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Electrochemical promotion of RuO, catalysts for the combustion
of toluene and ethylene
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The electrochemical promotion of the complete catalytic oxidation of ethylene and toluene on RuO,Catalyst films deposited on
Y,0;-stabilized-ZrO, (YSZ) has been investigated at temperatures 400 to 500 °C. Anodic polarization (1.5 V), i.e. 0>~ supply from
the YSZ support to the catalyst, is found to enhance the rates of ethylene and toluene oxidation by a factor of 10 and 8 respectively.
Cathodic polarization (-1.5 V) i.e. oxygen removal from the catalyst, enhances the oxidation rates by a factor of 3 and 4,
respectively. These rate enhancements are strongly nonFaradaic. The kinetics, positive order in both reactants, and the promotional
results, inverted-volcano type for both reactions, conform to the recently found rules of electrochemical promotion.
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1. Introduction

The catalytic activity and selectivity of porous metal
films interfaced with solid electrolyte supports can be
altered dramatically and in a reversible manner via
potential or current application between the metal
catalyst-electrode and an inert counter electrode also
deposited on the solid electrolyte (figure 1). The
observed increase in catalytic rate can be up to
five orders of magnitude higher than the rate of ion
transport to or from the solid electrolyte [1-15].

Recent work has shown that electrochemical pro-
motion results from electrochemically controlled
migration of promoting ionic species (0°~, Na°") from
the electrolyte support to the metal/gas catalytic inter-
face where an “effective” double layer is formed (fig-
ure 1, bottom) [9,13,14] and that classical promotion,
electrochemical promotion and metal-support interac-
tions with O*~ conducting and mixed ionic-electronic
conducting supports are functionally identical and only
operationally different [14,16]. Electrochemical promo-
tion allows for in situ control of catalyst activity and
selectivity by controlling in situ the promoter coverage
via potential application [1-17].

On application of electrical current, /, or potential
(£2 V) between the catalyst-electrode and a catalyti-
cally inert counter electrode, also deposited on the solid
electrolyte, ionic species are supplied to the catalyst
at a rate I/(nF), where n is the ion charge in the solid
electrolyte support. The electrochemically generated
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ionically bonded promoting species migrate (backspillover)
over the entire gas-exposed catalyst-electrode surface
and establish an effective double layer at the catalyst/gas
interface [18-21]. Each backspillover species is accom-
panied by its compensating (image) charge in the metal
so that the effective double layer is overall neutral,
[18-22]. Under these conditions, the work function, ®,
of the gas-exposed catalyst-electrode surface changes
with catalyst potential, Uwg, in an one-to-one manner
[1,13,14,22]:

AD = EAUWR (1)

where AUwr is the (ohmic-drop-free) change in the
catalyst (working)-electrode potential Uwg with respect
to the reference electrode [1,13,14,21,22]. The change in
@ is brought about at the molecular level via the above
mentioned electrochemically controlled ion migration at
the catalyst/gas interface.

The electrochemically controlled migration (backs-
pillover) of promoting species has been confirmed using
a variety of surface spectroscopic and electrochemical
techniques including X-ray photoelectron spectroscopy
(XPS) [23,24], ultraviolet photoelectron spectroscopy
(UPS) [25], temperature-programmed desorption (TPD)
[26], cyclic voltammetry [23,27], impedance spectroscopy
[28,29], scanning tunneling microscopy STM [30,31] and
work function measurements [1,19,32].

Two parameters are commonly used to describe the
magnitude of electrochemical promotion:

1. The apparent Faradaic efficiency, A, defined from:
A= Arcatalytic/(I/ZF) (2>
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Figure 1. (a) Principle and basic experimental setup for electrochem-
ical promotion (NEMCA) studies using an O® -conducting solid
electrolyte. (b) Schematic representation of a metal catalyst-electrode
deposited on an O*-conducting electrolyte and a Na'-conducting solid
electrolyte, showing the location of the metal-solid electrolyte double
layer and of the effective double layer created at the metal/gas interface
due to potential-controlled ion migration (backspillover).

where Arcaalyiic is the current- or potential-induced
change in catalytic rate, [ is the applied current and
F is Faraday’s constant.

