor, and the sample was heated to
650°C at a rate of 1°C/min. The catalyst was maintained at
650 °C for 12 h, after which the temperature was decreased to
200 °C at arate of 1 °C/min. This procedure aimed to stabilize
the Pt film morphology and to identify the degree of catalyst
durability against thermal sintering needed in catalyst formula-
tions. The three electrodes, W (catalyst or working electrode),
R (reference), and CE (counter-electrode) were connected to
a Voltalab 80 potentiostat-galvanostat (Radiometer Analytical).
Voltage or current was applied and measured according to the
procedure generally used in conventional three-electrode elec-
trochemical cells. The catalyst potential (Vwgr) was measured
between the working electrode (Pt) and the reference electrode
(Au), which may be considered as a pseudoreference because
we have checked that its potential does not vary significantly
with the composition of the gaseous mixture.

2.3. Characterization measurements

The dispersion of the Pt catalyst film and its chemisorption
properties at varying catalyst potential were characterized by
the isothermal surface titration technique. The Pt particle size
before catalysis (fresh sample) and after catalysis (aged sam-
ple) was obtained by grazing angle X-ray diffraction (XRD)
(AkaCo = 0.179 nm) using an Inel diffractometer with an in-
cipient angle of 4°. The morphology and composition of the Pt
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film before and after catalysis were also investigated via scan-
ning electron microscopy (SEM), using a Phillips FEG XL30S
microscope equipped with an energy-dispersive X-ray analyzer
(EDX). Cyclic voltammetry measurements in conjunction with
CO, analysis were performed with a potentiostat-galvanostat
Voltalab 80 (Radiometer Analytical) under different reaction
conditions and recorded at a sweep rate of 2 mV/s.

In addition, to identify the state of the different potassium
promoter species under reaction conditions, in situ Fourier
transform infrared spectroscopy (FTIR) measurements were
carried out in an IR reactor cell as described previously [17].
In situ FTIR spectra were collected with a Perkin—Elmer Spec-
trum GX spectrometer by accumulating 100 scans at a resolu-
tion of 4 cm™!. The focused wave number range was 4000—
1000 cm~!. FTIR measurements were carried out over a 1%
Pt/K-BAl,O3 powder, which simulated the Pt catalyst working
electrode. It was prepared by a conventional impregnation pro-
cedure as follows. A powder of the solid electrolyte K-8Al,O3
(Ionotec) was impregnated with a HthCIZ solution precursor
in a glass vessel under vacuum at 60 °C to yield 1% weight
of Pt. After drying overnight at 120 °C, the resulting powder
was calcined at 450 °C for 4 h to prepare it for precursor de-
composition.

3. Results and discussion
3.1. Electrochemical catalyst characterization

The dispersion of the Pt film after catalysis was determined
by measuring its reactive oxygen uptake at 350°C via the
isothermal titration technique [5]. The Pt film was first ex-
posed to Oy for 15 min, after which the reactor was purged
with pure He for #ye, several times longer than the reactor res-
idence time to remove gaseous O,. Subsequently, the reactor
was purged with C3Hg, and the amount of oxygen remaining
on the Pt surface (V) was obtained by integrating the area of
the CO; peak in the reactor effluent. Due to the high conduc-
tivity of the solid electrolyte at 350 °C, during the isothermal
titration technique, a positive catalyst potential of Vwgr =2 V
was applied to avoid thermal migration of potassium ions, that
could modify the chemisorption properties of the catalyst. By
varying tye, one can study the kinetics of oxygen desorption.
By extrapolating N at fy. = 0, one obtains the reactive oxy-
gen catalyst uptake, Ny. Fig. 1 shows the results of the sur-
face titration measurements. The reactive oxygen uptake was
No = 3.5 x 1077 mol O which led to a metal dispersion of
5%. This value of dispersion is higher than that typically ob-
tained by application of coatings of metal pastes (0.5%) [4],
but lower in comparison with that obtained on sputtered films
(15-50%) [18]. Nevertheless, the measured value of Pt disper-
sion, after long term treatment at high temperature, is close to
the one obtained in a typical monolithic reactor [19]. Therefore,
one could envisage the use of the impregnation technique to de-
posit a Pt porous catalyst film onto tubes or channels, leading
to a cell configuration easily adaptable to the existing catalytic
devices in which EPOC could be applied, as already done with
other metals [20,21].
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Fig. 1. Isothermal surface titration of oxygen by C3Hg at 350 °C. Effect of
oxygen desorption time, ffje, on the mass of reactive oxygen adsorbed on the
Pt surface.
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Fig. 2. Effect of the catalyst potential on CO, formation during the isothermal
surface titration of oxygen by C3Hg at 250 °C. Inset: influence of the catalyst
potential on the mass of reactive oxygen adsorbed on the Pt surface.

