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a b s t r a c t

The effect of spillover processes on the activity of a catalyst system consisting of a mixed oxygen ion and
electronic conducting support La0.6Sr0.4Co0.2Fe0.8O3�d and a metal catalyst (Pt) were investigated. Two
types of model single-pellet catalysts were used employing Pt deposited on both sides of a dense LSCF
disc pellet. One of these single pellets employed highly disperse, physically non-continuous Pt, in contrast
to studies on electrochemical promotion, while the other used a low dispersion continuous film. Driving
forces for promoter migration were controlled through the manipulation of the oxygen chemical poten-
tial difference across the membrane. Catalyst rate modification was observed in all cases. However, it was
found that there is a complex relationship between the rate modification, the driving forces for spillover
and the geometrical arrangement of the catalyst on the support (i.e. catalyst dispersion).

� 2011 Elsevier Inc. All rights reserved.
1. Introduction the catalysis industry while also failing to serve as representative
The importance of metal–support interactions and in particular
the idea of a catalyst support having the ability to remotely modify
the function of a catalyst through spillover processes (i.e. the
migration of species from the catalyst to the support and vice ver-
sa) has been widely recognised (e.g. [1–7]). However, it is difficult
to monitor or even influence spillover processes and therefore dif-
ficult to directly study their impact on catalyst activity. In this
work, we study how chemical potential differences within a single
catalyst pellet can cause a modification of catalyst behaviour
(in practice such potential differences could, e.g., be due to compo-
sitional variations within a reactor). These chemical potential dif-
ferences are experimentally recreated using a pellet exposed
simultaneously to two different gas phase atmospheres. We show
that the driving forces within the pellet modify the behaviour of
the catalyst.

Catalyst promoters enhance the activity and selectivity of a cat-
alyst [8]. While most promoters are added during catalyst prepara-
tion, their in situ supply is also attractive as it could allow the
reversible control of catalytic activity. One way of reversibly intro-
ducing promoters is by exploiting spillover processes [9,10]. In
electrochemical promotion of catalysis (EPOC) studies, porous,
continuous metal film catalysts supported on dense, ceramic,
ion-conducting membranes are employed, operated under closed
circuit conditions; these systems are very different to ‘real’ cata-
lysts and therefore may struggle to offer practical solutions for
ll rights reserved.

i).
model systems.
In any catalyst system, spillover may occur if a chemical poten-

tial difference exists for the spillover species within the catalyst
system. Such a chemical potential difference will, in general, not
be present unless the spillover species is consumed through reac-
tion or lost from the surface of the catalyst system through, e.g.
volatilisation. A reverse spillover process (defined as the migration
of species from the support to the catalyst) will occur if the catalyst
is more active than the support for the consumption of the spill-
over species. In this manuscript, the term spillover refers generally
to reverse or back-spillover.

In a ‘real’ catalyst system (‘real’ refers to a dispersed active
phase deposited upon a lower activity support phase), spillover
will occur due to chemical potential difference within the catalyst,
created either by the different activity of the catalyst and the sup-
port for a given reaction or simply by compositional variations
within the reactor or in the vicinity of the catalyst pellet. In a ‘real’
catalyst system, there is no way to control these chemical potential
differences that result in spillover, and therefore, it is not possible
to control and study spillover processes. In order to be able to do
so, a model system must be used. In this work, we have selected
platinum (Pt) supported on an La0.6Sr0.4Co0.2Fe0.8O3�a (LSCF) pellet
as the catalyst system. As a mixed oxygen ion and electron conduc-
tor (MIEC) [11,12], LSCF, is able to capture oxygen from the gas
phase atmosphere through oxygen adsorption and subsequent
electronation as shown in Fig. 1. The resulting oxygen ions (impli-
cated as spillover-mediated promoters in EPOC studies e.g. [13,14])
can be supplied from the LSCF support to the surface of the plati-
num by either surface or bulk diffusion in the LSCF support
followed by spillover onto the catalyst surface.

http://dx.doi.org/10.1016/j.jcat.2011.04.016
mailto:danai.poulidi@ncl.ac.uk
http://dx.doi.org/10.1016/j.jcat.2011.04.016
http://www.sciencedirect.com/science/journal/00219517
http://www.elsevier.com/locate/jcat


Fig. 1. Schematic representation of the oxygen spillover mechanisms on a mixed ionic and electronic conducting membrane.
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We now form a pellet of LSCF with Pt catalysts of the same mor-
phology on both sides. The pellet is dense, and there is no route for
gas phase transport from one side of the pellet to the other. With
both sides exposed to the same gas phase atmosphere, there would
be no chemical potential difference across the membrane and
hence no net flux of oxygen ions across the membrane (for the sake
of clarity in the discussion, the chemical potential difference across
the membrane refers to the difference between the catalyst–sup-
port gas phase interface (three-phase-boundary, tpb) on either side
of the membrane). Both catalysts would exhibit the same catalytic
activity, as shown in Fig. 2a. However, as shown in Fig. 2a, it re-
mains possible to have oxygen spillover as a result of the oxygen
captured directly from the gas phase due to surface chemical po-
tential differences on either side of the membrane. These surface
chemical potential differences (possibly between the LSCF support
and the Pt catalyst), as previously mentioned, could be due to dif-
ferences in catalytic activity between catalyst and support and
would exist even in the absence of chemical potential differences
across the membrane. Overall oxygen capture involves oxygen
adsorption,