2. The rate enhancement, p, defined from:

p=r/ro (3)
where r is the electropromoted catalytic rate and r,, is the
unpromoted (open-circuit) catalytic rate.

A reaction exhibits electrochemical promotion when
|A] > 1, while electrocatalysis is limited to |A] < 1. A
reaction is termed electrophobic when A > 1 and elec-
trophilic when A< — 1. In the former case the rate
increases with catalyst potential, Uwg, while in the latter
case the rate decreases with catalyst potential. A values
up to 3 x 103 [1,13,14] and p values up to 150 [14] have
been found for several systems.

Recent work has identified simple and rigorous rules
which permit the prediction of the rate dependence on

catalyst potential, Uwg, and work function @ and thus
allow for the prediction of the sign of A on the basis of
the unpromoted kinetics [14,33].

In this work, a RuO, polycrystalline film deposited
on a ceramic solid electrolyte Y,Os-stabilized ZrO,
(YSZ), was used as the catalyst for the combustion of
ethylene and toluene. Ethylene and toluene were chosen
as probe molecules of volatile organic compounds.
Alkenes and aromatics are the majority of organic pol-
lutants in automobile exhausts and numerous industrial
processes. The group of Comninellis has already dem-
onstrated the electrochemical promotion of such thin
RuO, and IrO, metal oxide films for the gas phase
combustion of ethylene [34-38].

2. Experimental

The electrochemical promotion of ethylene and tol-
uene oxidation was investigated on porous and electri-
cally continuous RuO, films deposited on YSZ (figure 2
bottom). The RuO, film serves simultaneously as the
oxidation catalyst and as the working (W) electrode of
the solid electrolyte cell:

C;Hg/CyHy, O, products , RuO;| YSZ | Au,
C7H8/C2H4, O,, products

where the working RuO, electrode and the Au counter
and reference electrodes are all exposed to the same
reaction mixture (figure 2).

This type of reactor is known as ‘‘single pellet”
reactor [14]. It has a volume of ~30 cm?® and under the
experimental conditions used in the present study it
behaves as a continuous stirred tank reactor (CSTR).
More details can be found elsewhere [13,14,22,26]. The
reaction temperature is monitored via a thermocouple
(type K) in contact with the YSZ surface.

The YSZ solid electrolyte was a thin rectangular plate
(20 mm x 10 mm and 1 mm thickness) of 8 mol%
Y,03-stabilized-ZrO, (YSZ) (METOXIT AG.). The
geometrical area of the working electrode was ~50 mm?
(7 mm x 7 mm) while those of the reference and counter
electrodes were ~7 mm? (1 mm x 7 mm) and ~50 mm?>
(7 mm x mm), respectively.

Gold paste counter and reference electrodes (Gwent
Electronic Materials Ltd.) were deposited on the one
side of the solid electrolyte plate via deposition of a thin
paste layer followed by calcination at 550 °C. Blank
experiments showed that the catalytic activity of the
thus deposited Au electrodes was practically negligible
in comparison with that of the RuO, Catalyst for both
oxidation reactions.

The RuO, polycrystalline film (working electrode)
was deposited on the other side of the plate using the
thermal decomposition technique [34]. According to this
technique the precursor, usually a salt, is diluted in the
proper solvent (water, ethanol, isopropanol etc.). Then,
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Figure 2. Schematic of the experimental setup (top) and of the YSZ plate (bottom) showing the geometry of the working (W), counter (C) and
reference (R) electrodes.

via a micropipette, a proper quantity of the solution is
applied on the pre-heated solid electrolyte surface. The
sample is dried at a temperature slightly above the
boiling point of the solvent to guarantee a fast but not
instantaneous evaporation of the solvent. At last, the
sample is calcined at high temperature. In our case, 3 ul
of the solution containing the precursor (0.121 M RuCl;
in isopropanol) was applied on the solid electrolyte
followed by drying (80 °C) and calcining in air for 1 h at
500 °C. After the end of this procedure only RuO, is
formed on the solid electrolyte surface [34]. The mass of
the RuO, Catalyst-electrode was 48.3 ug. The true sur-
face area, (expressed in surface mol RuO,, Ngryo,), was
estimated from the time constant 7 of the catalytic rate
transients, during galvanostatic transients via the
expression [13,14]:

t = 2FNgyo, /1 (4)

which has been found to hold for practically all previous
electrochemical promotion studies [13,14]. The thus
estimated Ngryo, value was 5 X 107" mol RuO,. This

value has been used, in conjunction with the measured
catalytic reaction rates, to compute the turnover fre-
quency (TOF) of the oxidation reactions.