The variation of the Pt catalyst chemisorption properties at
varying catalyst potential (Vygr) was also characterized via the
isothermal titration technique. This former was carried at out at
250 °C for a constant desorption time (fge = 4 min) under three
different applied catalyst potentials. The variation of the CO,
formation vs time during the purge with C3Hg for each catalyst
potential is shown in Fig. 2. By integrating the area of the CO»
peak, one can measure the oxygen remaining on the surface (N)
vs the applied catalyst potential (inset Fig. 2). It can be clearly
observed that as the catalyst potential decreased, the CO; for-
mation during the purge with C3Hg as well as the width of the
CO; peak strongly increased. Thus, as the catalyst potential de-
creased, there was an enhancement of the strength of the Pt-O
bond during the isothermal titration experiment. It led to both
an increase of the amount of oxygen remaining on the surface
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Fig. 3. Grazing angle (4°) XRD spectra of Pt catalyst before catalysis (fresh
sample) and after catalysis (aged sample).

(N) after the desorption step, and a time prolongation in the
CO; formation during the purge with propene. As already re-
ported in previous studies [16,22-25], a decrease in the catalyst
potential yields to a decrease in the catalyst work function, as
the result of the transfer of positively charged potassium species
on the catalyst surface, which modifies the chemisorption prop-
erties of the metal. As can be observed in Fig. 2, the presence
of potassium species on the catalyst surface strongly modified
the chemisorption properties of the Pt catalyst, e.g., the reactive
oxygen uptake strongly increased by approximately a factor 20.

XRD patterns of the Pt catalyst-working electrode before
catalysis (fresh sample) and after catalysis (aged sample) are
given in Fig. 3. Peak assignments for Pt based on JCPDS stan-
dards are consistent with a face-centred cubic (fcc) structure.
No pattern of platinum oxides appeared in the aged sample.
This suggests that the strengthening of the Pt—O bond induced
by the promoter during the catalytic experiments was not suffi-
cient to oxidize the Pt surface. Nevertheless, a slight increase
in the intensity of the diffraction peaks in the sample could
be observed after catalysis. This was due to a minor sinter-
ing of Pt catalyst after long time in the reactor, which led to
a small increase in the diameter of Pt particles from 55 nm
in the fresh sample to 60 nm in the sample after catalysis, as
measured by Scherrer’s equation [26] from the analysis of the
shape of the peak (111). Therefore, we can assume that the Pt
film prepared by thermal decomposition of a Pt precursor solu-
tion shows significant resistance to thermal sintering, even after
long treatment (12 h) at 650 °C under reaction conditions. This
represents an important advantage of the wet-impregnation pro-
cedure over sputtering, because Pt-sputtered films are known to
tend to sinter during reaction conditions.

Representative SEM images of the fresh (Fig. 4a) and aged
(Fig. 4b) samples showed a minor sintering of the Pt agglom-
erates after the catalytic tests. In agreement with XRD mea-
surements, this sintering can be considered limited, because

Fig. 4. Top surface SEM micrographs of the Pt catalyst film: (a) before catalysis
and (b) after catalysis.

the size of the Pt agglomerates after the catalytic test was still
<1 ym. Moreover, the wet-impregnation procedure led to a very
porous catalyst film, with morphology similar to those Pt films
prepared by application of metal paste coatings [4], but with
a much lower particle size as estimated by XRD (60 nm vs
1000 nm found previously [4]). This finding represents a unique
advantage of the impregnated films, because it is well known
[27] that the strength of Pt—O bonds increases as the particle
size decreases. Thus, oxygen coverage on the Pt film prepared
by the wet-impregnation procedure will be higher than that on
catalysts prepared by application of metal pastes. Consequently,
it could be active at lower temperatures, as already reported for
the reduction of NO by C3Hg [28].

