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Abstract A high surface area, nanostructured bimetallic
oxide catalyst, Iry 5Pty sO,, deposited on YSZ was studied
for the electrochemical promotion of ethylene oxidation.
The catalyst was synthesized using the modified Adams
fusion method and was characterized regarding its struc-
ture, morphology and specific surface area via XPS, XRD,
HRTEM, SEM and BET. Regarding the performance for
electrochemical promotion, it was found that the rate of
ethylene oxidation can be enhanced significantly and in a
strongly non-faradaic manner via positive potential appli-
cation, exhibiting strongly electrophobic behaviour.
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1 Introduction

Electrochemical promotion of catalysis (EPOC) [1] takes
place when small electrical potentials are applied to micro-
or nano-dispersed catalysts supported on solid ceramic or
polymeric electrolytes. The very small electrical currents
(in the range of 10-1000 pA/cm?) flowing through such
structures, as a consequence of the applied potential, can
cause dramatic (up to 1350-fold [2] ) and reversible
enhancement of catalytic activity, often accompanied by
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major improvements in selectivity. EPOC phenomenon has
been observed for many reactions catalyzed by a variety of
catalyst-support systems, and EPOC-induced enhance-
ments of reaction rates were up to five orders of magnitude
larger than those anticipated for purely electrolytic effects
of the currents governed by Faraday’s Law. Since the
discovery of the phenomenon in 1981 [3] for the case of
ethylene epoxidation on a Ag catalyst film deposited on
YSZ, EPOC has been described in detail [1, 4] in practi-
cally all modern electrochemical and catalytic handbooks,
and has proven to be a general phenomenon at the interface
of catalysis and electrochemistry.

The discovery of EPOC opened exciting possibilities for
electrically “tuning” (accelerating, directing or, if desired,
slowing down) catalytic-chemical processes, but practical
applications remain largely unexplored [5]. This is mainly
because most of the published work in EPOC area has
focused on low surface area catalysts with very low cata-
lyst dispersion. However, there exist some exploratory
works utilizing highly dispersed (commercial) catalysts,
subjected to direct or even indirect polarisation, and sput-
tered films for electropromotion, which show very
promising results [1, 4, 6-8].

The first EPOC studies with metal-type conducting
metal oxides (e.g. IrO,, RuO, and IrO,-TiO, mixtures)
were reported in the literature twenty years ago by
Comninellis and his coworkers [9-14]. EPOC on con-
ducting metal oxides revealed similar characteristics with
metal electrocatalysts since they possess high density of
states at the Fermi level and are, in this respect, very
similar to metals. One of the most interesting and poten-
tially important from a practical viewpoint aspect of elec-
trochemical promotion on metal oxides is the “permanent
NEMCA” behaviour, which refers to the phenomenon of
permanent rate enhancement after a temporary potential
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treatment. Finally, the EPOC study of an IrO, oxide cata-
lyst in contact with a mixed electronic-ionic conductor
(TiO,) provided an unambiguous proof of the complete
equivalence of “classical” metal-support interaction uti-
lizing TiO, and electrochemical promotion utilizing YSZ
[15-18].

In the present work, a high surface area, nanostructured
bimetallic oxide catalyst, IrgsPtgsO, was synthesized,
casted as working electrode on YSZ and was studied for
the electrochemical promotion of ethylene oxidation probe
reaction.

2 Experimental

The Ir( 5Pty 50, nanoparticle catalyst was synthesized via a
modified Adams fusion method [19, 20], using metal
chloride precursors (H,IrCls:6H,O and H,PtClg-xH,0,
Alfa Aesar), thermal treatment at 500 °C for 30 min and
consequent washing/filtration with excess of DD water in
order to remove all Cl™ ions.

The material was characterized regarding its physico-
chemical properties. Crystalline phase and structure were
assessed using X-ray diffraction analysis. The morphol-
ogy, particles size, and microstructure of the metal oxide
were studied with electron microscopy (HR-TEM cou-
pled with X-ray EDS and SEM). The specific surface
area and pore volume of the catalyst were measured with
BET. Finally, the surface composition and metal oxida-
tion state were studied using X-ray photoelectron spec-
troscopy (XPS).

The synthesized metal oxide catalyst was casted on the
surface of a YSZ disk (8 mol% Y,Os, thickness
1.6 &+ 0.05 mm, diameter 20 mm, Dynamic Ceramic,
Technox 802) in the form of a thin film. The catalyst layer
was deposited by means of an ink consisting of 5 wt%
catalyst, 43 wt% terpineol based ink vehicle (fuel cell
materials) and ethanol. The catalyst ink was sonicated for
60 min to ensure uniform dispersion and consequently was
applied on the YSZ surface. Then, the catalyst was calcined
at 750 °C for 1 h. The formatted electrode had a geometric
area of 1.55 cm®. A gold counter electrode of similar
geometric area was deposited on the opposite side of the
YSZ pellet by applying a Metalor A1181 Au resinate and
sintering at 850 °C for 30 min.

