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The catalytic activity of polycrystalline Rh films deposited on
8 mol% Y,0,-stabilized ZrO, (YSZ), an O*~ conductor, can be
altered dramatically and reversibly by varying the potential of the
Rh catalyst film. The complete oxidation of ethylene was investi-
gated as a model reaction in the temperature range 300 to 400°C
and at atmospheric total pressure. The rate of C,H, oxidation can
be reversibly enhanced by up to 100 times by supplying O?~ to the
catalyst via positive potential application (up to 1.5 V). This is
the highest rate enhancement observed so far with in situ electro-
chemical promotion studies. The steady-state rate increase is typi-
cally 10* times larger than the steady-state rate of O~ supply to
the catalyst. It was also found that varying the catalyst potential
causes the appearance of the well-known compensation effect with
an isokinetic point at 372°C. As in previous studies of the effect
of non-Faradaic electrochemical modification of catalytic activity
(NEMCA) the observed behaviour is due to the promotional action
of back-spillover oxide ions which migrate from the YSZ solid
electrolyte onto the catalyst surface under the influence of the
applied potential. The back-spillover oxide ions are less reactive
with C,H, than normally chemisorbed oxygen and act as promoters
by affecting the binding strength of chemisorbed oxygen and
ethylene. © 1995 Academic Press, Inc.

INTRODUCTION

Rhodium is an important constituent of three-way auto-
motive exhaust catalysts and its interaction with oxygen
(1-3), NO (4-7), CO (8-12), and light hydrocarbons (13,
14) has been the focal point of numerous UHV investiga-
tions (1-14) and atmospheric pressure Kinetic studies
(15-19). The interaction of Rh with oxygen, in particular,
has attracted considerable attention due to the fact that
under real catalytic conditions an excess of oxygen results
in significant deactivation and oxide formation (15, 16).
Due to its high cost, a reduction in the amount of Rh
present in automotive exhaust catalytic converters, via
appropriate promotion of its catalytic properties, would
be highly desirable.
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During the last six years the effect of non-Faradaic
electrochemical modification of catalytic activity
(NEMCA) (20-39), electrochemical promotion (40), or in
situ controlled promotion of catalyst surfaces (41) has
been described for over 25 catalytic reactions on Pt, Pd,
Ag, and Ni surfaces using O*"-conducting solid electro-
lytes, such as yttria-stabilized zirconia (YSZ) (20-28,
33-39); Na"-conducting solid electrolytes, such as g"-
ALO, (20, 29, 41, 42); H*-conducting solid electrolytes,
such as CsHSO, (38); and F~-conducting solid electro-
lytes, such as CaF, (43), as the active catalyst support.
Work prior to 1992 has been reviewed (21). The effect has
also been recently demonstrated in aqueous electrolyte
systems (44).

The porous metal catalyst film also serves as an elec-
trode in the galvanic cell

gaseous reactants, metal catalyst/solid electrolyte/metal, O,

and the NEMCA effect is induced by applying currents
or potentials (typically —2 to +2 V) between the catalyst
film and the metal counter electrode (20, 21). The induced
change in catalytic rate on the catalyst film is up to 3 X
10° times higher than the rate of ion supply (21, 24) and,
until the present study, up to 70 times higher than the
catalytic rate when no voltage is applied (21, 24).

When YSZ is used as the solid electrolyte, NEMCA is
due to the promoting action of spillover oxide ions Q%"
as originally proposed (21, 24) and as recently confirmed
by XPS (45). The promoting oxide ion on Pt has an O
Is binding energy of 528.8 eV vs 530.0 eV for normally
chemisorbed oxygen which coexists on the surface (45).
The enhancement factor or Faradaic efficiency, A, is de-
fined by

A = Ar/(1/2F), [1a]
where Ar is the induced change in catalytic rate expressed
in mol Ofs; I is the applied current, defined as positive
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when anions are supplied to the catalyst; and F is Fara-
day’s constant. More generally, A can be defined from
A= Ar'/(1IF), [1b]
where r’ is expressed in g-equivalent/s. A reaction exhib-
its the NEMCA effect when |A] > 1. When A > 1 the
reaction is termed electrophobic, while when A < —1 the
reaction is termed electrophilic.
When "-Al,O, is used as the solid electrolyte, NEMCA
is due to the promoting action of spillover Na®* (29, 41).
The coverage 6y, of sodium on the catalyst surface can
be easily measured coulometrically (41). In such cases a

very useful parameter is the promotion index P, defined
by (41),

Arlr,
P, A6, " (2]
where r, is the unpromoted catalytic reaction rate and 6,
is the coverage of the promoting species (e.g., Na®*, 0°7).
When the promoting species does not react appreciably
with any of the reactants (e.g., Na®"), then P; can be
measured easily. P; values up to 250 have been measured
(41). When the promoting species is also partially con-
sumed by one of the reactants, as in the case of C,H,
oxidation when YSZ is used as the solid electrolyte sup-
port (in which case, as analyzed below, C,H, reacts with
the promoting species O®~ at a rate A times smaller than
that with normally chemisorbed oxygen), then the mea-
surement of P, is more complicated due to the difficulties
in measuring the surface coverage of 0% . In such cases
a conservative estimate of P, can be obtained from
P, = (Ar/ry)pay» 1-€., by assuming that the maximum rate
enhancement is obtained for Afy- = 1 (45).