3.2. Catalytic activity measurements under
near-stoichiometric oxygen conditions

We first investigated the catalytic activity of the Pt/K-
BAIl,Oj3 electrochemical catalyst at 270 °C under near-stoichio-
metric conditions, C3Hg/O>: 2000 ppm/1%. Fig. 5 shows the
steady-state effect of the applied potential (Vyyr) on both
propene conversion and propene oxidation rate (expressed as O
consumption rate, in mol O/s). In this experiment, the potentio-
stat was set to impose a potential difference (A Viyyr) between
the working and reference electrodes. Current measured be-
tween the working electrode (catalyst) and Au counterelectrode
should correspond to the following cathodic reaction at the cat-
alyst (working) electrode:

KT (8-ALO3) 4+ e~ — K (catalyst). )

This continues until the amount of K pumped from the elec-
trolyte to the catalyst causes the value of Vg to reach the
desired preset value, at which point the current vanishes. It
can be observed that starting from a potassium clean surface
(Vwr =2 V) and then decreasing this potential, the catalytic
performance of Pt improved significantly, increasing propene
conversion from 30 to 63% (Fig. 5). It should be pointed out that
this is the first time that such large increase in propene conver-
sion was found below 300 °C. As shown in Fig. 2, the variation
of the catalyst work function on polarization induces changes



478 A. de Lucas-Consuegra et al. / Journal of Catalysis 251 (2007) 474—484

65 T 49
60
T 44

55
$ 2000 ppm C3Hg
= 50 ) 39
£ 1% O, 2
z T=270°C g
> 45 1348
=] 34 g
8 "
o c
5 40 -
E +29

35 A

T+ 2.4
30 A
Increasing 6 k+
25 T T T T 1.9
-2500 -1500 -500 500 1500 2500

Vwr (mV) vs. Au

Fig. 5. Steady-state effect of applied catalyst potential (VyR) on both propene
conversion and catalytic reaction rate (r) expressed in mol O/s. Total flow
rate =4 L/h.

in the binding strength of chemisorbed species. When there
is no promoter on the catalyst (Vwr = 2 V), the Pt surface is
predominantly covered by propene or by propene-derived car-
bonaceous species [7,8]. Thus, the decreased catalyst potential
enhances propene oxidation rate by increasing the coverage of
electron-acceptor species (O2) at the expense of electron-donor
(C3Hg) [8], leading to the observed electrophilic NEMCA ef-
fect. Such electrophilic NEMCA behavior has been reported
for propene combustion under stoichiometric conditions for Pt
catalyst deposited on Na-8Al,O3 [10] and NASICON [11].
Nevertheless, in these works, when the catalyst potential was
decreased (<0 mV in [10] and —200 mV in [11]), a decrease in
the reaction rate was also observed. This poisoning effect was
attributed to the growth of three-dimensional crystallites of Na
compounds (sodium carbonates) on the Pt surface that blocked
the active sites. Using Pt/K-BAl,O3 electrochemical catalyst,
we have not observed such poisoning behavior, even when the
catalyst potential was decreased to lower values (—2 V) than in
Refs. [10,11].

It has been suggested that this difference may be due to
the lower thermal stability of bulk potassium compounds ver-
sus sodium compounds under reaction conditions, which could
prevent the growth of such three-dimensional phases. To con-
firm this assumption, a potentiostatic transient experiment was
carried out under the same reaction conditions (C3Hg/Os:
2000 ppm/1%; T = 270°C), as shown in Fig. 6. This exper-
iment depicts the response of the propene conversion versus
time to step changes in applied potential. Initially (# < 0), the
system was kept at open circuit conditions (OCV); later (z = 0),
a positive potential of Vyyr =2 V was applied between the Pt
catalyst and the Au reference electrode for 2 h, to clean the
catalyst surface of potassium and define a reproducible state
of the Pt catalyst surface. The migration of potassium ions
from the Pt surface toward the K-8Al,0O3 solid electrolyte, in-
duced by the polarization, significantly decreased the propene
conversion. Subsequent application at ¢ = 2 h of a constant po-
tential of Viwyr = —2 V, with the concomitant electrochemical
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Fig. 6. Propene conversion response vs time to step changes in applied catalyst
potential. Total flow rate =4 L/h.

pumping of potassium ions to the catalyst surface, resulted in
a significantly increased catalytic reaction rate, with a propene
conversion value of 63%, as obtained in the previous experi-
ment (Fig. 5). Then the circuit was opened (OCV) at¢t =7 h, to
study the stability of the promoter species. Finally, at r = 12 h,
a catalyst potential of Viyr =2 V was applied, to get the initial
unpromoted state. The most important point is that, after the
negative polarization, at t = 7 h, with open circuit conditions
(OCV), the catalyst exhibited just a slight decrease in catalytic
activity. Indeed, after 5 h, the propene conversion decreased by
<10 points. This behavior, close to a permanent NEMCA ef-
fect, shows high thermal stability of the promoter species under
the reaction conditions. Even after a long time at OCV (5 h),
a high positive catalyst potential should be applied (Vwr =2 V)
to obtain the initial values of propene conversion.