O2 $ 2Oads ð1Þ
Fig. 2. Schematic representation of the catalyst modification on a dual chamber MIEC
reaction conditions, no oxygen chemical potential difference should exist across the pe
pellet) on the schematic. The oxygen spillover on either side of the pellet (supplied lo
(presented as rate transients in the schematic) should be equal (electronic fluxes are not s
an oxygen sweep: a driving force for the migration of oxygen across the pellet is created t
a function of distance, x, across the membrane at a time when the new steady state has
illustrative purposes but this would not necessarily be the case) and increases the reactio
sweep side disappears.
oxygen capture itself, i.e., reaction with electrons from the mixed
conducting support to form oxygen ions either in the bulk of the
support or in/on the surface,

Oads þ 2e�supp $ O2�
supp ð2Þ

Oads þ 2e�supp $ O2�
ads ð3Þ

and migration of the ionic oxygen species by bulk or surface diffu-
sion to the tpb,

O2�
supp $ O2�

tpb ð4Þ
O2�

ads $ O2�
tpb ð5Þ

The spillover of oxygen species captured directly from the same gas
atmosphere that the Pt catalyst is exposed to will be referred to as
local spillover in this manuscript.

If we modify the gas phase conditions on one side of the pellet,
we create a driving force for oxygen ion transfer across the pellet
that initiates the supply (or removal) of oxygen species to the cat-
alyst due to the difference in the oxygen chemical potential differ-
ence across the membrane. The spillover of oxygen species
supplied to the catalyst due to this oxygen chemical potential
pellet supporting a metallic catalyst. (a) Symmetrical operation: under identical
llet (depicted as a constant chemical potential as a function of distance across the
cal spillover phenomena) should be the same, and the steady state reaction rates
hown for clarity). (b) Operation under an oxygen chemical potential difference using
hat increases the oxygen spillover from the bulk of the membrane (lJ is depicted as
been reached – the gradient of lJ with respect to x is shown as being constant for
n rate on the reaction side to a new steady state value, while the reaction rate on the



Table 1
Summary of catalysts used in this work and listing of relevant experiments and figures for each catalyst pellet.

Support configuration Catalyst morphology Experiment Results shown

Pellet Aa Disc membrane Film Kinetic measurements under DlJ, O2 sweep Fig. 4
Pellet B Disc membrane Film Kinetic measurements under DlJ, O2, H2 sweeps Fig. 5
Pellet C Disc membrane Film Kinetic measurements under DlJ, O2, H2 sweeps Fig. 6
Pellet D Disc membrane Film Kinetic measurements under DlJ, O2 sweep, oxygen titration Fig. 7
Pellet E Disc membrane Film Kinetic measurements under no DlJ, symmetrical operation, O2 sweep Fig. 8
Pellet F Disc membrane Film Kinetic measurements under no DlJ, symmetrical operation, H2 sweep Fig. 8
Pellet G Disc membrane Dispersed Kinetic measurements under DlJ, O2 sweeps Fig. 9

a Work conducted on Pellet A has already been published in [21].
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difference across the membrane will be referred to as remote spill-
over. The terms local and remote spillover used in this manuscript
refer to the origin of the driving force for spillover (surface oxygen
chemical potential differences in the locality of the tpb on one side
of the membrane versus imposed oxygen chemical potential differ-
ence across the membrane) and not the mechanism of promoter
supply (i.e. bulk or surface diffusion). As a consequence of remote
spillover occurring under an oxygen chemical potential difference
across the membrane, a change in reaction rate on both sides of
the pellet might be expected to occur. The rate change as a result
of spillover should be clearly seen on the side of the pellet that
has unchanged gas phase conditions, as shown in Fig. 2b.1

The role of what is referred to here as local spillover was
acknowledged in the early work by Metcalfe and Sundaresan [15]
where it was postulated that highly dispersed catalysts of Pt-TiO2

outperformed Pt-YSZ of the same catalyst loading and dispersion
due to the ability of the mixed conducting TiO2 support to capture
oxygen directly from the gas phase. In addition, in EPOC experi-
ments conducted with a thin TiO2 layer interlaid between the ionic
conducting support (YSZ) and the Pt catalyst, it was found that due
to the local spillover, the observed promotion of the Pt–TiO2–YSZ
catalyst was higher than what was obtained on a Pt–YSZ system
[16]. The same effect was observed when working with Rh–TiO2

catalysts for EPOC [17].
In our previous work, we have proved the feasibility of using

such a membrane system in order to induce and monitor catalytic
rate changes in a Pt catalyst supported on an LSCF membrane
[18,19]. Here, we now extend this work to consider the processes
that may be occurring within the whole of a single catalyst pellet
and the role these processes have on pellet activity.

