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Electrochemically induced oscillations of C,H,4 oxidation over
thin sputtered Rh catalyst films
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The electrochemically promoted induction of self-sustained catalytic rate and potential oscillations during C,Hy4 oxidation was
studied over sputtered Rh thin (40 nm catalyst films interfaced with ZrO, (8 mol% Y,03). The reaction rate oscillates
simultaneously with the catalyst potential, and always in the opposite direction. The electrochemically induced oscillatory rate is
typically 60 times larger than the open-circuit catalytic rate and 1000 times larger than the electrochemical rate of O~ supply to the
catalyst. The phenomenon is completely reversible and only observed under anodic polarization where the rate oscillates between
the values corresponding to metallic Rh and surface Rh,Os5. The oscillations are caused by the electrochemically controlled
backspillover of O~ to the catalyst surface and the concomitant, via repulsive lateral interactions, decomposition of surface
rhodium oxide followed by surface reoxidation to Rh,O53 by gaseous O,.
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1. Introduction

Several heterogenecous catalytic systems operating
near the surface oxide stability limit have often been
found to exhibit oscillatory behaviour [1-5]. In most
cases, oscillations in the reaction rate are observed in the
transition region between the two steady-states, char-
acterized by high and low reaction rate [1]. The nature of
the catalyst bistability can be different: (i) multiple
steady-states on the catalyst surface, including surface
reconstruction [2,3]; (ii)) multiplicity in the reactor
dynamics; (iii) bistability which is connected with the
kinetic and diffusion regions of the catalytic reaction. In
ref. [1] it was shown that additives or impurities, which
can be catalyst promoters as well as catalyst poisons can
play a significant role in the induction of catalyst oscil-
latory behaviour. They block sites and can affect the
activity of the catalyst and induce oscillations [6-9]. The
impurities can even be the reason for the appearance of
oscillations, if in the region of bistability they can drive
the system from one state to another. One example of
the influence of catalyst promoters on reaction rate
oscillations was presented in [10] during CO oxidation
on polycrystalline Pt where the oscillations were induced
by electrochemically controlled backspillover of oxygen
ions from the solid electrolyte to the catalyst surface. It
was found that reaction rate oscillations can be induced
by positive current and stopped by negative current
application [10,11]. The results were interpreted by the
electrochemically controlled backspillover of O~
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promoters to the catalyst surface and the concomitant
formation and decomposition of surface PtO, [10,12,13].

The oscillatory behaviour of the oxidation of ethylene
has been extensively investigated on polycrystalline Pt,
Rh and Ag catalysts [4,5,12-15]. In several cases
[4,5,12,13] the technique of solid electrolyte potentiom-
etry (SEP) was used to continuously monitor the activity
of oxygen on the catalyst surface during oscillations. In
general, the surface oxygen activity and the rate of CO,
production were found to oscillate simultaneously and
in the opposite direction, i.e., a decrease in the activity of
surface oxygen always corresponded to an increase in
reaction rate. The origin of the oscillations was found to
be closely connected with periodic formation and
destruction of surface platinum and rhodium oxide.

The present study reports the electrochemically
induced oscillatory behaviour during C,H,4 oxidation
over thin (40 nm) sputtered Rh films deposited on ZrO,
(8 mol% Y,03) solid electrolyte (YSZ). Such thin metal
films with high (10-30%) metal dispersion [16] are of
interest for the practical utilization of electrochemical
promotion [16].

2. Experimental

The experimental set-up used in this study consists of
the gas flow system, the reactor, and the gas analysis
unit which includes online gas chromatography (Perkin—
Elmer 300B) and IR spectroscopy (Beckman 864 CO,
analyzer). Reactants were Messer-Griesheim-certified
standards of C,H,4 in He and O, in He. They could be

1011-372X/05/1100-0015/0 © 2005 Springer Science+Business Media, Inc.



16 E.A. Baranova et al.|Electrochemically induced oscillations of C>H, oxidation

further diluted in ultra pure (99.999%) He (L’ Air
Liquide) [16].

An atmospheric pressure single-chamber [11] quartz
reactor (30 cm®) was used for the electrochemical pro-
motion experiments. The gas flow rate was typically
200 ml/min STP and the investigated temperature range
was 300420 °C.

The rhodium catalyst (working electrode) was
deposited on one side of an yttria-stabilized zirconia
(YSZ 8 mol% Y,03) (Technox 802 from Dynamic
Ceramic) pellet and the Au counterelectrode and refer-
ence electrode were deposited on the other side.