These experiments seem to indicate that the different poten-
tiostatic behaviors of Na™ and K conductors, with no poison-
ing regime in the case of KT cations, is not due to a lower
thermal stability of potassium promoter species. Therefore, we
can propose that this difference is likely due to the different
nature of the promoter species formed with sodium and potas-
sium conductors, respectively. As we show later, the nature of
the potassium compounds is different from that previously re-
ported with sodium conductors for propene oxidation [10,11].
On the other hand, two regions can be clearly distinguished in
Fig. 6 under application of —2 V. The first of these leads to a
very rapid increase in the catalytic reaction rate, with an instant
increase in propene conversion up to 55%, whereas the second
region leads to a much slower increase in propene conversion.
Furthermore, after the current interruption, the rate seems to re-
lax to a value that practically corresponds to the onset of the
second region with a slower increase in conversion. This in-
teresting behavior seems to indicate that the formation of two
different promoter phases with different stabilities and promo-
tional effects could be occurring. Therefore, we can suggest that
the different nature of the promoter phases led to a higher cat-
alytic activation for propene oxidation than that observed with
sodium conductors [10,11]. This higher promotional effect of
potassium can also be explained taking into account the dif-
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Table 1

Influence of the reaction temperature on the catalytic behavior and on the pro-
motional parameters of Pt/K-B8Al,0O3 electrochemical catalysts under unpro-
moted (Vyyr =2 V) and promoted (VR = —2 V) conditions. Reaction condi-
tions: [C3Hg] = 2000 ppm, [O;] = 1%, He balance, total flow rate =4 L/h

ro (10 mol/s/gpy)?

Temperature (°C) r (10° mol/s/gp)®  p y

220 0.34 1.03 3.02 1.00
250 0.99 1.87 1.88 1.00
270 2.10 4.41 2.10 1.00
290 3.01 5.86 195 1.00
310 4.54 6.16 136 1.35
E, (kJ/mol) 69 52

4 (ro) Denotes the unpromoted propene reaction rate.
b (r) Denotes the promoted propene reaction rate.

ferent ionic sizes of the two cations. Lang et al. [29] clearly
showed that the larger the alkali cation, the greater the elec-
tric field of a co-adsorbed species located at an adjacent site.
Thus, KT should perturb the Pt—O bond more strongly than
Nat, leading to the observed greater effectiveness of the pro-
motional effect. This fact is in agreement with previous studies
on chemical alkali promotion of Pt, CO oxidation [15], and NO
reduction by C3Hg [14,30] and CO [31], which also showed
that heavier alkalis were more effective than lighter ones.

Fig. 7 shows the response of propene conversion versus time
to step changes in the applied potential, in a temperature range
of 220-310 °C. First, a catalyst potential of Viyr =2 V was ap-
plied for 1 h, then a negative polarization of Vyyr = —2 V was
applied for 5 h, and finally a positive potential of Vwgr =2 V
was applied for 4 h, to study the reversibility of the promotional
phenomenon. Table 1 summarizes the influence of the reaction
temperature on both the unpromoted (Viwr = 2 V) and pro-
moted (Vivr = —2 V) catalytic performance of Pt/K-8Al,03
electrochemical catalyst and the value of the following promo-
tional parameters [4]:

rate enhancement ratio (p) =r/rg 3)

and

permanent rate enhancement ratio (y) = rper/ro, 4)

where ro is the unpromoted propene reaction rate (¢ = 1 h),
r is the promoted propene reaction rate (f = 6 h), and rpe is
the permanent propene reaction rate after applying 2 V for 4 h
following the promoted state (f = 10 h).