The NEMCA effect can be explained by taking into
account the effect of the potentiostatically or galvanostati-
cally controlled back-spillover of promoting species from
the solid electrolyte onto the gas-exposed catalyst surface
and the effect of these species on the binding strength of
chemisorbed reactants and intermediates (21).

The main conciusion which has emerged from previous
NEMCA studies (20-44) is that over wide ranges of cata-
lyst work function e® (0.1-1.0 e¢V), which can be con-
trolled easily by potenstiostatically controlling the cover-
age of the promoting species on the catalyst surface (20),
catalytic rates, r, depend exponentially on e®,

In(r/ry) = ale® — e®*)/k,T, [3]
where r, is the open-circuit (unpromoted) catalytic rate

and « and ed* are reaction-specific and catalyst-specific
constants, The parameter « (positive for electrophobic

125

reactions, negative for electrophilic ones) usually takes
values between —1 and 1.

The present work is the first detailed study of NEMCA
on Rh. The oxidation of C,H, was chosen as a model
reaction. The reaction is known to exhibit a pronounced
electrophobic NEMCA effect on Pt (24) and on Ag (33).
It is found that NEMCA induces very pronounced (up to
one hundredfold) increases in catalytic rate. The mea-
sured rate enhancement ratio p(r/r,) values are the highest
measured so far in in situ controlled promotional
(NEMCA) studies.

EXPERIMENTAL

The apparatus utilizing on-line gas chromatography
(Perkin-Elmer, Sigma 300B), mass spectrometry (Balzers
QMG 311), and IR spectroscopy (Beckman 864 CO, ana-
lyzer) has been described previously (21-25).

Reactants were Messer Griesheim certified standards
of C,H, in He and O, in He. They could be further diluted
in ultrapure (99.999%) He (L’Air Liquide).

The atmospheric pressure YSZ continuous-flow reactor
shown schematically in Fig. 1 has been described pre-
viously (21-25). It has a volume of 30 cm® and behaves
as a CSTR in the flow range of 50-300 cm® STP/min, as
shown previously by determination of its residence time
distribution using an IR CO, analyzer (21). The conversion
of the reactants under open- or closed-circuit conditions
was kept below 20%.

The porous Rh catalyst film was deposited on the inside
bottom wall of the YSZ tube by application of a thin
coating of Engelhard (Hanovia) A8826 Rh resinate, fol-
lowed by drying and calcining in air, first at 400°C for 2
h and then at 850°C for 6 h. The thickness of the film was
of order 10 wm, its superficial surface area was 2 cm?,
and its true surface was area 20 cm’ (reactive oxygen

Solid Catalyst
Electrolyte(YSZ) Electrode(Rh)
\ |

|

Reactants

G-P
®
4 [
Counter Reference
Electrode(Pt) Electrode (pt)
FIG. 1. Schematic of the bottom section of the YSZ tube reactor

showing the location of the catalyst film and of the counter and refer-
ence electrodes.
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uptake N = 3.6 x 1078 g-atom O) determined by the
isothermal titration technique (21) using oxygen titration
with CO at 350°C. Platinum counter and reference elec-
trodes were deposited on the outer surface of the YSZ
bottom wall (Fig. 1) using Engelhard Pt paste A-1121
followed by drying and calcination, first at 400°C for 2 h
then at 850°C for 6 h, as described elsewhere (21).

In the course of the experimental programme both gal-
vanostatic and potentiostatic operations were used, by
means of an AMEL 553 galvanostat-potentiostat, and
both gave similar results. In the galvanostatic mode a
constant current / is applied between the catalyst and the
counterelectrode while monitoring the ohmic-drop-free
(21, 24) catalyst potential Vy,z between the catalyst (work-
ing electrode, W) and the reference (R) electrode. To
obtain Vg one must subtract the parasitic working-refer-
ence (IR)yg ohmic drop from the measured Vyy value.
This was done via the current interruption technique,
utilizing a memory oscilloscope (Hameg HM-205) as in
previous NEMCA studies (21, 24). In the present work
(IR)ygr Was found to be typically less than 50 mV. In the
potentiostatic mode a constant potential Vyy is applied
between the catalyst and the reference electrode while
monitoring the current, /, between the catalyst and the
counter electrode. Changes in the catalyst potential, Vyy,
are related to concomitant changes in catalyst work func-
tion, e®, via

eAVyg = Aled), [4]

as predicted theoretically (21) and established experimen-
tally by in situ measurement of ed with a Kelvin probe
on Pt and Ag catalyst electrodes deposited on YSZ and
B"-Al,0; (20, 30).

RESULTS

Open-Circuit Kinetics

Figure 2 shows the effect of oxygen partial pressure
Py, on the rate, r, of C H4 oxidation and on the open-
circuit catalyst potential V% at constant Pc y,- The rate
first increases with P, and then, at a critical PO value,
hereafter denoted by Pj§ , decreases abruptly and be-
comes negative-order in oxygen. The abrupt rate decrease
is accompanied by an abrupt increase in the open-circuit
catalyst potential Vy and thus (20, 30) in work func-
tion e®.

