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Ethylene oxidation on IrO,, which is a metal-type conducting
metal oxide, and on Pt and Rh was used as a model reaction to
compare the rate enhancement and kinetic modification induced by
(i) electrochemical promotion (non-Faradic electrochemical mod-
ification of catalytic activity effect) via electrochemical 0%~ sup-
ply from YSZ (Y,0g3-stabilized ZrO,) and TiO, and by (ii) metal-
support interactions obtained by interfacing 1rO, with TiO, (with
and without electrochemical promotion) or by depositing dispersed
Rh on TiO, and YSZ porous supports. It was found that the addi-
tion of TiO,, which is catalytically inactive, to IrO, submicrometer
particles enhances the activity of IrO, for CoH,4 oxidation by a
factor of 12 and that the same maximum rate enhancement is ob-
tained via electrochemical promotion of the IrO, catalyst (i.e., via
electrochemical 02~ supply to the IrO, catalyst from a YSZ solid
electrolyte). Furthermore it was found that the IrO,-TiO; catalyst
mixtures can only be marginally promoted electrochemically. These
observations show conclusively that the mechanism of metal (IrO,)—
support (TiOy) interaction in the system IrO,-TiO> is identical to
that of the electrochemically promoted IrO,-YSZ system (i.e., con-
tinuous O%~ supply to the IrO, catalyst surface). This conclusion is
also corroborated by independent kinetic and XPS studies of elec-
trochemical promotion of Pt utilizing TiO; (instead of YSZ) as the
02~ donor. The kinetics of C,H, oxidation were investigated on Rh
films interfaced with YSZ at various imposed potentials and thus
imposed work function values, @ (i.e., under conditions of elec-
trochemical promotion and also on finely dispersed Rh catalysts
deposited on various doped and undoped TiO; and YSZ porous
supports of measured work function ®). Again it was found that
the reaction kinetics are affected in the same way upon varying
the work function of the Rh film via electrical polarization of the
Rh/YSZ interface or upon varying the work function of the support
of the dispersed Rh catalysts. This observation confirms the equiv-
alence of the promoting mechanism of metal-support interactions
and electrochemical promotion (i.e., 02~ migration onto the cata-
lyst surface). The results show conclusively that electrochemical
promotion is an electrically controlled metal-support interaction
and that at least certain types of metal-support interactions are in-
duced by reverse spillover of oxygen anions from the carrier onto
the surface of the metal crystallites.  © 2001 Academic Press
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INTRODUCTION

Metal-support interactions are known for years to
play an important role in influencing the catalytic activ-
ity and selectivity of nanoscale metal crystallites consti-
tuting the active phase in commercial-supported catalysts
(1-7). The nature of metal-support interactions has been
the focal point of extensive research and dispute particu-
larly after the discovery by Tauster et al. (8) of the phe-
nomenon of strong metal-support interactions (SMSI).
Although particle-size effects and electronic interactions
between the metal particles and the support have been
known for years to play a role, the SMSI effect was finally
shown to be due to migration of ionic species from the sup-
port onto the catalyst particle surface (“decoration”) (9).

Although SiO; and y-Al, O3 are the most common high-
surface-area industrial catalyst supports (considered in gen-
eral to give rise to weak metal-support interactions), in re-
cent years there has been an increasing tendency to replace
these supports for numerous catalytic applications, mostly
oxidations, with TiO;- or ZrO;-based porous supports (10).
Little information exists in the open literature as to why this
gradual substitution is taking place but it is a common un-
derstanding that these supports, generally believed to lead
to stronger metal-support interactions, result in increased
activity, selectivity, and useful lifetime of the metal particles
deposited on them.

The purpose of the present communication isto compare:

(1) The catalytic rate enhancement of a model oxidation
reaction induced on micro- or nanoparticles of two catalysts
(IrO, and Rh) via classical metal-support interactions (i.e.,
via intimate contact with TiO, microparticles, or with highly
porous TiO, and ZrO,-based supports).

(2) The catalytic rate enhancement of the same model
reaction induced by electrochemical promotion (11) of IrO,
(12, 13) and Rh (14) porous catalyst films interfaced with
YSZ, which is a pure O?~ conductor, and with TiO,, which
is a mixed O? —electronic (n-type) semiconductor. In the
context of this comparison, the electrochemical promotion
is also examined for catalyst films consisting of IrO,-TiO,
microparticle mixtures.
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FIG. 1. Principle and basic experimental setup for electrochemical
promotion (NEMCA\) studies utilizingan O%~ conducting solid electrolyte.