The experimental apparatus utilizes online gas-chro-
matography (Varian Star 3800) and infrared spectro-
scopy (Anarad AR-500 series) for continuous analysis of
the reactor feed and products. The gas chromatograph
was equipped with two detectors (a Thermal Conduc-
tivity Detector, TCD and a Flame Ionisation Detector,
FID) and two columns, a CTR-I column (Porapak Q and
MS5A) and a capillary column (Cp-Sil 8CB, ID
0.53 mm, 50 m length). The infrared analyser was used to
monitor the CO, Concentration in the effluent stream. Its
signal was recorded on a three-channel pen recorder
(YOKOGAWA HOKUSHIN ELECTRIC, type 3060).
Certified Oxygen (Air Liquide), Ethylene (Air Liquide)
and Toluene (MERCK) placed in a thermostatted satu-
rator were diluted in ultrapure He (99.999%, Air Liquide)
(figure 2). A galvanostat-potensiostat (Amel Instruments,
model 2053) was used for constant current or potential
application, i.e. for galvanostatic or potentiostatic
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operation. Under the temperature and gas composition
conditions of the present investigation, CO, and H,O
were the only detectable oxidation products. The con-
version of both ethylene and toluene was kept below 15%
to maintain differential reactor conditions. Carbon mass
balance closure was within 5-10%.

3. Results and discussion
3.1. Ethylene oxidation
The case of the complete ethylene oxidation
CyH4 + 30, — 2CO; + 2H,0 (5)

was examined first on the RuO,Catalyst-electrode.

The experiments were carried out in the temperature
range 400450 °C and for Po,/Pc,n, ratios between 0.35
and 35. The total flowrate was between 140 and
200 cm® (STP)/min.

Figure 3 shows a typical galvanostatic NEMCA
experiment. It shows the transient effect of constant
positive current application on the rate of formation of
CO5 and on the catalyst potential Uwg. The experiment
was carried out at fixed feed gas composition, i.e.,
Po, = 0.9 kPa and Pc,n, = 2.2 kPa at 430 °C.

Initially, for #<0, the circuit is open (o.c.) and the
steady-state rate of C,H4 oxidation to CO, is equal to
1.83 x 107® mol O/s. At ¢t = 0, a constant anodic cur-
rent, (I = 200 pA) is applied between the catalyst and
the counter electrode. Oxygen ions, O, are transferred
from the YSZ support to the RuO, catalyst-electrode at
a rate I/2F equal to 1.03 x 10~ mol O/s, where F is the
Faraday constant. At the same time the rate of C,Hy
oxidation to CO, increases and after 70 min approaches
a new steady state (r = 19.4 x 10~% mol O/s). The
increase in the catalytic rate 8r (= 1.76 x 10~7 mol O/s)
is 170 times greater than the rate of ion transport, //2F.
A 10-fold rate enhancement (p =11) is observed. After
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Figure 3. Transient effect of a constant positive applied current
(+200 pA) on the rate of CO, production and on the catalyst
potential. T = 430 °C, Po,= 0.9 kPa, Pc,u,= 2.2 kPa.

current interruption the catalytic rate of CO, formation
returns to its initial open circuit (o0.c.) value showing the
reversibility of the phenomenon.

It is also interesting to notice in figure 3 the catalyst
potential response (dashed line). Initially, when the
current is applied via the galvanostat, the potential
reaches the value of 2V and gradually decreases,
approaching a final steady state value of 1.8 V. The
inverse behaviour is observed during current interrup-
tion: The potential is quite negative (~—250 mV), lower
than that of the initial open circuit value and is then
abruptly restored to its initial value. This behaviour
indicates a change in the oxidation state of the catalyst
surface. The gradual decrease in catalyst potential dur-
ing anodic polarization indicates that RuO, is somehow
reduced (lower potential) forming an oxide of the type
(RuO,, x<2) according to the reaction:

RuO; — RuO, + ((2 — x)/2)0, (6)

Former studies of the same reaction on Rh catalyst
films have shown that application of currents or
potentials can affect significantly and in a reversible
manner the stability limits of surface Rh oxide, thus
affecting the catalytic activity in a pronounced manner
[14,33,39,40].