The rate, V%, and e® dependence on Py, at constant
Py, is shown in Fig. 3. The rate is near first-order in
ethylene until a critical Pc,y, value is reached, hereafter
denoted by P¢y,, at which the rate increases abruptly to

4
a much higher value. This is accompanied by an abrupt
decrease in V{; and e®. Upon further increase in Py,
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FIG.2. Effectofoxygen partial pressure onthe open- mrcuntcatalylic
rate (upper) and on the open-circuit catalyst potential Vi, and work
function change (lower). Conditions: T = 320°C, PQH‘ = 3 kPa (open
circles); T = 350°C, Pey, =5 kPa (filled circles).

above P{y, the rate remains positive-order in ethylene.
Increasing temperature causes an increase in P§ and a
decrease in Py, ’

The kinetic behavnour depicted in Figs. 2 and 3 provides
strong evidence that the abrupt rate transition is due to
the formation of a surface Rh oxide (1, 15, 16). This is
because if the sharp r vs P, maximum (Fig. 2) were due
to competitive adsorption of oxygen and ethylene, this
would also show up as a rate maximum in the r vs
Pey, plots (Fig. 3), which is clearly not the case.

From a thermodynamic viewpoint, formation of an ox-
ide is expected to occur at constant open-circuit catalyst
potential, V%, and thus constant surface oxygen activ-
ity, ag, which can be computed from V9, via (21, 46, 47)

= (RT/4F)In[a}/(0.21)], (5]

where 0.21 is the oxygen activity at the reference Pt/air
electrode. Equation {5] is valid only under open-circuit
conditions, and only provided that the dominant potential-
setting charge-transfer reaction at the three-phase-bound-
ary (tpb) metal-YSZ-gas is

0 (YSZ) == O(a) + 2¢°, (6]

where O(a) designates oxygen adsorbed on the metal elec-
trodes at the tpb. Figures 2 and 3 show that surface Rh
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FIG. 3. Effect of ethylene partial pressure on the open-circuit cata-

Iytic rate (upper) and on the open-circuit catalyst potential V{5 and
work function change (lower). P, = 1.3 kPa.

oxide formation is accompanied by a significant, up to
150 mV, shift in V. This is due to the significantly
higher catalytic activity of the reduced surface (Pg, <
P§,. Pcy, > P&y,) as compared to the oxidized surface,
which can lead to such abrupt oxygen activity variations
near the surface oxide stability limit, as analysed by Rie-
kert (48) and as observed experimentally in previous stud-
ies of C,H, (46) and CO (47) oxidation on Pt.

Figure 4 shows the upper limit (oxidized surface) of
catalyst potential and corresponding oxygen activity, ag,
at which the abrupt rate transition takes place. The fact
that In a3 increases linearly with 77! with a slope corre-
sponding to AH = 21 kcal/mol O, i.e., comparable to the
value for bulk Rh oxides (Fig. 4), further corroborates
the assignment of this rate transition to surface oxide
formation and the assignment of a3 at which the transition
takes place to the stability limit of surface Rh oxide. The
formation of several Rh oxide phases on Rh is well docu-
mented both in atmospheric pressure studies (15, 16) and
under UHYV conditions (1).

NEMCA Behaviour: Transients and the Physical
Meaning of A

Figure 5a shows a typical NEMCA galvanostatic tran-
sient; i.e., it depicts the response of the rate of C,H,
oxidation on Rh upon imposition of a constant current /.
Under such conditions O°~ is transferred from the solid
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electrolyte to the catalyst at a rate //2F while at the same
time O, (g) is reduced to O’ at the counterelectrode at
the same rate. Throughout the experiment the inlet Py
and Py, values are 2.6 kPa and 5.9 kPa and the volumet-
ric flowrate is 175 ¢cm® STP/min.

At the beginning of the experiment (+ < 0), no current
is applied (I = 0), and the open-circuit catalytic rate is
1.8 x 1078 (mol O/s), corresponding to an oxygen conver-
sion of 0.3%. Then at t+ = 0 a constant current / = 400
wA is applied via the galvanostat and O?" is transferred
to the catalyst at a rate I/2F = 2.07 % 107° mol O/s. This
causes an 88-fold (8800%) increase in catalytic rate, which
stabilizes to a new value r = 1.62 x 107°% (mol O/s).

The rate increase Ar = 1.60 X 107¢ mol O/s is 770 times
larger than the rate of O>~ supply //2F. Thus each O*~
ion supplied to the catalyst causes, on the average, 770
chemisorbed O atoms to react with C,H,; and form CO,
and H,O.

The NEMCA time constant 7 is defined (21, 24) as the
time required for the rate increase to reach 63% of its
steady-state value during a galvanostatic transient. In the
present case 7 is found to be 40 s, in good qualitative
agreement with the parameter 2FN/I = 18 s, where N =
3.6 x 107 mol O is the reactive oxygen catalyst uptake,
measured via surface titration with CO (21). This qualita-
tive agreement is typical of NEMCA studies utilizing YSZ
and corroborates the well-established proposition that the
NEMCA effect is due to the electrochemically induced
and controlled back-spillover of O’ onto the catalyst
surface and that these back-spillover oxide ions act as
promoters for the catalytic reaction.