2. Experimental

The experiments discussed in this manuscript were performed
using two different types of catalysts shown in Table 1; (a) a con-
tinuous, porous Pt film catalyst supported on LSCF disc membranes
(film), (b) Pt dispersed on LSCF powder supported on LSCF disc
membranes (dispersed). Due to high breakage rates of the LSCF
disc membranes, several film catalyst pellets were used as shown
in Table 1. This explains the difference between the reaction rates
of the kinetic experiments discussed later. The reaction studied
during the kinetic experiments was ethylene oxidation. The tem-
perature of operation for the kinetic experiments was restricted
between 400–450 �C in order to obtain the necessary oxygen flux
to supply the promoter onto the catalyst and observe promotion
(promotion is not seen at much higher temperatures [20]). All
experiments were performed under atmospheric pressure, and all
volumetric flow rates are given at STP.
1 It is important to note that when using a MIEC pellet as a support, the catalyst can
be in a non-continuous form. The processes illustrated in Fig. 2 will be conceptually
the same for a continuous and a non-continuous support. This is a significant
advantage of the MIEC supporting membranes as they could be used to support highly
dispersed high surface area catalysts for applications that utilise and manipulate
spillover processes for catalytic modification.
2.1. Catalyst characterisation

The preparation method of the film catalysts has been described
in detail in our previous publications [19]. In brief, approximately
2.2 g of commercial LSCF powder (Praxair) was uniaxially pressed
to 20-mm-diameter pallets at 4 tons; the pellets were then sin-
tered to 1250 �C for 12 h. The resulting pellets were approximately
15 mm in diameter and were ground to thickness to 1 mm, and
their density was determined to be 93%. Pt films of geometric pro-
jected surface area of 1 cm2 were then painted on each side of the
pellets using a Metalor M603B, Pt resinate and sintered to 850 �C
for 30 min. The pellets and catalyst films were examined by scan-
ning electron microscopy (SEM) to verify the adhesion of the Pt
film on the LSCF support. Pellets A–F were prepared in this way.
The weight of the painted Pt film was approximately 10 mg. The
BET surface area of the Pt films was estimated to be around
0.4 ± 0.3 m2. This area was estimated by subtracting the BET area
of ten bare LSCF pellets from the BET surface area of ten pellets
with Pt films painted on both sides (20 films in total); nevertheless,
the uncertainty in the value is high because of the low surface area.

In addition, surface oxygen titration was performed on Pellet D
at different temperatures in order to determine the number of Pt
active sites on the catalyst film deposited on either side of the
membrane. The surface oxygen titration technique consisted of
an oxygen adsorption step for tO2 = 10 min, followed by helium
desorption at varied times (tHe = 1.5–20 min) and reaction with
ethylene. By measuring the produced CO2 during the reaction,
the remaining adsorbed oxygen on the Pt surface can be calculated.
Plotting the amount of produced CO2 versus tHe and extrapolating
to zero (assuming a first-order oxygen desorption process [20]) al-
lows the estimation of the amount of adsorbed oxygen and the
number of Pt active sites of the catalyst film (we assume that there
is a one-to-one ratio of oxygen to Pt).

In order to prepare the dispersed catalyst system, a Pt catalyst
supported on LSCF powder was initially prepared by impregnation
by mixing 10 g of LSCF powder and 25 ml of a Pt solution (Sigma
ICP standard 987 lg ml�1 Pt) and diluting 100 ml with deionised
water. The solution was stirred and evaporated using a magnetic
stirrer hotplate. The resulting Pt–LSCF slurry was dried to 80 �C
to ensure removal of the excess solution and then was sintered
to 450 �C for 2 h to obtain adhesion of the Pt onto the LSCF. The
resulting Pt–LSCF powder (0.25% weight of Pt) was then mixed
with a small amount of ethylene glycol (Sigma) to form a thick
paste which was painted on both sides of an LSCF pellet and then
sintered to 850 �C to form the dispersed catalyst system (Pellet
G). The weight of the painted Pt–LSCF film was approximately
10 mg. The BET surface area of the LSCF powder was approximately
10 m2 g�1, while the BET surface area of the Pt–LSCF powder was
approximately 14 m2 g�1. However, it would be unreasonable to
conclude that the Pt deposited on the LSCF powder has an area
of 4 m2 g�1 as it is highly likely that the Pt deposition method could
cause structural changes in the support.

Fig. 3 shows SEMs of the Pt film (Fig. 3a) and the dispersed Pt
catalyst (Fig. 3b). The pellets used for the SEMs were prepared



Fig. 3. (a) Typical SEM of a fresh Pt film supported on an LSCF pellet (corresponds to
Pellets A–F). (b) SEM of dispersed Pt supported on an LSCF pellets (corresponds to
Pellet G).
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using the same method and at the same time as the pellets used in
the kinetic experiments (Pellets A–F for the film and Pellet G for
the dispersed catalyst) but were not used in any kinetic experi-
ments. As can be seen from Fig. 3a, the Pt film shows good porosity
in the range of 1–10 lm. The maximum particle size of the dis-
persed catalyst is less than 1 lm as shown in Fig. 3b, a rather large
maximum particle size for a dispersed catalyst. This, with the
spherical appearance of the dispersed Pt catalyst particles, may
be due to the high sintering temperature (850 �C) and a rather
weak interaction between the LSCF and the Pt. It is expected that
the geometrical differences between the Pf film and the dispersed
catalyst may influence the behaviour of the two systems in terms
of the exhibited catalyst modification.

2.2. Kinetic experiments

The catalyst pellets prepared as described previously were
mounted in the membrane reactor by using high-temperature
glass ceramic sealant. An independent inlet and outlet to either
chamber of the reactor allowed control of the gas composition
on both reactor chambers. The two chambers could be used as
either the reaction chamber (where the reaction takes place) or
the sweep chamber where an appropriate sweep gas is used in or-
der to create the chemical potential difference across the mem-
brane that drives the promoter supply. If not otherwise stated,
the inner chamber was used as the reaction side and the outer
chamber as the sweep side. For the description of the experimen-
tal procedure and the discussion of the results, we shall refer to
the two chambers as the reaction and sweep side according to
their function during the course of the experimental work dis-
cussed here.