The sample was mounted in a button cell Probostat™ test
reactor. This SOFC type reactor operated at atmospheric
pressure with gas flow rates up to 800 STP cm’min™".
A Princeton Applied Research potentiostat/galvanostat
(Model 263A) was used for the application/measurement of
potentials/currents. On-line monitoring of gas effluents was
performed with a HORIBA VA-3000 infrared analyser.

3 Results and Discussion
3.1 Materials Characterization

The XRD powder diffraction pattern (Fig. 1) of the Irys
Pty5s0, mixed oxide presents all the characteristic reflec-
tions of the Pt oxide with slightly different lattice param-
eters, while the two characteristic reflections at 20 = 34°
and 40° have a broad shape, and are almost convoluted to a
single wide peak as a result of the small particle size, also
confirmed by the TEM analysis. The average crystallite
size for the synthesized metal oxide was estimated to 2 nm,
using the Scherrer equation, although for small (<5 nm)
particle size materials the calculation is not considered to
be quite accurate. The BET measurements revealed a high
specific surface area of 270 m” gr~'. This surface area
value is among the highest reported in the literature for
iridium based mono- or bi- metallic oxides. Evidently, the
modified Adams fusion method is responsible for the high
specific surface area obtained, and is directly related to the
nano-scale particles formed.

Figure 2 shows HRTEM and SEM micrographs of the
Iry 5Pty 50, powder material before application on the YSZ
support. The oxide consists of individual nanoparticles
(with size ~2 nm) forming a porous microstructure
interconnected in a network of conceivably higher elec-
tronic conductivity, as depicted in the SEM micrograph. In
order to identify whether the nominal concentration of the
bimetallic IrgsPtysO, oxide was obtained, elemental
mapping of the catalyst surface was performed with X-ray
EDS analysis. The analysis revealed that a Ir:Pt ratio of 1 is
achieved, also confirmed by XPS surface analysis (see
below), a fact which indicates the effectiveness of the
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Fig. 1 X-ray diffraction (XRD) pattern of the IrysPtysO, mixed
oxide
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Fig. 2 a HRTEM and b SEM micrographs of the Irg sPty sO, mixed
oxide

synthesis method to result in mixed oxides of desired
crystal structure (according to XRD) and concentration.
Figure 3a shows the Ir 4f and Pt 4f XPS core level
spectra of the IrysPtgsO, powder sample. The deconvo-
lution of the Ir 4f spin orbit doublet gives a main Ir 4f
component with Ir 4f;,, binding energy (E,) at 62.4 eV and
Ir 4f5,, at 65.1 eV (Fig. 3b). This is attributed to I[rO, (Ir
IV) [21, 22]. The spectrum appears to have a small con-
tribution at higher binding energy (Ir 4f7, and Ir 4fs5,, at
63.8 and 66.7 eV, respectively), which is attributed to Ir at
higher oxidation state [22], i.e. [rO, with x > 2. The per-
centage of this component, attributed to the non-stoichio-
metric IrO, oxide, in the total Ir 4f spectrum is about 14 %.
The fact that the majority of the surface Ir atoms in the
mixed oxide exists in the tetravalent form (IrO,) was also
confirmed by calculating the Ir/O surface atomic ratio,
using only the Ir 4f component at E, = 62.4 eV and the
Ols component at 530.5 eV. The Ir/O ratio was found to be
close to 2. The Pt 4f spectrum consists of a doublet with the
binding energies of Pt 4f;,, and Pt 4f5,, components at 74.7
and 77.9 eV, respectively, (AE, = 3.2 eV) which is typical
for surface Pt atoms at valence +4, i.e. Pt(IV) or PtO, [23].
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Fig. 3 a Ir 4f and Pt 4f XPS core level spectra and b deconvolution
of the Ir 4f spectrum of the Iry 5Pty 50, mixed oxide

Finally, the quantitative data processing of the Ir 4f and Pt
4f spectra leads to a Ir/Pt surface atomic stoichiometry Ir/
Pt ~ 0.98, which is in good agreement with the nominal
value (50 % Ir-50 % Pt).