Steady state measurements were carried out under
open circuit conditions and under anodic and cathodic
polarization. Figure 4 shows the effect of catalyst
potential on the catalytic rate at temperatures 400—
450 °C. At 400 °C the catalytic rate increases mono-
tonically with potential or, equivalently, with catalyst
work function, (A® = eAUwg, equation (1)) [13,14,22],
i.e. the reaction exhibits purely electrophobic behaviour
(0r/0® > 0) [13,14]. According to the recently estab-
lished rules of electrochemical promotion [14,33] this type
of behaviour is obtained when the electron acceptor
reactant (O) is more strongly adsorbed on the catalyst
surface than the electron donor (C,H4) reactant. This
behaviour changes at higher temperatures where a rate
enhancement is observed for both anodic and cathodic
polarization. This behaviour is known as inverted volcano
behaviour and according to the recently identified rules of
electrochemical promotion [14,33] it is observed when
both the electron donor (C,H,4) and the electron acceptor
(O) reactants are absorbed weakly on the catalyst surface,
i.e. when they are both present on the catalyst surface at
low coverages. This is consistent with the present obser-
vation, i.e. that inverted volcano behaviour is observed at
the higher temperatures investigated.

As shown by the straight lines in figure 4, over a
narrow potential range the catalytic rate dependence on
catalyst potential Uwg is described by the frequently
reported equation of electrochemical promotion [13,14]:

aFAU; oaAD
In(r/ro) == = %7 ()
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Figure 4. Effect of catalyst potential on the rate of C,Hy4 oxidation on
RuO,/YSZ.

where o is the electropromotion coefficient, positive for
electrophobic reactions, negative for electrophilic ones
[13,14], taking values of the order of 0.2 in the present
case. Typically « is of the order 0.1-1 for electrophobic
reactions and —0.1 to —1 for electrophilic reactions
[13,14].

Figure 5 shows the steady state effect of positive or
negative applied current I or, equivalently rate of O*~
ion transfer to/from the catalyst (I/2F), on the observed
increase in the total rate of oxygen consumption due to
the electropromotion of the catalytic reaction. The solid
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Figure 5. Effect of the applied current, I, on the rate of ethylene
oxidation. Pc,u, = 2 kPa, Po, =1 kPa.

lines in the figure are constant Faradaic efficiency, A,
lines. The observed values of A are typically of the order
of 10°-10° for anodic operation (I>0) and —10 for
cathodic operation (/<0).

Figures 6 and 7 show the rate dependence on Po,
(figure 6) and on Pc,n, (figure 7) under open-circuit and
under positive and negative applied potential. The
kinetics are always positive order in C,H4 (figure 7) and
also positive order in O, for Pp, values below 4 kPa
(figure 6) gradually changing to a zero-order depen-
dence at higher Po, values. These observations indicate
weaker chemisorption of the electron donor C,Hy than
of the electron acceptor oxygen on the catalyst surface
and are consistent, via the recently established promo-
tional rules [33], with the observed electrophobic
behaviour (figure 4) changing to inverted volcano
behaviour at higher temperatures (figure 4) where both
reactants are at lower surface coverages. According to
these promotional rules [33] a reaction exhibits purely
electrophobic behaviour when the kinetics are positive
order in the electron donor reactant and zero or negative
order in the electron donor reactant. For the gaseous
composition of figure 4 (Pc,u, =2 kPa, Po, =1 kPa)
the rate at 430 °C is positive order with respect both to
Po, and Pc,u, (figures 6 and 7) and thus inverted vol-
cano behaviour is observed for 430 °C in figure 4. At
lower temperatures (e.g. 400 °C) where the rate becomes
nearly zero order in O,, purely electrophobic behaviour
is observed (figure 4, T=400 °C).