The rhodium catalyst was deposited on YSZ by
sputtering. Prior to Rh deposition, the YSZ support was
cleaned as described in detail elsewhere [16]. After
cleaning, the support was introduced into the sputtering
chamber filled with pure argon, then rhodium (Rh 99.8,
Lesker) was deposited onto the substrate (YSZ support)
at 50 °C. The sputtering conditions were the following:
direct-current (dc) mode with a discharge of 305V,
argon pressure of 0.5 Pa. Under these conditions the
deposition rate is 0.25 nm/s. The film thickness was
measured by calibration with smooth silicon samples
processed simultaneously. The thickness of the sputter-
deposited rhodium film was 40 nm. The geometric sur-
face area of the catalyst film was 0.5 cm®. The metal
dispersion of the Rh/YSZ film was estimated to be 8%
(£3%) using the galvanostatic transient technique [16].

The counter and reference electrode consisted of
porous gold film deposited onto the YSZ by thermal
decomposition of a gold paste (Gwent C70219R4); the
calcination temperature was 550 °C [17,18]. Current or
potential application was made using a scanning
potentiostat (Model 362, EG & G Princeton Applied
Research).

The magnitude of electrochemical promotion is usu-
ally described by two parameters: (a) the rate enhance-
ment ratio (p), defined as [11,19]:

p=r/ro (1)

where r, is the catalytic rate at open circuit and r the
catalytic rate under polarization and (b) the apparent
Faradaic efficiency, M, defined as [11,19]:

A= Ar/(I/2F) (2)

where 7 is the applied current, F'is the Faraday constant,
and I/2F equals the rate of O®~ supply to the catalyst.

3. Results

A typical example of rate and catalyst potential
oscillations obtained at a constant partial pressure of
oxygen of 0.5 kPa and increasing Pc,n,/Po, ratios is
shown on figure 1. Under open-circuit conditions the
catalyst is originally at a stable, low reaction rate steady-
state, showing no oscillations. Upon positive current

application the reaction rate increases (figure la) and,
when the Pc,p,/Po, ratio is sufficiently high, the system
exhibits oscillatory behaviour (figure 1b—1f). In all cases
after current interruption the catalyst returns to its ini-
tial steady-state. Increasing ethylene partial pressure
leads to an increase in the oscillation frequency and to a
decrease in the oscillation amplitude (figure 1b-1f). At
Pc,u,/Po, above about 2 the amplitude vanishes and
the oscillations disappear. The catalyst is maintained at
stable active state, characterized by a high ethylene
oxidation reaction rate. The catalyst potential oscillates
simultaneously with the rate of CO, production but in
the opposite direction, i.e. increasing rate corresponds to
decreasing catalyst potential as in the case of C;H4 and
CO oxidation on Pt [4,10]. It can be seen in figures 1 and
2, that the rate and catalyst potential are oscillating
between the values corresponding to a reduced (low
potential) Rh surface and those corresponding to an
oxidized (high potential, surface Rh,O5 [16]) Rh surface.

Figure 2 is based on the data of figure 1 and shows
the effect of the Pc,n,/Po, ratio on the rate of C,Hy
oxidation. Three curves can be distinguished on the
figure: One (open symbols) corresponds to the reaction
rate under open-circuit conditions, corresponding to
very low catalytic activity. The two others (filled sym-
bols) correspond to the upper and lower limit of the
oscillations induced by the applied current of + 50 pA.
Increasing Pc,m,/Po, ratio causes a decrease in the
amplitude of the oscillations until the oscillations vanish
at Pc,u,/Po, =~ 2. At this point the lower limit of the
oscillations has reached the upper limit corresponding to
catalytic oxidation on Rh metal. The electrochemically
promoted reaction rate is up to 61 times larger than the
unpromoted open-circuit rate (p~61 (Point B, figure 2))
and up to 1400 times larger than the rate, I/2F, of O*~
supply (backspillover) from YSZ to the catalyst surface,
where M equals 1398, i.e. each O*” supplied to the
catalyst causes, on the average, 1398 chemisorbed oxy-
gen atoms to react with C,Hy, forming CO, and H,O.

The effect of the Pc,n,/Po, ratio on the electrochemi-
cally induced oscillatory behaviour of the Rh catalyst was
also studied at 310, 350 and 420 °C (figure 3) and it was
found that in all cases the reaction rate exhibits oscilla-
tions under positive current application. Increasing tem-
perature causes a narrowing of the Pc,u,/Po, domain,
where the reaction rate and catalyst potential oscillations
take place (figure 3). The oscillations follow the same
trends, i.e. increasing Pc, 1, / Po, ratio causes a decrease in
the period, T}, of the oscillation frequency and a decrease
in the amplitude. As shown in figure 3 the frequency, 1/
T, of the oscillations, increases near linearly with the
Pc,n,/ Po, ratio similarly to the case of C,H,4 oxidation on
Pt [4,12].