Fig. 7 clearly shows that the application of Vwgr = -2 V
produced an increase in propene conversion for the entire tem-
perature range. Thus, the system could be electrochemically
promoted even at low temperatures. For instance, at 220 °C, the
application of Vywr = —2 V led to a rate enhancement ratio (p)
of 3. Therefore, it is important to note that the electrochemical
promotion can be used to decrease the operation temperature
of a catalyst. The effect of electrochemical pumping of potas-
sium ions to the Pt catalyst at 270 °C led to a similar catalytic
reaction rate as for the unpromoted one at 310 °C. The apparent
activation energy (E;,) was also obtained via an Arrhenius-type
function for the unpromoted and promoted states (Table 1).
A decrease in the E, value was found for the promoted cata-
lyst; this could be due to the aforementioned increase in oxygen
coverage on the catalyst induced by the negative polarization.
Thus, we can assume that oxygen adsorption is a key step in
the combustion process. The catalyst performance is strongly
promoted by increased oxygen coverage. A similar decrease in
activation energy under the same reaction conditions was found
by Billard and Vernoux [32] on a Pt/NASICON electrochemical
catalyst. These authors reported that the lower activation energy
found at OCV on Pt-sputtered films (E, = 68 kJ/mol) in com-
parison with a Pt paint sample (E,; = 90 kJ/mol) was due to the
higher O coverage on the former (with sputtered films present-
ing with smaller particle sizes). On the other hand, the apparent
unpromoted activation energy (E, = 69 kJ/mol) of the Pt film
prepared in this work is close to that found previously [32] for
a Pt-sputtered film. This suggests a similar Pt particle size for
both two types of catalyst films. It is also important to note that
the irreversible promotional behavior begins to appear at 290 °C
and is clearly observed at 310 °C (see Fig. 7). At 290 °C, it took
more than 1 h with a positive potential Viyr =2 V to see a de-
crease in catalytic activity. At 310 °C, the initial unpromoted
catalytic rate was not achieved even when Vyyr =2 V was
applied for 4 h. Therefore, at this temperature, there is a perma-
nent NEMCA effect [33], with a permanent rate enhancement
ratio of y = 1.35 (see Table 1).

The permanent NEMCA effect is one of the most interesting
and potentially important characteristics of the electrochemi-
cal promotion from a practical standpoint [4]. For instance, the
permanent NEMCA effect can reduce the electrical energy re-
quirements (polarizing the catalyst for only a short time) and
lead to practical application of NEMCA during catalyst prepa-
ration. Thus, due to the theoretical and practical interest in this
permanent NEMCA effect, we investigate it in detail in a sepa-
rate section.

3.3. Catalytic activity measurements under oxygen-rich
conditions

Fig. 8 shows the response of propene conversion versus time
to step changes in catalyst potential under different oxygen-rich
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Fig. 8. Propene conversion response to step changes in applied catalyst potential
vs time at different reaction temperatures and oxygen concentrations: (a) 5% O;
and (b) 7% O,. Total flow rate =4 L/h.

Table 2

Influence of the oxygen concentration and reaction temperature on the promo-
tional parameters of Pt/K-BAl,O3 electrochemical catalysts. Reaction condi-
tions: [C3Hg] = 2000 ppm, [O3] = 5-7%, He balance, total flow rate =4 L/h

Temperature (°C) 220 230
5% Oy P 1.94 2.30
¥ 1.00 2.40
Temperature (°C) 190 200
7% Oy P 2.10 7.00
y 1.00 7.00

concentrations and reaction temperatures. Table 2 summarizes
the influence of the oxygen concentration and reaction temper-
ature on the promotional parameters. It can be observed that
the catalyst can be strongly promoted under oxygen-rich condi-
tions; for instance, under C3Hg/O: 2000 ppm/7%, at 200 °C
(Fig. 8b), propene conversion was strongly increased by ap-
plication of Vwr = —2 V. Even though the temperature was
quite low, a very high conversion (70%) was obtained together
with a high rate enhancement ratio (oco, = 7). This is the first
time that such large promotional phenomenon has been found
for propene combustion under an excess of oxygen using a Pt-
based electrochemical catalyst. Previous studies have found that
electropumping Na ions from Na-SAl,O03 [10] or NASICON
[11] can activate Pt catalysts for propene oxidation under fuel-