It is worth noting that when steady-state has been
reached during a galvanostatic transient, the rate, rg2-, of
consumption of the back-spillover oxide ions on the cata-
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FIG. 4. Temperature effect on the surface oxygen activity of the
oxidized surface at the rate transition (Po, = P§ . Pcy = P¢y,) and
comparison with the stability limits of bulk Rh oxides.” -
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lyst surface must equal their rate of supply I/2F,
ro- = 1/2F. (71

The enhancement factor or Faradaic efficiency, A, is
defined by

A = Ar/(I12F), [1a]

where Ar = r — ry, with r and r, being the NEMCA-

induced and open-circuit catalytic rates, respectively. To

the extent that r > ry, i.e., A > 1, as in the present case,
one can write

A = rl/(1/2F), [8]
and thus from Eq. [1a]
A=rlry-. 9]

Consequently A expresses the ratio of the reaction rates
of normally chemisorbed atomic oxygen and of back-spill-
over oxide ions with C,H,. It follows, therefore, that the
spillover oxide ions are significantly less reactive than
normally chemisorbed oxygen, in agreement with the re-
sults of the XPS investigation of NEMCA on Pt/YSZ
under UHV conditions (45). This is further corroborated
by the transient rate behaviour upon current interruption,
e.g., Fig. 5a. As shown in this figure, it takes approxi-
mately 20 s in this case for the catalytic rate to reach
its open-circuit (unpromoted) value, i.e., for O’ to be
consumed by C,H,. This value can be predicted from the
steady-state results of Fig. 5a via Eq. [7] or Eq. [9] as

follows. At the steady state of the galvanostatic transient
it is (Eq. [7] or [9]) rot- = 2.07 x 10~° mol/s. Taking into
account that the reactive oxygen uptake of the catalyst is
N = 3.6 x 10" mol/s and assuming that the O~ coverage
value, 6y-, before current interruption is unity (45), it
follows that the average lifetime, 72~ of O*~ on the cata-
lyst surface is
Tot- = NOg-/rp- = 18 s, [10]
which is in excellent agreement with the experimental
value of 20 s (Fig. 5a). A detailed analysis of rate transients
upon current interruption will appear elsewhere (50).
The operating conditions in Fig. 6a were chosen so that
the surface is initially (¢ < 0) in the oxidized state, whereas
in the final steady state condition (¢ > 0) the surface is in
areduced state. This is at first surprising, since application
of a positive current or potential would be expected to
stabilize the surface Rh oxide. However, as shown in
detail below, increasing catalyst potential weakens the
chemisorptive bond of atomic oxygen, in agreement with
previous NEMCA studies and theoretical considerations
(21), and thus facilitates the oxide reduction, as mani-
fested both by the observed dramatic rate enhancement
and by the sharp and peculiar Vg vs £ response (Fig. 5a).
Figure 5b shows another galvanostatic transient. In this
case the operating P¢y, and Po, were chosen such that
the surface is initially (¢t < 0) reduced. In this case the
observed rate enhancement ratio p (=r/r,) is significantly
smaller (3.5), the Faradaic efficiency A value (1620) is
high and the Vy; vs  maximum is less pronounced.
It should be noted that the order of magnitude of the
measured A values is in good agreement with the parame-
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FIG. 6. Effect of PO: and imposed catalyst potential Vyy on the rate of C,H, oxidation. (a) T = 320°C, PC,H“ = 3 kPa. (b) T = 350°C,

PC2H4 = 5 kPa.

ter 2Fry/l; as in previous NEMCA studies (21). This is
shown in Tables 1 and 2. Table | presents the measured
values of the exchange current I, extracted from cur-
rent—overpotential plots under reaction conditions (21).
It is worth noting that I, is higher on the reduced surface
than on the oxidized surface.

Steady-State Effect of Catalyst Potential

Figures 6a and 6b show the effect of P, and catalyst
potential on the rate and turnover frequency (TOF) of
C,H, oxidation for two different fixed values of P 4, and
at various fixed imposed values of catalyst potential VWR
The r vs P, behaviour is also depicted for open-circuit,
i.e., normal catalytic conditions (I = 0, Vyg = Vig).
The open-circuit V { varies between —500 and ~100 mV
as Py, varies between 0.1 and 3 kPa.

For low Py, values (reduced surface, Py, < PO )increas-
ing Vg causes a significant, up to threefold, increase in
the reaction rate relative to its open-circuit value. The
main feature, however, is the significant increase in Péz
with increasing Vyg, which causes a dramatic, up to a
hundredfold, increase in catalytic rate for intermediate
Pg, values. For higher Py values there is practically no
effect.

TABLE 1
Exchange Current Iy/ A for Py ~ 5 kPa
and Pcy =~ 2.5 kPa
T (°C) 320 350 370
Oxidized surface 13 22 —
Reduced surface — 72 90

It is remarkable that increasing Vg, which corres-
ponds to positive currents, i.e., to O~ supply to the cata-
lyst, increases P§ , i.e., destabilizes the surface Rh oxide.
This is due to the weakening of the Rh=0 bond, but also
strengthening of the Rh-C,H, chemisorptive bond, with
increasing Vy and work function e® according to the
theory of electrochemical promotion (21).

Figures 7a and 7b, obtained at 320 and 350°C, respec-
tively, show the effect of P, and fixed catalyst potential
Vwr on the rate of C,H, oxidation. The figures also com-
pare the rate with that measured under open-circuit (o.c.)
conditions where again V § varies between —50 and —500
mV as Pc,y, varies between 0.1 and 10 kPa.