A set of six gas mass flow controllers (MFC) was used to con-
trol the gas composition and flow rate to the two reactor cham-
bers. MFCs 1 and 2 were used for He, 3 for 20% O2 in He and 4
for 20% O2 in N2, 5 and 6 for 10% C2H4 in He (all the gases used
were research grade supplied by BOC). MFC 6 was also used for
the supply of 5%H2 in He in the sweep side of the reactor. Three
modes of operation were used: (1) symmetrical operation where
the same reaction mixture and flow rates were fed to both reac-
tor chambers, (2) oxygen operation (referred to as oxygen sweep)
where a stream of 20% O2/He was used in the sweep side in order
to create the driving force for oxygen migration towards the
reaction side catalyst and (3) hydrogen operation (referred to
as hydrogen sweep) where a stream of 5% H2/He was used to cre-
ate a driving force for oxygen migration away from the reaction
side catalyst. It is expected that under symmetrical operation,
there is no driving force for oxygen migration across the mem-
brane and both catalysts should exhibit similar catalytic activity
(some variation in the catalytic activity is expected given the cat-
alyst preparation method). The second and third modes of oper-
ation were used in order to control the oxygen chemical potential
difference across the membrane. A schematic of the membrane
reactor and the testing rig can be seen in our previous communi-
cation [21].

Typical reaction mixtures used stoichiometric or mildly oxidis-
ing ethylene to oxygen ratios. Gas analysis was performed by gas
chromatography (Varian GC CP3800) and infra-red spectroscopy
(Binos 100 CO/CO2 analyser and X-Stream 100). The reaction rate
is expressed in moles of atomic oxygen reacted and was calcu-
lated by measuring the carbon dioxide content at the outlet of
the reactor. The area-specific reaction rates refer to the geometric
projected surface area of the catalyst film (Pellets A–F) or the Pt–
LSCF powder (Pellet G) painted on the LSCF pellets and the turn-
over-frequencies (Pellet D) to the number of Pt active sites as
calculated by oxygen surface titration. In order to be able to
determine reaction rates, the reactor was operated under differ-
ential conditions (i.e. less than 10% conversion). The experimental
rig setup allowed for gas analysis to be performed on both reactor
chambers in order to monitor the catalytic activity on both plat-
inum catalysts during the course of the experiment. In some
experiments, only the rate of the reaction side was monitored
(Pellets A, B, and G). In the experiments conducted with Pellets
D, E, and F, the reaction rate on both sides of the membrane
was continuously monitored. In the experiments conducted on
Pellet C, the rate of the reaction side was continuously monitored
while the rate of the sweep side was monitored only at the end of
each sweep step, for approximately 20 min under symmetrical
operation and prior to the introduction of the next sweep step
(the measured rate of the sweep side of Pellet C showed less than
1% variation, so only the average value of the measured rate is
shown in the results section). Monitoring the sweep side rate in
conjunction with the reaction side rate allows us to draw conclu-
sions as to the cause of any catalytic modification observed during
the course of this work on both catalysts.

3. Results

In our early work [18,19], it was shown that the catalytic activ-
ity of a metal catalyst film supported onto a MIEC membrane can



Fig. 5. Reaction rate transient for Pellet B (film catalyst) at 410 �C for two
symmetrical-O2–H2 sweep cycles. The experimental conditions were the following:
symmetrical sweep (both sides: p(O2) = 2.8 kPa, p(C2H4) = 1 kPa, f = 100 ml min�1,
oxygen sweep (sweep side): p(O2) = 20 kPa, f = 100 ml min�1, hydrogen sweep
(sweep side): p(H2) = 5 kPa, f = 100 ml min�1.
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be controlled through the influence of an oxygen chemical poten-
tial difference across the supporting membrane. Fig. 4 reprinted
here from our earlier work [21] for illustrative purposes shows that
under the influence of an oxygen chemical potential across the
membrane, the catalytic activity of the supported Pt can be
enhanced (Pellet A). However, this rate enhancement is not revers-
ible simply by returning to symmetrical operation i.e. zero oxygen
chemical potential difference across the membrane (considered as
the difference between the oxygen chemical potential on the tpb
on either side of the membrane) within the same time scale as
used for the oxygen sweep. This behaviour was consistent with
other experiments (not shown here) performed over longer time-
scales (up to 10 h). It may be possible that if even longer times
are employed for the second symmetrical sweep step, the rate
could eventually return to its initial value. Similar results have
been seen in the studies of permanent EPOC by the group of Comn-
inellis [22,23]. As discussed in the introduction, the supply of the
spillover species in this system can occur via two different routes:
(a) via oxygen capture directly from the reaction gas phase (local
spillover) and (b) under an oxygen chemical potential difference
across the membrane where oxygen migrates across the mem-
brane (remote spillover). Route (a) is possible due to the mixed
ionic and electronic conductivity of the support. Route (b) is obvi-
ously only possible under an oxygen chemical potential difference
across the membrane, while route (a) can take place even under
zero oxygen chemical potential difference across the membrane
(symmetrical conditions). It has been postulated that the observed
activation of the catalyst achieved upon introduction of the oxygen
sweep as a result of spillover via route (b) can be sustained through
spillover via route (a) upon return to symmetrical operation [19].
In our earlier work, we showed that in order to successfully reverse
the observed promotion, the system needs to be operated under
the reverse oxygen chemical potential difference (where the driv-
ing force allows the migration of oxygen species away from the
working catalyst). As mentioned earlier, this is achieved by the
use of a hydrogen sweep [18].