rich conditions. Nevertheless, under oxygen-rich conditions, as
in exhaust gases, the electrochemical supply of ions decreases
the catalytic activity. Such different behavior under oxygen-
rich conditions could be attributed to both the different oxy-
gen/propene ratios and the higher reaction temperatures used in
these previous studies, for example, 340 °C for Pt/Na-5Al,03
[10] and 300°C for Pt/NASICON [11] compared with the
230 °C used in the present study. Dorado et al. [28] reported that
an increase in the reaction temperature leads to an increase in
the relative coverage between oxygen and propene (0o/0c;Hg),
changing the potentiostatic behavior of the electrochemical cat-
alyst. On the other hand, using a Pt/YSZ electrochemical cat-
alyst, Kaloyannis and Vayenas [8] found a high promotional
effect (p = 6) for propene combustion under oxygen-rich con-
ditions, but at a very high temperature (350-480 °C). The use of
Pt/K-BAl,03 electrochemical catalyst shows potential for the
practical application of EPOC for the removal of VOCs, be-
cause the system can be electrochemically promoted under ex-
cess of oxygen at very low temperatures (e.g., at 200 °C under
7% O3). Under such reaction conditions, the unpromoted cata-
lyst (Vwr = 2 V) is covered mainly by propene or by propene-
derived carbonaceous species, preserving a low conversion (low
temperature). A decrease in catalyst potential strongly enhances
the propene oxidation rate by promoting oxygen adsorption.
Furthermore, a permanent NEMCA effect is clearly observed.
Thus, values of y = 2.4 and 7 were found at 230 and 200 °C for
an oxygen concentration of 5 and 7%, respectively (Table 2).

We analyze the origin of this permanent NEMCA effect out
in the next section. However, from Tables 1 and 2, two general
trends can be anticipated with increasing oxygen concentration
in the feed: (i) the permanent NEMCA effect becomes more
pronounced, and (ii) the permanent NEMCA effect occurs at
lower reaction temperatures.

3.4. Investigations of the origin of the NEMCA effect

3.4.1. Cyclic voltammetry measurements

To investigate the origin of the permanent NEMCA ef-
fect, cyclic voltammetry was carried out in conjunction with
CO; analysis under near-stoichiometric conditions at 250 and
290°C (Fig. 9). As reported in previous studies for Na™-
conducting electrolytes [11,12], the observed cathodic and an-
odic peaks were directly linked to the back-spillover of ions
between the solid electrolyte and the catalyst surface, which
led to the electron charge-transfer reaction between the ions and
the different species adsorbed on the catalyst surface. At 250 °C
(Fig. 9a), a reversible promotional phenomenon was found dur-
ing cyclic voltammetry, due to the formation (cathodic peak)
and decomposition (anodic peak) of a potassium surface com-
pound as a consequence of the negative and positive polariza-
tion, respectively. Based on the area of the cathodic peak and
the Faraday’s law, a potassium promoter coverage of 0.7% on
Pt can be estimated. Taking into account the composition of
the feed, the potassium compound may be considered to be
potassium carbonate, as was previously detected by XPS under
similar reaction conditions [23]. Nevertheless, due to the for-
mation of HyO, we cannot rule out the formation of potassium
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bicarbonate, as has already been deduced with sodium conduc-
tors [11].

On the other hand, at 290 °C (Fig. 9b), a permanent NEMCA
effect was observed during cyclic voltammetry. At the same
time, a widening (probably due to the appearance of a sec-
ond peak on both the cathodic and anodic regions) and an
increasing intensity of the voltammetry peaks also could be
observed. This seems to indicate that at 290 °C, additional pro-
moter species were formed during negative polarization (i.e.,
increased potassium promoter coverage to 1.5%) that were not
totally decomposed during positive polarization (i.e., widening
of the anodic peak). Therefore, we can suggest that as the re-
action temperature increased, the formation of additional and
more stable potassium promoter species occurred, leading to
the observed permanent NEMCA effect. We could envisage
that possible candidates could be potassium oxide or superoxide
phases, because potassium peroxy or superoxy potassium com-
pounds have been detected over Ag/K-BAl,O3 electrochemical
catalyst under similar reaction conditions [34].

3.4.2. FTIR measurements

To identify the chemical state of the different potassium
promoter species on the catalyst surface, FTIR measurements
were carried out under different reaction conditions over 1%
Pt/K-BAl,03 catalyst powder. The Pt active phase dispersed
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Fig. 10. FTIR spectra of adsorbed species on 1% Pt/K-BAl,O3 at different
reaction temperatures. Reaction conditions: [C3Hg] = 2000 ppm, [O2] = 1%,
He balance, total flow rate =4 L/h.