The low rate branch of Figs. 7a and 7b corresponds to
an oxidized surface (Pc,, < P&y,). On this surface the
rate is first-order in ethylene and is practically unaffected
by Vwr. The high rate branch of Figs. 7a and 7b corres-
ponds to a reduced surface. The main feature of these
figures is the significant shift in PézH4 with varying Vyg.
It is remarkable that P&, shifts from 2 kPa for Vyg =
1340 mV to a value above 10 kPa for Vi = —1000 mV.
In the latter case the Rh==0 bond is so strong and the
Rh-ethylene bond so weak, that even high (>10 kPa)
Py, cannot reduce the surface. As a result of the ob-

TABLE 2

Predicted (2Fry/I,) and
Measured A Values

2Fry/l, A
Fig. 5a 160 770
Fig. 5b 2270 1620
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served pronounced decrease in P¢ ; withincreasing Vg,
the rate enhancement ratio p(= r/r,) is up to 100 for
Vwr = 1340 mV.

Another important feature of Figs. 7a and 7b is the
change in the reaction order with respect to ethylene on
the reduced surface. Thus, under open-circuit conditions,
the rate remains positive-order in ethylene on the reduced
surface. Under imposed positive-overpotential (and cur-
rent) conditions, however, the rate on the reduced surface
becomes negative-order with respect to ethylene. This
strongly suggests competitive chemisorption of ethylene
and of the back-spillover oxide ions on the Rh surface.
It is worth emphasizing that XPS investigation of NEMCA
on Pt has shown that the coverage of the back-spillover
oxide ions can be as high as that of normally chemisorbed
oxygen for Vy,; values of 1200 mV and that the two species
coexist on the surface at high coverages, presumably
bonded on different surface sites (45).

It is worth noticing again that the main feature of Figs.
6 and 7 is the pronounced destabilization of surface Rh
oxide with increasing catalyst potential, which is the main
cause of the observed dramatic rate enhancement.

Figures 8a and 8b show in detail the effect of catalyst
potential Vg and the corresponding rate of O°~ supply
1/2F on the rate of C,H, oxidation at fixed gaseous compo-
sition.

The first gaseous composition (Fig. 8a) was chosen so
that the surface is reduced and remains reduced with
positive and negative current application. The reaction
exhibits electrophobic (i.e., A > 1) behaviour with A val-
ues as high as 15,000 for both positive and negative cur-
rents. The rate variation is moderate as r/r; varies between
0.25 and 2.

It is also worth noting that:

1. The r/ryvs Vyg curves exhibit a rather narrow region
of exponential dependence for —1V < Vypg < -0.5V,
In(r/ry) = aeAVyp/ky T, [11]
with an « value of 0.2,
2. The rate variation with Vy diminishes with increas-
ing T so that for T = 370°C, Vyy has practically no effect
on the rate for Vyg > —1 V. This is directly related

to the appearance of the compensation effect with an
isokinetic point at 372°C as discussed below.

The gaseous compositions in Fig. 8 were chosen such
that the open-circuit conditions correspond to an oxidized
surface (Po, > P§,, Pcy, < P¢y,). At low temperatures
(T = 320°C) the surface remains oxidized over the entire
Vwr range and thus the measured p and A values are
moderate. At higher temperatures, positive currents and
potentials lead to a reduction in surface oxide and the
rate enhancement is very pronounced. Thus, as shown
in Fig. 8b, A values up to 50,000 and p(=r/r,) values up
to 100 are obtained.

The observed steady-state multiplicity with respect to
Vwr (Fig. 8b) is due to the oxide decomposition in con-
junction with the galvanostatic operation. Potentiostatic
operation leads to steady-state multiplicity with respect
to the current.

Effect of Vyg and Work Function on Activation
Energy: Compensation Effect

Figure 9 shows Arrhenius plots obtained at fixed Vyy
values. The gas composition is reducing so that all points
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Ar , 10 mol 0/s

FIG. 8. Effect of applied current (upper) and corresponding catalyst potential Vyy (lower) on the rate of C,H, oxidation on a Rh surface

which is reduced (a) or oxidized (b) under open-circuit conditions. Filled symbols correspond to open -circuit conditions, i.e.
1.3 kPa, Pcy = 7.4 kPa ro = 1.74 x 1077 mol/s (O), 6.5 x 107" mol/s (0), 8.4 x 1077 mol/s (VAVE (b) Py =5

catalyst. Conditions: (a) Py, =

, to the unpromoted

kPa, Pcy, = 2.5 kPa; (4) T=32°0C,r= 0.87 x 107® mol/s; (O) T = 350°C, ry = 1.8 x 107 mol/s; (O) T = 370°C, r, = 3.67 x 107 mol/s; (V)

Pq, = 1:2'kPa, Py, = 3 kPa, T = 350°C, ry = 9.6 x 107 mol/s.