Fig. 5 shows a series of different sweeps performed on Pellet B.
We can see that during the oxygen sweep, a rate increase of
approximately 80% is induced, while during the first hydrogen
sweep operation, a rapid rate decrease is observed, leading to a rate
that lies 30% lower than the initial reaction rate under symmetrical
conditions. During the second cycle, a similar pattern is observed.
In this case within the same time scale (as for the first cycle), the
rate increase is approximately twofold (with respect to the lowest
Fig. 4. Reaction rate transient for Pellet A (film catalyst) at 405 �C for a symmet-
rical-O2–symmetrical sweep cycle. The experimental conditions were the follow-
ing: symmetrical sweep (both sides: p(O2) = 1.5 kPa, p(C2H4) = 0.5 kPa,
f = 100 ml min�1, oxygen sweep (sweep side): p(O2) = 19.5 kPa, p(C2H4) = 0.5 kPa,
f = 100 ml min�1. Reprinted from [21].
rate) and 30% with respect to the initial rate under symmetrical
conditions. As can be seen from Fig. 5, the induced rate modifica-
tion occurs over a long period of time (approximately 15 h for
the rate increase during the oxygen sweep and 5 h for the rate de-
crease during the hydrogen sweep). The reason for the long time
constants associated with promotional changes may be due to
the use of a mixed oxygen ion and electron conductor, LSCF, as a
support. Such a support would be expected to be non-stoichiome-
tric under these conditions and will therefore provide an oxygen
reservoir and damped response to chemical polarisation.

In order to further understand the processes occurring in this
system and attempt to develop a set of rules that can predict and
explain the behaviour of these systems, the effect that oxygen
chemical potential differences across the membrane had on the
catalysts on either side of the membrane was next investigated.
In Fig. 6a, we can see a reaction rate transient (Pellet C) for a series
of different modes of operation (symmetrical, oxygen, and hydro-
gen sweeps) obtained using the inner chamber as the reaction side
and outer chamber as the sweep side. Fig. 6b shows a reaction rate
transient when the outer chamber was used as the reaction side
and inner chamber as the sweep side. In both figures, the continu-
ous line shows the reaction rate of the reaction side, while the dis-
creet data points correspond to the sweep side reaction rate,
measured at intervals at the end of each sweep, under symmetrical
operation (explained in Section 2). As can be seen from Fig. 6, when
each side of the membrane is used as the reaction side (and the gas
phase composition remains unchanged throughout the experimen-
tal cycle), the measured catalytic rate is influenced by the chemical
potential difference across the membrane. In Fig. 6b, this effect is
simply demonstrated as stabilisation of the reaction rate and ces-
sation of the oscillations during the first oxygen sweep. Oscilla-
tions were occasionally observed in this work (only the example
shown in Fig. 6b is presented here). The fact that only one of the
two catalyst films of Pellet C shows this oscillatory behaviour could
be due to uncharacterised differences in catalyst preparation or the
non-identical catalyst history when the rate is determined. Oscilla-
tions have been observed in the past in oxidation reactions per-
formed on a Pt catalyst and have been attributed to the periodic
formation and dissociation of Pt oxides on the surface of the cata-
lyst ([24,25]). Some rate increase is observed during the second
oxygen sweep shown in Fig. 6b. However, the sweep side (where
gas phase composition changes occur) shows no rate changes upon
return to symmetrical operation (when rates can be measured). It
is expected that temporary gas phase composition changes should



Fig. 6. Reaction rate transient for different experimental cycles at 400 �C for Pellet C
(film catalyst), in both figures, the continuous line represents the reaction rate of
the reaction side, while the discreet data points correspond to the sweep side
reaction rate measured at intervals. In both cases, the experimental conditions were
the following: symmetrical sweep (both sides: p(O2) = 1.3 kPa, p(C2H4) = 0.3 kPa,
f = 150 ml min�1, oxygen sweep (sweep side): p(O2) = 20 kPa, f = 150 ml min�1,
hydrogen sweep (sweep side): p(H2) = 5 kPa, f = 150 ml min�1. (a) Inner chamber is
used as the reaction side and outer chamber as the sweep side and (b) outer
chamber is used as the reaction side and inner chamber as the sweep side.

Fig. 7. (a) Number of Pt active sites (NPt) calculated for surface oxygen titration for
Pellet D as a function of temperature. (b) Reaction rate transient at 450 �C showing
one experiment symmetrical-oxygen sweep-symmetrical cycle for Pellet D. Both
the reaction and the sweep side catalysts are monitored at all times. TOFs are used
instead of rate to illustrate the similarity of the two catalyst films despite the
different NPt values calculated. The experimental conditions were the following:
symmetrical sweep (both sides: p(O2) = 1.5 kPa, p(C2H4) = 0.5 kPa, f = 120 ml min�1,
oxygen sweep (sweep side): p(O2) = 20 kPa, f = 120 ml min�1.
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not permanently affect the catalytic activity of the sweep side.
Nevertheless, local spillover also takes place on the sweep side un-
der symmetrical operation and remote spillover should occur
when working under an oxygen chemical potential difference (in
the opposite way of what occurs in the reaction side), and these
processes may be expected to affect the reaction rate of the sweep
side. This will be discussed in more detail later.