3.2 Electrochemical Promotion of Ethylene
Oxidation

Ethylene oxidation as probe reaction was used to assess the
potential of the synthesized electrocatalyst to induce
EPOC. Figure 4 shows the effect of the applied potential
(+2 V) on the transient catalytic rate at fixed composition
of the gas phase (6 kPa O, and 0.85 kPa C,H,) at 300 °C.
Before potential application the catalytic rate of carbon
dioxide production (initial open circuit catalytic rate) is
1.26 x 107" mol O/s. After ~260 min of potential
application the rate seems to approach towards a new
steady-state value, which is at least 5 times higher than the
initial open circuit catalytic rate. Specifically, the rate
enhancement ratio p is calculated to be 5.4. The increase in
the catalytic rate Ar (=5.5 x 1077 mol Ofs), is (A=)
13,750 times higher than the faradaic rate I/2F
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Fig. 4 Effect of applied potential (+2 V) on CO, production rate and
turnover frequency, TOF, (solid line) and corresponding current
response (dashed line). Conditions: 300 °C, 6 % O,, 0.85 % C,H,

(=4 x 107" mol O/s). As shown in Fig. 4 upon current
interruption the catalytic rate starts decreasing slowly,
approaching a new open-circuit value, after more than
12 h, which is higher than its initial value, that is, before
potential application. This behaviour (“permanent EPOC”)
has been previously reported [10] on IrO, studies of
ethylene oxidation and has been attributed to the formation
of IrO, 5 at the IrO,/YSZ interface and on the gas-exposed
catalytic area during polarization (current or potential
application). The catalytic activity of ethylene oxidation is
considered to be higher on IrgsPtysO,,s than on stoi-
chiometric Iry 5Pty 5O, thus causing a permanent activation
after potential pre-treatment or enrichment of the gas/cat-
alyst interface with electrochemically pumped O®~. After a
short treatment with ethylene, in absence of oxygen, at the
reaction temperature the open circuit rate was found to
return to its initial value, i.e. before any current or potential
application. This ethylene treatment procedure was fol-
lowed in order to restore the initial state of the catalyst
before performing any EPOC experiment.

The slow time response to potential application and
interruption can be directly related to (a) the high surface
area of the catalyst and (b) the slow reconstruction of
catalyst surface and concomitant formation of higher oxide
(Irg.sPto.5s0545), which is expected to contribute on cat-
alytic phenomena. It is worth noting that, although CO,
was the only product observed under open circuit condi-
tions, upon potential application the production of carbon
monoxide was also observed; however, in ppm level (close
to detection limit of the infrared analyser). The rate of CO
production followed the same trend with CO, production,
yet its value was more than an order of magnitude lower.
The production of CO under similar conditions has never
been reported in EPOC literature. An explanation on this
observation cannot be given as further investigation needs
to be conducted.

The corresponding catalyst surface area expressed in
mol, Ng, can be approximated (after extrapolation to
steady-state) via the rate time constant, t, defined as the
time required for the rate increase to reach 63 % of its final
steady-state value upon constant current application [1].
The thus calculated Ng is 2.2 x 107 mol. This relatively
high value, compared to typical EPOC electrodes prepared
by the application of thin coatings of metal pastes, is in
agreement with the high BET surface area of the present
oxide powder which was the starting material for the cat-
alyst ink. Based on this value, the TOF under open circuit
conditions is 0.062 s™' and equals 0.335s~' at anodic
polarisation of 42 V (Fig. 4).

The catalytic rate dependence on oxygen to ethylene
partial pressure ratio (pp,/pc,y,) under both open-circuit
and under positive (+2.5 V) applied potential is shown in
Fig. 5. The rate exhibits a typical Langmuir—Hinshelwood
behaviour with a maximum at high pg,/pc,n, equal to
about 20. For low oxygen to ethylene ratios (po, /pc,u,) the
rate is first order in O, while for high pg, /pc,p, ratios the
rate becomes negative order in O,. Thus, for low po, /pc,n,
ratios the catalyst surface is covered predominantly by
C,H, while at high ratios the catalyst surface is predomi-
nantly covered by O,. It is interesting to note that the rate
follows electrophobic behaviour (rate increases via positive
potential application) over the whole range of po,/pc,p,
partial pressure ratios examined.

Almost all previous experimental studies on electro-
chemical promotion of ethylene oxidation on metal and
metal oxide (e.g. [rO, and RuO,) electrocatalysts [1] have
assumed implicitly the Langmuir—Hinshelwood type cat-
alytic mechanism involving as a rate limiting step the
surface reactions between adsorbed hydrocarbon interme-
diates [24] and adsorbed atomic oxygen (O) originating
from gaseous O, adsorption. Furthermore, these studies
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Fig. 5 Effect of oxygen to ethylene partial pressure ratio (p, /pc,n,)
on CO, production rate under both open-circuit (open symbols) and
under positive (closed symbols) applied potential (42.5 V). Condi-
tions: 293 °C, 0.4 % C,H,
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have indicated weaker chemisorption of the electron donor
(C,H,) than of the electron acceptor (O,) on the catalyst
surface. This behaviour has been rationalised by the
application of the electrochemical promotion rules [25, 26].
In the case where the catalyst is a stable oxide, it was
implicitly assumed that the oxide lattice oxygen does not
participate in the catalytic reaction mechanism. Therefore,
electrochemical promotion on stable oxides proceeds via
the same mechanism as in the case of noble metal elec-
trocatalysts interfaced with YSZ where the electrochemi-
cally supplied promoting backspillover oxygen species
0°~ migrate over the entire oxide catalyst/gas interface,
thus establishing an effective double layer at the cata-
lyst/gas interface [1, 17].