in Fig. 9 correspond to a reduced surface. The open-
circuit Vi is =500 to —600 mV. Increasing Vyy causes
a dramatic decrease in activation energy from 0.92 eV
{open-circuit conditions) to 0.3 eV for Vy, = 0.8 V and
a concomitant pronounced decrease in the preexponential
factor, r°, defined from
r = r’exp(—E/k,T). [12]
As aresult of this, Fig. 9 presents a striking demonstra-
tion of the compensation effect (51-53) with an isokinetic
point at Ty = 372°C. The compensation effect in heteroge-
neous catalysis has been the focal point of numerous stud-
ies and debates (51-53). It is usually obtained from Arr-
henius plots of several similar reactions on the same
catalyst or of several similar catalysts for the same reac-
tion. In the present case it is obtained for one reaction
and one catalyst by varying its potential or, equivalently,
by varying the level of the promoting species (O*7) on its
surface. Since the isokinetic point is usually outside the

temperature range of the kinetic investigation, several
authors have even questioned the existence of a true com-
pensation effect (53). Consequently the results in Fig. 9,
where the isokinetic point Ty lies within the investigated
temperature range, are rather rare and provide direct evi-
dence that the compensation effect is a real one. Similar
compensation effect plots have been recently obtained
in electrochemical promotion (NEMCA) studies of other
catalytic reactions and a review is given elsewhere (50).

It is worth noting in Fig. 9 that below the isokinetic
point (T < Tg) the reaction exhibits electrophobic behav-
iour (21), i.e., 9r/dVyg > 0 and thus « > 0 and A > 0,
while above the isokinetic point (T > T,) the reaction
exhibits electrophilic behaviour (21), i.e., dr/aVyg < 0
and thus « < 0 and A < 0. At T = Ty the NEMCA
effect disappears (compare also the curve for T = 370°C
in Fig. 8a).

As shown in Fig. 10 the decrease in activation energy
with ¢Vyy and e® is nearly linear, with a slope of —0.5.
Also the logarithm of the preexponential factor r® de-
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FIG. 9. NEMCA-induced compensation effect. Arrhenius plots at
fixed Vg values. Py, = 1.3 kPa, Py = 7.4 kPa.

creases linearly with Vg (Fig. 10) and upon plotting
kyToIn(r®/rd), where rj is the open-circuit preexponential
factor, vs eVyy the slope is again —0.5 (Fig. 10). In fact
the difference between the two parallel lines equals the
open-circuit activation energy £; as shown in Discussion
and as observed experimentally (Fig. 10).

Figure 11 shows that, as a result of Figs. 9 and 10, the
logarithm of the preexponential factor r® increases linearly
with E with a slope of 18 eV ™!

DISCUSSION

The present results establish that the catalytic proper-
ties of Rh can be markedly affected via the NEMCA effect
by using Y,0,-stabilized ZrO, (YSZ) as an active catalyst

-0.5 0.0 0.5 1.0 1.5

1.2 (T - T T T
Pen=7.4kPa
Po=1.3kPa

kyToln(r’/r%) , E , eV

N S I B
-12 05 0.0 05 1.0

Ver » V

FIG. 10. Effect of catalyst potential Vy and corresponding work
function change A(e®) on the activation energy (squares) and preexpo-
nential factor 9 (circles). Open symbols correspond to open circuit.
rJ(=16.54 mol Of/s) is the open-circuit preexponential factor and Ty is
the isokinetic temperature. Conditions are the same as in Fig. 9.
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FIG. 11. Dependence of the preexponential factor r® on the activa-
tion energy E. rj = 16.54 mol O/s. Open symbol corresponds to open
circuit. Conditions are as in Fig. 9.

support and promoter donor. The maximum observed
catalytic rate enhancement (p = r/r, = 100) is the highest
reported so far in NEMCA studies (20-44). The measured
Faradaic efficiency, A, values are typically on the order
of 10* in good qualitative agreement with

|A| = 2Fry/1,, [13]
according to the theory of NEMCA (21). The same applies
for the relaxation time constant 7 during galvanostatic
transients which conform to

T=2FN/I. [14]

Thus, similar to the case of Pt and Ag interfaced with
YSZ (21), the effect must be due to the promoting action
of back-spillover oxide ions O®~ which migrate onto the
catalyst surface from the YSZ solid electrolyte under the
influence of the applied potential. The back-spillover ox-
ide ions spread on the catalyst surface, increase its work
function e® by (20, 21, 30)

A(e®) = eAVyp, (4]

and act as promoters by affecting the binding strength of
covalently bonded adsorbates such as normally chemi-
sorbed oxygen and ethylene. The migration of the back-
spillover oxide ions from the YSZ onto the metal surface
under the influence of the applied potential has been posi-
tively confirmed by in situ XPS for the cases of Pt (45,
49) and Ag (54) catalysts. The O 1s binding energy of the
back-spillover oxide ions is approximately 529 eV (45).
The coverage of back-spillover oxide ions can be as
high as that of normally chemisorbed oxygen for high
(~1 V) applied potentials. Consequently, an approximate
estimate of the promotion index P;(41) of the oxide ions
for C,H, oxidation can be obtained as follows. Assuming
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that the maximum observed rate enhancement, r/r,
(=100), corresponds to the maximum coverage of 0%~
(roughly equal (45) to the maximum coverage of normally
chemisorbed oxygen taken as unity), it follows that P, =
A(r/rg)/ A8 = 100.

It should be emphasized that, as analyzed under Re-
sults, and as evidenced by XPS (45), the back-spillover
oxide ions can act as promoters because they are A (~10%
times less reactive with C,H, than normally chemi-
sorbed oxygen.