Figure 4 shows the effect of temperature on the rate
oscillations induced by constant anodic current appli-
cation at fixed gaseous composition. In this and
subsequent figures only the rate oscillations are shown
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Figure 1. Response of ethylene oxidation reaction rate and corresponding catalyst potential to a step change in applied current +50 uA on
Rh(40 nm)/YSZ at T = 390 °C. Gas composition: Pg,, (variable)/P, (0.5 kPa). Flow rate 200 ml/min. (a) Pc,u,/Po, = 0.86; (b)
Peyn,/Po, = 1.02; (¢) Pe,u, /Po, = 1.10; (d) Peym, /Po, = 1.24; () Peyn,/Po, = 0.51; (f) Po,m, /Po, = 1.80.

for simplicity, as the potential oscillations are, as
already shown, in opposite phase with the rate oscil-
lations. Increasing temperature from 350 to 470 °C
causes a near 5-fold increase in oscillation frequency
(figure 5).

Figure 6 shows the effect of gas flowrate, and thus
residence time in the catalytic reactor, on the oscillatory
behaviour. Increasing flowrate by a factor of three
causes a more than 2-fold increase in rate oscillation
frequency (Figure 7), again similarly to the case of C;Hy
oxidation on Pt [4,12]. This is because the reactor is
operated at constant feed composition, thus increasing
flowrate causes a decrease in conversion, thus an
increase inPo, which enhances the rate of catalyst sur-

face reoxidation [4,12] while as can be seen, e.g. in fig-
ure 4, the decomposition of surface Rh,O5 is almost
instantaneous.

4. Discussion

The present results show that the electropromoted
catalytic rate oscillates between an upper limit corre-
sponding to a reduced Rh surface (low catalyst poten-
tial, i.e. low surface oxygen activity [11] (figure 1)), and a
lower limit corresponding to an oxidized surface (high
catalyst potential, i.e. high surface oxygen activity ([11],
figure 1).
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Figure 2. The C,H,4 oxidation reaction rate on Rh/YSZ as a function
of Po,u,/Po, ratio under open-circuit conditions (open symbols) and
closed circuit (I = +50 pA) (filled symbols) at 7" =390 °C. Gas
composition: Pg,u, (variable)/Po, (0.5 kPa). Flow rate 200 ml/min.
Diamonds and triangles connected by dashed line show the upper and
lower limit of the rate oscillations.
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Figure 3. Frequency of the rate and potential oscillations obtained
under current application (I = +50 pA) versus the ratio of partial
pressures Pc,n, /Po, at different temperatures. Gas composition: P,
(variable)/ P, constant. For 310 and 350 °C: Py, = 0.2 kPa; for 390
and 420 °C: Py, = 0.5 kPa.

Under open-circuit and low Pc,y,/Po, ratios (<0.8)
the rate corresponds to that of the oxidized surface
(figure 2) while for high Pc,u,/Po, ratios (>2) and
positive applied current the steady-state rate corre-
sponds to that of the reduced Rh surface. Recent work
[16] has shown that thin Rh (40 nm) catalyst films
deposited by sputtering onto a TiO, sublayer supported
on YSZ (Rh/TiO,/YSZ) has two similar stable oxida-
tion states under open circuit: Rh metal and surface Rh
oxide, depending on the gas composition. In the case of
Rh/YSZ thin films the variation in gas composition and

temperature under open circuit does not change the
stable oxidized state (figure 2). The present results con-
firm the electrophobic nature (increase of reaction rate
with positive current application) of ethylene oxidation
on Rh [20,21]. Positive current supplies backspillover
O’ jons to the catalyst/surface which act as sacrificial
promoters, since they are less reactive than normally
chemisorbed O [11]. The backspillover O*~ ions spread
over the entire gas-exposed catalyst surface [11,18,22]
and are accompanied by their image charge in the metal
catalyst, thus forming an overall neutral double layer at
the catalytically active surface which increases in general
the catalyst work function [11]. The increase in work
function weakens the binding strength of chemisorbed
oxygen [11] and via repulsive lateral interactions of O,_
with the oxygen of the surface oxide can cause surface
oxide decomposition [I11]. Thus the backspillover O>~
species acts as a sacrificial promoter [11]. Spent O~ is
continuously replenished via reduction of gaseous O, at
the counter electrode [11].