on the K-BAl,O3 support was already promoted before the
FTIR analysis, due to the thermal migration of potassium ions
from the support to the Pt particles during the preparation step.
Therefore, the 1% Pt/K-BAl>,O3 catalyst powder simulated the
Pt catalyst working electrode of the Pt/K-8Al>O3 electrochemi-
cal catalyst under promoted conditions. Fig. 10 shows the FTIR
spectra collected during exposure of the catalyst powder to a
mixture of C3Hg/O5: 2000 ppm/1% at different reaction tem-
peratures. Backgrounds were obtained at each temperature with
the sample in place. Therefore, the final spectra show only
the adsorbed species. The FTIR spectra were divided into two
regions: 4000-3000 cm~! (Fig. 10a) and 2000-1300 cm™!
(Fig. 10b). It can be seen that no IR bands were present be-
low the temperature at which the conversion of propene started
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(220 °C). Nevertheless, as the reaction temperature increased,
IR bands of adsorbed species on the Pt/K-5Al,O3 catalyst were
observed. Fig. 10a clearly shows several bands in the hydroxyl
region (3705-3500 cm™ 1) [35] at, for example, 3705, 3629,
and 3548 cm~!. According to Iordan et al. [36], the band at
3705 cm~! has been related to type ITA alumina hydroxyls, or
most probably AIOHK species. It is interesting to note that an
increment in the reaction temperature from 220 to 270 °C led
to a higher intensity of the 3705-cm™~! band. Nevertheless, at
350°C, the intensity of the band decreased. Previous studies
[37] have shown that at certain reaction temperatures, AIOHK
species can be transformed into potassium oxides and super-
oxides. Thus, it can be suggested that the decreased intensity
of the band at 3705 cm™! could be due to the formation of
potassium oxides and superoxides. Accurately determining the
exact stoichiometry of the oxide or superoxide is difficult (with
K5O the leading candidate), although the adsorption of a sin-
gle oxygen atom onto K>O would lead to potassium peroxide,
K505 [37]. On the other hand, several bands with increasing in-
tensity with temperature can be seen in Fig. 10b. The band at
1721 cm~! can be assigned to v(C=0) [38,39], whereas bands
in the range 1400-1600 cm~! are often assigned to carbona-
ceous species [35,40,41]. Thus, the band at 1599 cm~! was
assigned to carboxylate ion CO, , the band at 1545 em~! was
assigned to a chelating bidentate potassium carbonate, and the
band at 1456 cm™! was assigned to CO» asymmetric stretch in
potassium bicarbonate. Thus, we can confirm the presence of a
wide variety of potassium promoter phases on the catalyst sur-
face under reaction conditions. Nevertheless, the formation of
additional promoter species in cyclic voltammetry at 290 °C,
which produced the permanent NEMCA effect, seems to be re-
lated to the aforementioned formation of potassium oxides and
superoxides above 270 °C. This would be in agreement with
previous studies by Comninellis and co-workers of IrO,/YSZ
electrochemical catalyst [33,42] that found strong evidence in-
dicating that the permanent NEMCA effect was due to the
electrochemical creation and stabilization of promoter superox-
ides on the catalyst surface. The formation of such oxides and
superoxides from the interaction between potassium ions and
the oxygen adsorbed on the catalyst surface also has been re-
ported for Ag/K-BAl,O3 electrochemical catalyst [34]. In our
case, this interaction likely led to formation of the observed
AlOHK species, which were further transformed into potassium
oxides and superoxides at sufficiently high temperatures. This
would explain why for a given O, concentration, the permanent
NEMCA effect appeared above a specific reaction temperature.
Under a C3Hg/O; atmosphere, the O coverage on the catalyst
surface increased with the reaction temperature [43], facilitat-
ing the formation of AIOHK species. On the other hand, if
the oxygen concentration in the feed were increased (higher O
coverage), the temperature to get a permanent NEMCA effect
would be lower and this effect would be more pronounced, in
agreement with the experimental results (see Tables 1 and 2).

3.4.3. SEM-EDX analysis
The presence of potassium oxides and superoxides was
confirmed by SEM-EDX analysis carried out over the sam-

Fig. 11. SEM micrograph of (a) Pt film, and X-ray mapping of (b) potassium,
(c) oxygen, and (d) carbon.

ple after catalysis. Before the SEM-EDX analysis, the sample
was kept under the following reaction conditions: C3Hg/O»:
2000 ppm/1% at 310 °C for 12 h, under application of Vywr =
—2 V, to favor the formation of promoter species. Fig. 11
shows a SEM micrograph of the Pt film (Fig. 11a) along with
a mapping of the same region for several elements: potassium
(Fig. 11b), oxygen (Fig. 11c), and carbon (Fig. 11d). The Pt
film (lighter color) covered most of the SEM image apart from
a large central band, which shows part of the solid electrolyte.
On the other hand, several darker regions can be distinguished.
These darker regions were attributed to the presence of different
phases formed during the catalytic experiments, because they
were not observed for the fresh sample (not shown).