It should be mentioned that, although qualitative con-
clusions on the reaction mechanism may be extracted from
the above kinetic behaviour, drawing quantitative conclu-
sions should be avoided since the experiments were con-
ducted under high (up to 23 %) C,H,; conversion (as
depicted in the right vertical axis of Fig. 5). The choice of
these experimental conditions was made in order to assess
the potential of a high surface area and quite effective
catalyst (TOFs are of the same order of magnitude with the
corresponding ones for fully dispersed commercial cata-
lysts) to exhibit electrochemical promotion. As a result, it
was proven that electropromotion can be obtained under
high reactants conversion (e.g. C,H, conversion was
enhanced from 16 to 23 %) with the effective rate
enhancement ratio [27], p. (=p/Pmax,» Where ppax corre-
sponds to near complete conversion of ethylene) ranging
between 10 and 23 %; which is remarkably high for a
single pellet reactor.

The corresponding faradaic efficiency, A, and rate
enhancement ratio, p, values for the experimental condi-
tions of Fig. 5 are shown in Fig. 6. Both A and p decrease
rapidly as the oxygen to ethylene partial pressure ratio
increases. The maximum values (Ap.x = 7176 and
Pmax = 1.7) were obtained at the lowest p, /pC2H4(=6.8)
ratio employed. This ratio is still higher than the stoi-
chiometric one, which according to the reaction stoi-
chiometry is equal to 3. The observed behaviour is in
agreement with the rationalisation of the catalytic reaction
mechanism and the effect of a positive potential application
on the chemisorptive bonds of both ethylene and oxygen,
as described in detail above. Briefly, at low pg, /pc,y, the
catalyst surface is partly covered by weakly adsorbed C,Hy
(electron donor) molecules and oxygen (electron acceptor)
atoms. The establishment of the effective double layer
(M—Oéf, where M is the metal oxide) as well as the for-
mation of higher oxide (IrsPty50,5) via positive poten-
tial application leads to an increase of catalyst work
function, ®, and a concomitant increase of the
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Fig. 6 Effect of oxygen to ethylene partial pressure ratio (pg, / Pc,n,)
on faradaic efficiency, A, and rate enhancement ratio, p, values.
Conditions as in Fig. 5

chemisorptive bond strength of C,H, atoms with the sur-
face and a weakening of the oxygen-catalyst bond; thus,
giving rise to electropromotion. As the oxygen partial
pressure is increased to very high values, oxygen adsorp-
tion dominates the surface and the effect of potential and
work function on reactants’ bond strengths, and therefore
on catalyst activity, diminishes.

Mixed oxides have not received the same attention in
the catalysis literature as the simple binary oxides have.
The same applies also for the electrochemical promotion
studies, where beside pure metal or metal oxide catalysts,
only metal-oxide mixtures (e.g. Pd/CeO, or Ru/CeO,) and
binary oxide mixtures (e.g. [rO,-TiO,) have been utilised.
The electropromotion in the aforementioned systems has
been attributed to strong metal-support interaction caused
by the promoting support action of the mixed ionic-elec-
tronic conductor (MIEC) oxide (CeO, or TiO,) onto the
catalyst (Pd, Ru or IrO5). In the case of mixed oxides, one
could only speculate that the catalytic activity and elec-
tropromotion is related to electronic factors (e.g. d-electron
configuration/vacancies) in the solid solution formed.
However, in order to support this hypothesis different
oxide compositions should be explored and thus provide
the basis for relating the systematic changes of activity
with composition and electronic factors.

4 Conclusions
EPOC has been studied on Irg 5Pty sO,, a high surface area,

nanostructured bimetallic oxide catalyst film deposited on
YSZ for ethylene oxidation. Application of a positive
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potential (42 V) induced non-faradaic enhancement in
catalytic rate with rate enhancement ratio, p, and faradaic
efficiency, A, values equal to 5.4 and 13,750, respectively,
at 300 °C. The turnover frequencies for the electropro-
moted electrode surface were of the same order of mag-
nitude with the corresponding ones for fully dispersed
commercial catalysts.
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