The observed dependence of oscillation frequency on
Pc,u,/Po, and temperature is almost identical to that
observed during C,H,4 oxidation on Pt [4,12], the oscil-
lation frequency increases significantly with temperature
(figure 4) and near linearly withPc,n,/Po, ratio (fig-
ure 3) and with gas flowrate (figure 7). Also in both
cases, the oscillations were found to occur under fuel-
rich gas compositions and to disappear above a certain
temperature-dependent critical Pc,u,/Po, ratio (fig-
ure 3). Thus the same physical [4] and mathematical [12]
model used to successfully describe the rate and poten-
tial oscillations during C,H,4 oxidation on Pt, based on
the periodic formation and reduction of a surface oxide,
can be applied here. In terns of this general model [14]
the origin of self-sustained rate and potential oscillations
presented here is the following: under open circuit the
surface Rh oxide is stable but upon anodic polarization
and concomitant O®~ supply to the catalyst the surface
rhodium is decomposed due to repulsive lateral inter-
actions with O*~ [11,16], thus oxygen previously asso-
ciated with Rh,O3 becomes available for reaction with
C,H,. This causes an abrupt decrease in the (Pc,u,/Po,)
ratio above the catalyst. When this ratio falls below a
critical (Pc,n,/Po,)* ratio, formation of surface Rh,O;
by gaseous O, is thermodynamically favoured and takes
place again. This, however, causes an increase in the
Pc,u,/Po, ratio, due to the extra consumption of gas-
eous O,, and the oxide becomes unstable again, thus
repeating the cycle [11,16].

This type of oscillatory mechanism bears several
similarities with the mechanisms and models discussed
by Franck and FitzHugh [23] and by Rush and Newman
[24] for aqueous electrochemical systems displaying
passivation behaviour, where the oscillation have been
shown to be due to spontaneous transitions between the
active and passive state [23,24]. These models also
address the important question of coherence which is
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Figure 4. Response of ethylene oxidation reaction rate to step change in applied current + 50 uA on Rh(40 nm)/YSZ at different temperatures.
Gas composition: Po,i, = 2 kPa, Py, = 0.69 kPa. Flow rate 200 m1/min.

accounted for in the model for catalytic CoH, oxidation
oscillations via the fast gas phase diffusion and resulting
spatial uniformity in the gas phase composition in
contact with the catalyst [12].

The mathematical model presented in [12] consists for
four differential mass balances for gaseous C,H, and
O, and for surface chemisorbed oxygen and metal
oxide. The latter becomes unstable above the critical

400 450 500
T,°C

T
350
Figure 5. Frequency of the rate oscillations obtained under current

application (I = +50 uA) versus temperature at constant gas compo-
sition: Pc,u, = 2 kPa, Py, = 0.69 kPa. Flowrate 200 ml/min.

(Pc,u,/Po,)* ratio. Numerical integration in time of
these four differential equations shows periodicity and
describes semiquantitatively the observed nearly linear
increase in oscillation frequency with temperature, with
Pc,n,/Po, ratio and with gas flowrate for the case of
C,H,4 oxidation on Pt [12], thus can be applied directly
to the present case too. The novelty of the present work
is that in ref. [12] the oscillations on the Pt catalyst occur
under open-circuit conditions while here the oscillatory
behaviour is observed only under anodic electrochemi-
cal promotion conditions, while under open circuit the
Rh catalyst remains to its inactive surface Rh,O; state.
This is due to the higher propensity of Rh than Pt for
surface oxidation.

5. Conclusion

The catalytic activity of Rh for ethylene oxidation on
thin sputtered Rh catalyst films deposited on YSZ can
be enhanced very significantly (p=60, A=1400) via
positive current application. The electrochemically pro-
moted state is oscillatory for low Pc,n,/Po, ratios where
the reaction rate oscillates simultaneously with catalyst
potential. The minimum rate value corresponds to an
oxidized Rh surface (Rh,0O3) and the maximum rate to
reduced Rh.



20 E.A. Baranova et al.|Electrochemically induced oscillations of C>H, oxidation

@) I=0 I=50 A 1=0
o 24 -
=
£
s
< 12 \
0 1
(b)
S 24|
[}
g
s
<
12
0 T T T
(c)
S 24
s
E
a?c
—
S 12
O T T T

(=]

500 1000 1500 2000
t,sec
Figure 6. Response of ethylene oxidation reaction rate to step change in applied current + 50 xA on Rh(40 nm)/YSZ at different gas flowrates:

(a) 200 ml/min; (b) 400 ml/min; (c) 600 mil/min. Gas composition: Pc,u, = 2 kPa,Py, = 0.4 kPa. T=350 °C.

The catalytic rate is a factor of 60 higher on the reduced not lead to further oxidation. Instead, it causes surface
than in the surface Rh,Oj state. Electrochemically induced Rh,O5; decomposition. This confirms the role of backs-
backspillover of O®~ to the oxidized catalyst surface does  pillover O>~ as an effective anionic catalyst promoter.
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