In Fig. 7, we can see experimental data from a different pellet
(Pellet D). Initial experiments conducted on this pellet showed a
significant difference in the reaction rates (approximately one or-
der of magnitude difference) on either side of the membrane. This
behaviour is in contrast to all of the other pellets which showed
similar initial reaction rates on both sides; these rates being similar
to that seen on the low reaction rate side of Pellet D. In order to
investigate this behaviour further, the number of Pt active sites
of the two catalyst films deposited on this pellet was determined
via oxygen surface titration at different temperatures and is shown
in Fig. 7a. Using a Pt site density of approximately 5 � 10�19

m2 atom�1, the equivalent Pt surface areas are calculated. We can
see that the sweep side catalyst appears to have approximately
one order of magnitude more active sites than the reaction side.
This significant difference may be due to a poorly controlled meth-
od of deposition of the Pt film in this instance. The area of the low
surface area Pt film is similar to that measured by BET. In Fig. 7b,
we can see reaction turnover frequency (TOF) as a function of time
for a symmetrical-oxygen sweep-symmetrical cycle at 450 �C. TOFs
have been used in this plot to illustrate the fact that despite the
significant difference in the number of Pt sites, the TOFs of the
two films are very close. As can be seen in Fig. 7b, introduction
of the oxygen sweep results in a modest TOF modification for the
reaction side catalyst, this rate modification is not reversed upon
return to symmetrical operation. In addition, the activity of the
sweep side catalyst remains unaffected upon return to symmetri-
cal operation. This behaviour is consistent with the behaviour of
the other pellets as would be expected for a simple difference in
surface areas in this case.



Fig. 9. Reaction rate transient for Pellet G (dispersed catalyst) at 440 �C for a
symmetrical-O2–symmetrical sweep cycle. The experimental conditions were the
following: symmetrical sweep (both sides: p(O2) = 1.5 kPa, p(C2H4) = 0.45 kPa,
f = 115 ml min�1, oxygen sweep (sweep side): p(O2) = 20 kPa, f = 115 ml min�1.
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In order to assess the role of the sweep gas on the activity of the
sweep side catalyst, some experiments were conducted under ‘all
symmetrical’ conditions, i.e. when both sides of the membrane
were subjected to the same gas atmosphere at all times so that
no oxygen transfer should take place. A series of experiments were
performed on Pellets E and F and are shown in Fig. 8a and b. As can
be seen from the rate transients in both cases, the reaction rate of
both catalyst films returns to the initial rate upon re-introduction
of the reaction mixture after the oxygen and hydrogen sweep.
The experimental results presented in Fig. 8 aim to illustrate that
when the reactor is operated under all symmetrical conditions
(reactive or non-reactive), no catalyst modification is observed
for either catalyst (obviously under non-reactive conditions, no
rates can be measured and any catalyst modification would only
be observed upon re-introduction of a reactive gas mixture). These
results complement the experiments conducted with an oxygen
chemical potential difference across the membrane and taken to-
gether demonstrate that a catalyst can be modified only when sub-
jected to both a chemical potential difference across the membrane
and when it is in the presence of a reactive gas mixture. In addition,
this experiment clearly demonstrates that under non-reactive con-
ditions, the sweep gases (i.e. O2 and H2) have no effect on the activ-
ity of the catalyst to which they are exposed. Moreover, rate
changes observed as a direct result of changes in the gas phase
occur very rapidly and cannot be related in any way to changes
observed as a result of the promoter supply (as shown in Figs. 4–
6) that occur over significantly longer timescales.

One might expect the relative areas of support, catalyst and
length of tpb in any system to affect the promotional mechanism.
Fig. 8. Reaction rate transients under symmetrical operation only. (a) Pellet E (film
catalyst) a series of symmetrical reaction and symmetrical O2 sweeps are shown.
The experimental conditions were the following: symmetrical sweep (both sides:
p(O2) = 1.5 kPa, p(C2H4) = 0.5 kPa, f = 100 ml min�1, oxygen sweep (both sides):
p(O2) = 20 kPa, f = 100 ml min�1. (b) Pellet F (film catalyst) a series of symmetrical
reaction and symmetrical H2 sweep are shown. Symmetrical sweep (both sides:
p(O2) = 1.5 kPa, p(C2H4) = 0.5 kPa, f = 100 ml min�1, hydrogen sweep (both sides):
p(H2) = 5 kPa, f = 100 ml min�1.
Therefore, it should be possible to fabricate a system of very differ-
ent geometric arrangement of catalyst on the support that exhibits
different behaviour. To test this idea, a sample was fabricated in
which the Pt catalyst was not in the form of a continuous film
but instead dispersed on the supporting membrane (as described
in Section 2). When using a catalyst supported on an MIEC conduc-
tor, it is possible to use a non-continuous catalyst as the supporting
membrane allows the flux of both oxygen ions and electrons and
can therefore provide electrical continuity for the spillover to oc-
cur. This is a very important concept as it opens the way for the
use for highly dispersed, high surface area catalysts to be used in
electrochemical promotion. To the best of our knowledge, the re-
sults discussed here are the first obtained using a dispersed Pt cat-
alyst supported on a non-metallic phase for EPOC experiments (i.e.
using a two-phase catalyst-support system).2 Experiments per-
formed using the dispersed Pt–LSCF catalyst supported on an LSCF
membrane (Pellet G) at 440 �C showed some very interesting re-
sults (initial experiments at 400 �C showed no measurable catalytic
rate). As can be seen in Fig. 9 upon introduction of the oxygen
sweep, the rate increases significantly from 0.005 lmol cm�2 s�1

to 0.035 lmol cm�2 s�1. This sevenfold increase is also reversible
as with return to symmetrical conditions, the reaction rate drops
back to the initial value within the same timescale. The duration
of the experiment (50 h) is comparable to the duration of experi-
ments performed on the continuous film catalysts, as is the time-
scale for the observed modification (approximately 10 h for the
rate increase under the influence of the oxygen sweep and 10 h
for the reversal of the modification). It should to be noted that
no hydrogen sweep was used in this experiment for the reversal
of the rate modification.
4. Discussion