Origin of the Promoting Action

The open-circuit Kinetic and V$; behaviour (Figs. 2
and 3) show clearly the existence of two kinetic regimes
corresponding to an oxidized and a reduced surface, re-
spectively. The catalytic rate on the reduced surface is
much higher than on the oxidized surface. The transition
from a reduced surface to an oxidized surface occurs at
a certain temperature-dependent and P y-dependent ox-
ygen pressure values P*, or at a certam temperature-
dependent and P, -dependent values of ethylene pressure

ézHr The potentiometrically determined oxygen activity
values ag provides strong evidence that the transition is
due to the formation of surface Rh oxide with a AH of
~20 kcal/mol O or ~40 kcal/mol O, (Fig. §).

On the reduced surface the rate is first-order in oxygen
and positive-order in ethylene. The activation energy is
near 1 eV. The reaction between chemisorbed atomic
oxygen and ethylene appears to be rate controlling (Figs.
2 and 3). There is no evidence for competitive adsorption.

On the oxidized surface, the rate is first-order in ethyl-
ene and negative-order in oxygen. This indicates competi-
tive adsorption and a predominantly oxygen-covered
surface.

The same general kinetic features are observed under
closed-circuit, i.e., NEMCA, conditions (Figs. 6 and 7)
with three notable differences:

I. The P§, and P¢y, values shift significantly with
varying potential. This causes a dramatic (up to 100-fold)
enhancement in catalytic rate for intermediate P, and
Pcy, values.

11, Increasing Vg also causes a significant rate in-
crease on the reduced surface but has practically no effect
on the oxidized surface.

III. On the reduced surface the rate becomes negative-
order in ethylene, which indicates competitive adsorption
of back-spillover oxide ions and ethylene.

The above observations show that, despite the ob-
served dramatic rate enhancement, the mechanism of
C,H, oxidation remains the same under both open-circuit
and closed-circuit conditions, i.e., NEMCA and the back-
spillover oxide ion promoters do not create new reaction
pathways but simply accelerate existing ones.
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Consequently, in order to rationalize the observed pro-
nounced promotional phenomena one must examine the
effect of the presence of the back-spillover oxide ions and
concomitant change in catalyst potential Vyg and work
function e® on the binding strength of dissociatively
chemisorbed oxygen and chemisorbed ethylene.

All previous electrochemical promotion (NEMCA) re-
sults in catalysis (20-44) have been rationalized in terms
of the following simple and theoretically well-established
rule (21). Increasing the Vy and e® of the catalyst surface
by supplying back-spillover negatively charged ions (0%,
F7) causes a weakening in the chemisorptive bond
strength of electron acceptor adsorbates, such as dissocia-
tively chemisorbed oxygen, and a strengthening in the
chemisorptive bond strength of electron donor adsorbates
such as ethylene. Exactly the opposite trends hold upon
decreasing Vy and e® of the catalyst surface via supply
of positively charged ions, e.g., Na®* (20, 21).

The present results are in excellent agreement with the
above rule. Since atomic oxygen and ethylene behave
as electron acceptor and electron donor, respectively, it
follows that increasing Vyjy causes a weakening in the
Rh=0 bond and a stregthening in the Rh-C,H, bond, in
excellent agreement with the observed effect of Vg on
P§,and P¥ , (Figs. 6and 7). Sincei mcreasmg Vwr destabi-
lizes the Rh=0 bond, due to the increasing coverage of
back-spillover oxide ions which exert repulsive through-
the-metal or through-the-vacuum lateral interactions with
chemisorbed oxygen, it follows that higher P, values
(P%) are required to form surface Rh oxide (Figs. 6a
and 6b).

Conversely, since increasing Vy and coverage of back-
spillover oxide ions stabilizes the Rh-C,H, bond via en-
hanced  electron donation to the metal, it follows that
smaller P values (P&, ) are required to reduce the
surface Rh 0x1de as experlmentally observed (Figs. 7a
and 7b).

The observed effect of Vy, on P} and P¥ JH, 18 at first
glance counterintuitive since the surface Rh oxide is de-
stabilized by supplying O*~ from the solid electrolyte to
the catalyst surface. Alternatively, if one were to attempt
torelate Vg and oxygen activity, a,, by using the Nernst
equation for closed-circuit conditions, one would reach
the conclusion that increasing oxygen activity destabilizes
the surface Rh oxide. This simply demonstrates, however,
how erroneous the use of the Nernst equation can be
outside its realm of applicability, i.e., far from open-cir-
cuit conditions.

Compensation Effect

The fact that increasing Vyy, weakens the Rh=—0 bond
is further corroborated by the observed effect of Vg on
the activation energy E in the reduced state region (Fig.
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10). Increasing eVy,g causes a near-linear decrease in E
with a slope of —0.5 and a concomitant linear decrease
in the log of the preexponential factor r®. The decrease
in F with increasing Vyy and e®d is very similar to that
observed with C,H, oxidation on Pt (24) and can be ration-
alized on the basis of the effect of increasing ¢® (and
backspillover oxide ion coverage) on the strength of the
Rh=0 bond, the cleavage of which is involved in the
rate limiting step of C,H, oxidation.