3.2. Toluene oxidation

The complete oxidation of toluene

C7Hg + 9C02 — 7C02 + 4H20 (9)
! 00.C. Catalyst: RuO, 0.8
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Figure 6. Effect of Oxygen partial pressure on the rate of C,H,
oxidation on RuO,/YSZ under open circuit and under anodic and
cathodic polarization. Pc,y, = 2 kPa.
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Figure 7. Effect of ethylene partial pressure on the rate of ethylene
oxidation on RuO,/YSZ under open circuit and under anodic and
cathodic polarization. Py, = 7.5 kPa.

was also examined over the same RuQO,/YSZ catalyst
surface.

Figure 8 shows an anodic galvanostatic transient
experiment and figure 9 presents a similar cathodic
polarization experiment, both at 450 °C and under
oxidizing gaseous composition (P, = 7.5 kPa and
Pc,i, =0.2 kPa). At anodic polarization a 800%
increase in the catalytic rate of CO, formation is
observed (p=9) while under cathodic polarization (fig-
ure 9) the rate enhancement is less pronounced (p =4).
In both cases the A values (12 and -5, respectively) are
significantly lower (typically by a factor 10-50) than
those obtained with the same catalyst for the case of
C,H, oxidation (e.g. figures 3 and 5). This is consistent
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Figure 8. Transient effect of a constant anodic applied current
(I=+100 uA) on the rate of toluene oxidation over RuO,/YSZ
and on the catalyst potential. T = 450 °C, Po, = 7.5 kPa, Pcu, =
0.2 kPa.
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Figure 9. Transient effect of a constant cathodic applied current
(I=-100pA) on the rate of toluene oxidation and on the catalyst
potential. T = 450 °C, Po, = 7.5 kPa, Pc,y, = 0.2 kPa.

with the observed significantly lower (again typically by
a factor of 10-50) open-circuit rate, ro, of the oxidation
of toluene versus ethylene on the RuO,Catalyst surface
in conjunction with the equation [13,14]:

|A|l = 2Fro/1o (10)

where I, is the exchange current of the RuO,/YSZ
interface, which predicts the magnitude of the Faradaic
efficiency A, in electrochemical promotion studies
[13,14]. Thus A in the case of toluene oxidation is
smaller than in the case of ethylene oxidation because
the open-circuit catalytic activity, ro, is smaller for tol-
uene oxidation than for ethylene oxidation.

The peculiar rate transient of figure 8 and the
observed second rate increase after 40 min of positive
current application provides an indication that the
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Figure 10. Dependence of the rate of toluene oxidation over
RuO,/YSZ on the Oxygen partial pressure under open circuit and
under anodic (positive) and negative (cathodic) polarization.
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catalyst surface changes from the oxide form to a partly
reduced surface (RuO,, x <2). This is also supported by
the observed gradual potential decrease during the
galvanostatic transient (figure 8).

Figure 10 shows the rate dependence on Pop,. For
open-circuit and also for positive polarization, the rate is
positive order in Po, and this in conjunction with the
observed positive order dependence on Pc.y, leads to
inverted volcano type behaviour, i.e. the rate is
enhanced with both positive and negative potential
(figure 10). Note that anodic polarization increases the
reaction order with respect to Pp, while cathodic
polarization decreases it leading eventually to negative
order dependence at higher Po, values (figure 10). This
is consistent with the promotional rules [33] and with the
weakening/strengthening of the metal-oxygen chemi-
sorptive bond upon increasing/decreasing the catalyst
potential [14,33].The appearance of a rate maximum
under cathodic polarization (figure 10) indicates com-
petitive adsorption of toluene and oxygen on the cata-
lyst surface.

Figure 11 shows the dependence of the catalytic rate
and of the current on catalyst potential. As already
noted, the reaction rate exhibits inverted volcano
behaviour, with a stronger electrophobic component
due to the stronger chemisorption of oxygen on the
catalyst surface. The A values corresponding to figure 11
are presented in figure 12. The measures A are generally
lower than in the case of ethylene oxidation on the same
surface (figure 5) as already discussed.