The results presented in this manuscript indicate that there ap-
pears to be a complex interplay between local and remote spillover
processes that affects the modification of the Pt catalyst supported
on a mixed ionic and electronic conducting membrane. In the case
of the continuous Pt film catalyst, the results (shown in Figs. 4–8)
allow us to formulate a set of empirical rules that can help us
explain and predict the behaviour of the system. In order for
2 In the past, some experiments on electrochemical promotion have been
nducted in what can be viewed as dispersed catalysts that had been nonetheless
pported on a nominally inert continuous electronic conducting film, such as gold
.g. [26,27]) resulting in a three-phase system.
co
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modification of catalytic activity to be observed, we need to have
(1) an oxygen chemical potential difference across the membrane
(considered, as explained earlier, as the difference between the
oxygen chemical potential at the tpb on either membrane surface)
and (2) the catalyst under investigation should be operated under
reaction conditions (i.e. if an oxygen chemical potential difference
is imposed by the use of a non-reactive sweep gas then on return to
the original reaction conditions, the catalyst exposed to the sweep
gas exhibits the original rate). Only when both conditions (1) and
(2) are met can the activity of the catalyst be modified. This means
that when the system is operated under zero oxygen chemical po-
tential difference, modification ‘rate freezing’ can be observed (i.e.
the rate cannot return to its initial or previous state simply be
returning to symmetrical operation). This is illustrated in Fig. 4
where it can be seen that upon return to symmetrical conditions,
the observed promotion cannot be reversed. In addition, no activity
modification can occur on a catalyst that is not under reaction con-
ditions, even in the presence of an oxygen chemical potential dif-
ference across the membrane. This is shown in Fig. 6 where on
return to symmetrical operation the rate measured on the sweep
side is not modified by the oxygen or hydrogen sweeps. This set
of rules agrees with the observed experimental results in all the
cases that have been explored so far and should help to predict
the behaviour of the system under different experimental
conditions.

In order to better understand the mechanistic origins of these
rules, we should consider the effect that an oxygen chemical po-
tential difference across the membrane can have on both the local
and the remote spillover processes on either side of the membrane.
Under the influence of an oxygen chemical potential difference
across the membrane, the reaction side of the catalyst becomes
the receiver or the donor (depending on the sign of the oxygen
chemical potential difference) of promoting oxygen species via
the remote spillover process. This is in addition to any local spill-
over already occurring due to the combination of oxygen present
in the gas phase and reaction on the catalyst surface. However,
the imposed oxygen chemical potential difference across the mem-
brane may not only affect remote spillover but also the local spill-
over in a way that leads to a complex response from the system
and not simply an additive effect (of the supply of extra spillover
oxygen), e.g. if multiple steady states are available to the catalyst.
In order to identify some of the possible interactions between the
remote and local spillover processes, we need to carefully consider
all the driving forces for spillover that exist in this catalyst system
under different modes of operation. These are illustrated in Fig. 10.
In this figure, driving forces are depicted by arrows. Thick arrows
represent the local spillover driving forces and thin arrows the re-
mote spillover driving forces.

Under symmetrical operation (Fig. 10a), there is no oxygen
chemical potential difference across the membrane. There exists,
however, an oxygen chemical potential difference between the sup-
port and the tpb. This creates a driving force for local spillover. If we
now introduce oxygen to the sweep side of the membrane
(Fig. 10b), we impose an oxygen chemical potential difference
across the membrane. On the sweep side, there is now no driving
force for local spillover due to the absence of reaction; there are
of course driving forces for oxygen migration to the tpb. On the
reaction side, local spillover is still possible. The imposed oxygen
chemical potential difference across the membrane results in re-
mote spillover (oxygen consumption at the sweep side tpb and oxy-
gen generation at the reaction side tpb). Remote spillover will result
in a higher spillover rate onto the reaction side catalyst surface. This
may allow the catalyst to adopt a new high-rate, high-spillover,
steady state. On the sweep side, one might expect the remote spill-
over to change the catalyst state and that this would be reflected in
a modified rate on return to symmetrical conditions. In fact, based
on the behaviour of the rate on the reaction side (a rate increase
when supplying oxygen to the catalyst and a rate decrease when
removing oxygen from the catalyst, previously defined as electro-
phobic behaviour in EPOC [28]), we may expect the rate on the
sweep side to be affected by the imposition of the chemical poten-
tial difference across the membrane in the opposite way of the reac-
tion side catalyst. One possible explanation for the lack of this
behaviour may be that the surface kinetics are such that the sweep
side catalyst state is not significantly modified (perhaps as a result
of the ready availability of gas phase oxygen for adsorption on the
catalyst versus spillover oxygen) or that an alternative steady state
is not reached under the conditions explored in this work. It may be
possible that by employing different reaction and/or sweep condi-
tions, we could succeed in inducing a rate modification on the
sweep side catalyst as well, as this catalyst could also adopt a
new steady state as a result of the spillover of promoting species.