Increasing e® diminishes electron back-donation to
chemisorbed oxygen and thus weakens the binding
strength of the Rh==0 bond by an amount A(AH,), where
AH; is the enthalpy of adsorption of oxygen and, ac-
cording to the Polanyi principle (55), decreases the activa-
tion energy of the oxidation reaction by AE = A(AH,).
An alternative but complementary point of view is that
the Rh=0 bond is destabilized upon increasing Vyy and
e® due to the strong lateral repulsive interaction of chemi-
sorbed oxygen and back-spillover oxide ions. Recent ab
initio calculations of Pacchioni and one of us (56) have
shown a linear decrease in the binding strength of oxygen
chemisorbed on Cu (110) with increasing ¢® due to the
coadsorption of negatively charged ions, in agreement
with the trend observed in electrochemical promotion
studies (21).

As shown in Fig. 10, the dependence of E and r° on
work function change, A(e®), can be described by

E= EO + (XHA(F(D)
ko ToIn(r?rd) = ayAled),

[15]
(16}

where E, is the open-circuit activation energy (0.92 eV),
ay = —0.5, and Ty is the isokinetic point (Tg = 372°C).
It follows from Eqs. [15] and [16] that

E — kToIn(r'/r)) = Ey, [17]
as experimentally observed (Fig. 10). It should be noted
that the existence of an isokinetic point follows directly
from the experimental Eq. [17] or, in general, from the
existence of a linear dependence between activation en-
ergy E and the logarithm of the preexponential factor r°.
This experimentally observed variation has been ex-
pressed in several previous NEMCA studies (20, 21, 24,
25, 33, 34) in the form of Eq. {15] plus

kaolﬂ("o/"g) = agA(ed) [18}

where T, is the mean temperature of the kinetic investiga-
tion, the subscript 0 always refers to open-circuit condi-
tions (A(e®) = 0), and ag is a catalyst-specific and reac-
tion-specific constant satisfying approximately (20, 21,
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24, 25, 33, 34) the equation

o =g — ay, [19]
where « is the NEMCA coefficient in Eq. [3]. Here we
show first that Eqs. [16] and [18] are equivalent and that
either one, in conjunction with Eq. [15], guarantees the
existence of an isokinetic point. Thus upon eliminating
A(e®) between Eqs. {15] and [18] one obtains

ko ToIn(r/r8) = (as/ay (E — Ep). [20]
Since in general (Eq. [12])
In(r/r%) = —Elk,T, [21]
one obtains by combination with Eq. [20]
In(r/r)) = —(ag/ay) Eg/k, T, (22]

+ [(as/ay) — (T T E/k,Ty).

Equation [22] predicts the existence of an isokinetic

temperature Tg, defined from
Ty = Tylay/ag). [23]

For T = T, the last term in Eq. [22] vanishes and thus
r equals a constant which is independent of E, In r® and
thus of A(e®d).

One can then use Eq. [23] to eliminate T, and ag from
Eqg. (18] and obtain Equation [16], the equivalent to Eq.
[18], which contains the isokinetic temperature Ty instead
of ag.

Equation [23] can also be used to eliminate the term
(as/ay) from Eq. [22] to obtain

In(r/rd) = —E kT + (Elky(Tg' — T7"), [24]
which in combination with Eq. [15] gives
ayAed)[ T
lnr=lnr8—E0/ka+——HTbT——<}—e—)—l). [25]

Noting that the first two terms on the right of Eq. {25]
give the open-circuit (unpromoted) rate r,, one obtains

ayAled) (l 1)

In(r/ry) = T \To
]

[26]

Upon comparing Eq. [26] with the general experimental
equation [3] extracted experimentally in this and in previ-
ous NEMCA studies (20-44),

In(r/ry) = ab(e®)/k, T, (3]
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it follows that the NEMCA coefficient « is given by

T
a=aH<Te-—l).

Since in the present case ay < 0, it follows that for
T <T,itisa>0,i.e., the reaction exhibits electrophobic
behaviour, and for T > T, it exhibits electrophilic behav-
iour (a < 0), in excellent agreement with experiment (Fig.
9). The decrease in « when T < Ty and T approaches Tg
predicted by Eq. [27] is also in very good agreement with
the experiments (Fig. 8). Note that for T = Tg it is a =
0 and the NEMCA effect disappears (Figs. 8 and 9).

It is worth noting that by combining Eqgs. [23] and [27]
one obtains

(271

azas—aH+(T10—l)as. [28]

Consequently, the approximation « = ag — ay (Eq.
[19]) holds well provided the temperature T for which «
is computed does not differ much from the mean tempera-
ture T, of the kinetic investigation used to extract the ag
and ay values, as observed experimentally (20, 21, 24,
25, 33, 34).

A review of the compensation effect in in situ controlled
promotional studies is given elsewhere (50). From a funda-
mental viewpoint the origin of the compensation effect
lies in the existence of a linear relationship between the
enthalpy of activation AH* and the entropy of activation
AS* of the rate limiting step of the catalytic reaction.
The theoretical reason for the existence of this linear
relationship is still a matter of study and debate (53). The
present results, however, show that both AH* and AS#*
are linearly related to the catalyst work function.

In summary, the present study shows that the use of
Y,0;-stabilized ZrO, as an active catalyst support to in-
duce NEMCA leads to very pronounced and reversible
alterations in the catalytic properties of Rh for ethylene
oxidation. Back-spillover oxide ions act as promoters for
this reaction. These oxide ions cannot form via gas-phase
oxygen chemisorption (45). Solid electrolytes, in general,
provide a unique way to control the state of metal catalyst
surfaces precisely and in situ and to investigate the role
of promoters in catalysis.
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