3.3. Mechanistic consideration

The previous discussion and application of the elec-
trochemical promotion rules [14,33] to rationalize the
observed electrochemical promotion behaviour of eth-
ylene and toluene oxidation on RuO, has assumed
implicitly a Langmuir—Hinshelwood type catalytic
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Figure 11. Effect of catalyst potential on the rate of toluene oxidation
over RuO,/YSZ and on the corresponding current.
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Figure 12. Effect of the applied current, /, on the rate of toluene
oxidation over RuO,/YSZ. Pc,u, = 0.2 kPa, Po, = 7.5 kPa.

mechanism involving as a rate limiting step the surface
reactions between adsorbed hydrocarbon intermediates
[41] and adsorbed atomic oxygen (O) originating from
gaseous O, adsorption. Since RuO, is a stable metallic
type oxide [14,35-38], it was implicitly assumed that
lattice oxygen does not participate to any significant
extent to the catalytic reaction mechanism and that the
electrochemically supplied promoting backspillover
oxygen species O°~ (most likely O~ [14]), which is dis-
tinct from the more covalently bonded gas supplied
atomic Oxygen (O), migrate over the entire RuO,
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Figure 13. Effect of catalyst potential on the oxygen desorption
activation energy, Ey, calculated from the modified Redhead analysis
of O, TPD spectra from Pt, Ag, Au and Pd electrodes deposited on
YSZ [14,42].
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Catalyst/gas interface as they do in the case of noble
metal catalyst films interfaced with YSZ establishing
there an effective double layer at the catalyst/gas inter-
face (figure 1).

It is well established that these electrochemically
supplied backspillover O°" ions exert strong lateral
repulsive interactions to coadsorbed atomic oxygen (O),
thus causing a very pronounced and often linear
decrease in the chemisorptive bond strength of atomic
oxygen [14,42] (figure 13). As shown in figure 13, for the
case of Pt, Ag and Pd catalyst-electrodes deposited on
YSZ, the chemisorptive binding energy of atomic O
decrease linearly and in fact with a slope very near to —1
with increasing catalyst potential and work function. It
is this linear variation in binding energy with eUwgr and
@ which causes the common exponential dependence of
catalytic oxidation rates on eUwgr and @ (equation (7)).
The recently developed Frumkin-type effective double-
layer isotherms [14,43] provide a firm justification for
the observed linear variations in heats of adsorption
with eUwr and @ [14,43]. It is worth noting in figure 13
that even in the case of Au which can adsorb oxygen at
very positive applied potentials [44] the heat of adsorp-
tion decreases linearly, with a slope near —4 [14,44], with
potential and work function.

When the metal under consideration forms surface
oxides, as e.g. in the case of surface Rh,O; formation on
Rh [14,39,40] then the repulsive lateral interactions
between the electochemically supplied O°~ species and
the oxygen atoms of the surface oxide lead to destabi-
lization of the surface oxide and thus to very pro-
nounced electrophobic NEMCA behaviour, as the
reduced metal catalyst (e.g. Rh) is much more active for
oxidation [14,39,40].

The present results (e.g. the peculiar Uwgr behaviour in
figures 3, 8,9) suggest that a similar partial surface reduction
of RuO; (reaction (6)) may be taking place under anodically
imposed O°~ migration to the catalyst surface. In situ work
function measurements of electropromoted RuO, [37] and
IrO, Catalysts [45] have indeed confirmed the electro-
chemically induced O°~ backspillover over the entire RuO,
and IrO, surface but in situ surface spectroscopic charac-
terization, as in the case of Pt [23], will be necessary to
determine the exact oxidation state of the RuO, Catalyst
under electropromoted conditions.

Conclusions

RuO, polycrystalline films deposited on YSZ solid
electrolyte can be effectively electrochemically promoted
for the complete oxidation of volatile organic com-
pounds (VOCs). The rate of ethylene oxidation can be
increased by a factor of ten via anodic polarization and
by a factor of three via cathodic polarization. The rate
of toluene oxidation can be enhanced by a factor of

eight via anodic polarization and by a factor of four via
cathodic polarization.

Both reactions exhibit electrophobic behaviour
(Or/0Uwgr > 0) at lower temperatures changing to
inverted volcano behaviour above 430 °C in accordance
with the kinetics and the recently found rules of elec-
trochemical and classical promotion [14,33,43]. Under
anodic polarization the RuO, state changes. It is very
likely that RuO, is partly reduced to another oxide of
the form of RuO,, where x<2. The use of surface
spectroscopic methods will be useful to elucidate the
electrochemically induced change in the catalyst state.
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