Let us now consider what happens when we return to symmet-
rical operation (Fig. 10c). On the sweep side, local spillover is rein-
stated. There is also now a much reduced driving force for remote
spillover (dashed arrow in Fig. 10c) as, although the gas feeds are
‘symmetrical’, the difference in catalyst states introduces an asym-
metry. This may be expected to lead to a reduced remote spillover
rate to the reaction side. Therefore, if the reaction side catalyst is to
maintain its high-rate, high-spillover steady state, it must consume
oxygen through a higher rate local spillover process. If this were
not possible, then a high-rate steady state would not be main-
tained and the catalyst would return to its original state and exhib-
its its original reaction rate. This higher rate local spillover process
is facilitated by the mixed conducting support.

Finally, we shall examine the case of the hydrogen sweep
shown in Fig. 10d. During the hydrogen sweep, local spillover on
the reaction side remains possible. Oxygen promoter species from
the reaction side catalyst will be depleted via remote spillover low-
ering the reaction rate. The lower activity of the catalyst may bring
it back to a low-rate, low-spillover state that is maintained on re-
turn to symmetrical operation. As in the case of the oxygen sweep,
the sweep side catalyst is also subjected to remote spillover during
the hydrogen sweep, and we may expect to see a rate modification
upon return to symmetrical operation. However, this is not the
case and an alternative steady state is not seen.

It is interesting that the dispersed Pt catalyst (Fig. 9) behaves
quite differently to the continuous Pt film in terms of the promo-
tion reversal, i.e. the reaction rate returns to the initial value upon
return to symmetrical operation, instead of remaining at the mod-
ified value as was the case of the continuous film. This different
behaviour may be attributed to the different geometric arrange-
ment of the catalyst and support interface of the two systems.
Recall that the relative surface areas of the two catalysts are differ-
ent by at least one order of magnitude and that will affect the rel-
ative tpb lengths of the two catalyst systems as well. It is
postulated that the different Pt geometry of the two systems
may affect the relative rates of the local and remote spillover pro-
cesses. It appears that in this case, the role of remote spillover be-
comes significantly more important than that of local spillover and
this may be the reason why the behaviour of the system resembles
that of a classic EPOC experiment (where the catalyst is supported
on a purely ionic conductor, a solid electrolyte, and therefore sig-
nificant local spillover cannot take place due to the lack of elec-
tronic conductivity of the support), i.e., initiation of the remote
spillover process (by an oxygen sweep) modifies the reaction rate
and cessation of the remote spillover leads to reversal of the rate
modification. As in EPOC, the species already present on the cata-
lyst surface due to remote spillover is eventually consumed via
the reaction and the rate modification will be reversed.

The systems investigated here can be seen as intermediates be-
tween a ‘real’ catalyst and the catalysts used for electrochemical



Fig. 10. Schematic representation of spillover processes on the catalyst system: (a) symmetrical operation, (b) oxygen sweep, (c) return to symmetrical operation after
oxygen sweep and (d) hydrogen sweep.
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promotion experiments. In a real catalyst (where the active phase
is dispersed on a mixed conducting support), only local spillover
can take place (due to activity and chemical potential differences
between the catalyst and the support), and it is not possible to con-
trol spillover and modify the catalytic activity in situ. At the other
extreme, the systems were studied in EPOC (with catalysts sup-
ported on ionic conductors) where local spillover does not take
place but one can have full control of the induced catalytic activity
modification via the control of remote spillover. In the systems
studied in this work, both local and remote spillover processes ap-
pear to co-exist. As in the case of a real catalyst, the existence of
local spillover reduces the control possible over the rate modifica-
tion. However, through changing the relative importance of remote
and local spillover by altering the catalyst geometry, it is possible
to move towards a system that is more closely related to an EPOC
catalyst and therefore regain more external control.

5. Conclusions

The effect of spillover processes on the activity of a catalyst sys-
tem consisting of a mixed oxygen ion and electronic conducting
support La0.6Sr0.4Co0.2Fe0.8O3�d and a metal catalyst (Pt) were
investigated. A model single-pellet was used employing Pt cata-
lysts deposited on both sides of a dense LSCF disc pellet. Driving
forces for promoter migration were controlled through the manip-
ulation of the oxygen chemical potential difference across the
membrane. Catalyst rate modification was observed. In the case
of a continuous, low dispersion, catalyst film a rate promotion
was seen when oxygen was supplied to the reaction side as a result
of the presence of an oxygen sweep gas. However, when the oxy-
gen sweep gas was removed, the rate on the reaction side did
not return to its original value, indicating that the catalyst had ta-
ken on a new higher reactivity state. This state would require a
higher promoter supply, and this appears to come from oxygen
capture by the support surface on the reaction side. It was postu-
lated that the relative rates of spillover and reaction and the rela-
tive areas of support and catalyst would influence such behaviour.
This was confirmed in a separate experiment in which a highly dis-
persed Pt catalyst (non-continuous) was used. The behaviour with
this catalyst was reminiscent of classical electrochemical promo-
tion possibly because of the different competition between alter-
native forms of spillover.
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