From the mapping of the elements (Figs. 11b—11d), two re-
gions can be clearly distinguished in the analysis of the Pt film:
region 1, formed exclusively by carbon, and region 2, formed
by potassium and oxygen. Region 1 is a consequence of carbon
deposition during the catalytic experiment, whereas region 2
exhibits the presence of potassium oxides and superoxides, in
good agreement with the FTIR measurements. Nevertheless,
the presence of potassium carbonate and bicarbonate was not
observed by SEM-EDX analysis. These phases likely disap-
peared during the cooling period, because they seem to be
less stable. Indeed, these phases were removed during the cat-
alytic experiments under application of Viyr =2 V, leading to
a reversible promotional effect. In contrast, the potassium ox-
ides and superoxides seem to be more stable phases, and their
presence could induce the observed permanent NEMCA effect,
because they may not have been completely removed under ap-
plication of Vyyr =2 V. In addition, it should be noted that the
higher the oxygen concentration in the feed, the greater the in-
crease in promotional parameters (Tables 1 and 2). Therefore,
the promotional effect was greater for the oxides/superoxides
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than for the carbonate/bicarbonate, in agreement with the two
regions previously observed in Fig. 6. This should explain
why under certain reaction conditions, a slight increase in cat-
alytic activity was observed when the negative polarization was
stopped (Figs. 7 and 8). This could be related to the removal
of the less stable promoter phase from the catalyst. As reported
previously [10,11] the growth of three-dimensional carbonate
phases blocks catalyst active sites, leading to poisoning be-
havior. Consequently, when both promoter phases coexisted on
the catalyst surface, removal of the less stable and less active
phase (the carbonate/bicarbonate) would involve an additional
increase in catalytic activity, because the loss of promoter was
compensated for by the unblocking of Pt active sites. This can
explain why we found a permanent rate enhancement ratio
(y) higher than the rate enhancement ratio (p) for the exper-
iment with [O2] = 5% at 230 °C (Table 2). In addition, it also
can explain why, when using K-B8Al,O3 as a solid electrolyte,
we did not observe poisoning behavior, in comparison with
sodium conductors [10,11] under near-stoichiometric oxygen
conditions. With K-8Al,O3, part of the promoter phase is a
potassium oxide/superoxide. This compound seems to induce
a promoting effect greater than the inhibiting effect. The ob-
served strong permanent NEMCA effect has not been shown
in previous studies on propene combustion over Pt/Na-8Al,O3
[10] or Pt/NASICON [11] electrochemical catalysts, where the
presence of such oxides/superoxides was not detected. It could
be attributed to the smaller Pt particle size in the Pt film pre-
pared in this work by the wet-impregnation procedure, along
with the greater electronic effect of potassium ions. The combi-
nation of these two factors can allow the formation of the stable
and effective potassium oxide/superoxide promoters. As men-
tioned above, potassium increased the oxygen coverage on the
catalyst surface more strongly than sodium [29]. It is likely that
the formation of the stable oxide/superoxide promoters cannot
occur when sodium conductors are used as solid electrolytes.

4. Conclusion

This work has produced numerous findings regarding the
characterization and catalytic properties of Pt/K-8Al,03 elec-
trochemical catalysts for low-temperature propene combustion.
Surface titration, XRD, and SEM characterizations revealed
useful information on the Pt catalyst film, showing a porous
morphology with a metallic dispersion of 5%, similar to that
observed for the active phases deposited on a monolith configu-
ration. Furthermore, the Pt film prepared by the deposition of a
Pt precursor solution exhibited significant resistance to thermal
sintering, as well as a small particle size, making it effective at
low temperatures.

Use of the Pt/K-BAl>,03 electrochemical catalyst points up
the practical applications of EPOC for the catalytic combus-
tion of hydrocarbons. It was found that Pt/K-8Al,O3 electro-
chemical catalyst can be strongly promoted at low tempera-
ture and demonstrates good catalytic performance under both
near-stoichiometric and oxygen-rich conditions. In addition,
the identification of potassium promoter species under reaction
conditions has established the origin of the observed permanent

NEMCA effect. The use of cyclic voltammetry in conjunc-
tion with CO, analysis, FTIR measurement, and SEM-EDX
analysis clearly show that this phenomenon was due to the for-
mation of additional, more stable and effective potassium pro-
moter phases: potassium oxides and superoxides. The presence
of such phases also may have been responsible for the greater
promotion with no poisoning found in the present study in com-
parison with previous studies using sodium conductors.
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