The effect of electrochemical promotion, or non-Faradaic
electrochemical modification of catalytic activity (NEMCA
effect) (11-22), has been discussed in the literature for
more than 60 catalytic systems during the past few years.
There have been several reviews (20-22) and a recent book
(23). Its principle is shown schematically in Fig. 1. Poten-
tial or current application between the catalyst film and a
second counter electrode deposited on the solid electrolyte
leads to reversible and dramatic in situ modification of the
chemisorptive and catalytic properties of the catalytic film.
The induced catalytic rate increase is up to 150 times larger
than the open-circuit rate value and up to 3 x 10° times
larger than the rate of supply of ions onto the catalyst sur-
face. Work in this area has been reviewed (20-24).

The origin of electrochemical promotion has been firmly
established using a variety of surface science and elec-
trochemical techniques, including work function mea-
surements (15), X-ray photoelectron spectroscopy (XPS)
(24, 25), ultraviolet photoelectron spectroscopy (UPS)
(26), temperature-programmed desorption (TPD) (27, 28),
scanning tunneling microscopy (STM) (29), cyclic voltam-
metry (27), and AC impedance spectroscopy (30, 31): elec-
trochemical promotion is due to electrochemically con-
trolled migration (backspillover) of ionic species (O°~ in
the case of O?~ conductors, Na’* in the case of Na* con-
ductors, H* in the case of H* conductors) from the solid
electrolyte onto the gas-exposed electrode surface.

These backspillover species form an overall neutral effec-
tive double layer on the gas-exposed electrode surface (22,
32, 33) and thus affect, acting as promoters or poisons, the
chemisorptive and catalytic properties of the metal catalyst
film.

The presence of this effective double layer on the cata-
lyst surface not only induces electrochemical promotion
(NEMCA) but also modifies the work function & of the
catalyst surface according to the equation (15, 34)

A® = eAUynR, [1]

which is an important and relatively new equation in solid-
state electrochemistry (13, 15, 32-37); AUwR is the change
in catalyst (working electrode, W) potential versus a refer-
ence (R) electrode induced either by changing the gaseous
composition or by using a potentiostat. The adsorption-
and spillover-modified work function @ of the gas-exposed
catalyst—electrode surface is, in general, different from the
work function, ®o, of the bare metal surface. Positive AUwr
(i.e., O% supply to the catalyst) increases ® by up to 1 eV
(15, 32-37).

The complete oxidation of C;H, on IrO,, Pt, and Rh
was chosen as a model reaction since its electrochemical
promotion behavior on IrO, (12, 13), Pt (11), and Rh (14)
porous films deposited on YSZ and on Pt porous films de-
posited on TiO, (38) is thoroughly studied (11-14) and also
because the same reaction under identical experiment con-
ditions has been studied on IrO,-TiO, catalysts (13) and
on Rh nanoparticles supported on various TiO; and YSZ
supports (39).

The goal of the comparison was to examine which of the
two types of catalyst activity promotion (electrochemical
promotion or metal-support interactions) is stronger and
in this way to gain information on the promoting mecha-
nism of metal-support interactions, since the mechanism of
electrochemical promotion (O%~ backspillover, concomi-
tant (Eq. [1]) catalyst work function increase) is well estab-
lished (21-33).

EXPERIMENTAL

The apparatus used for atmospheric pressure kinetic
studies utilizing online gas chromatography (Perkin-Elmer
300B), mass spectrometry (Balzers QMG 311), and IR spec-
troscopy (Beckman 864 CO, analyzer) has been described
previously (12, 14, 21, 38).

Reactants were Messer Griesheim-certified standards of
C,H4 in He and O, in He. They could be further diluted in
ultrapure (99.999%) He (L’Air Liquide).

Reactors. The atmospheric pressure single-chamber
quartz reactor has a volume of 30 cm® and has been also
described previously (12, 14, 21). It was used for the elec-
trochemical promotion experiments of the IrO, and IrO,—
TiO, catalysts deposited on YSZ disks and of Pt films de-
posited on TiO,. The closed-end YSZ tube reactor, also of
volume 30 cm?® and also described previously (14, 21, 38),
has been used for the electrochemical promotion experi-
ments of Rh films deposited on YSZ (38, 39). The equiv-
alence of the single-chamber and closed-end tube CSTR
reactors used routinely in electrochemical promotion stud-
ies has been discussed previously (20-22). The quartz tube
CSTR reactor used for the kinetic studies on the dispersed
nanoparticle Rh catalyst deposited on various powder sup-
ports has also been described previously (39). In all reactors
used, the conversion of the reactants was kept below 20%.
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FIG. 2. Schematic of the experimental setup used to (a) induce electrochemical promotion (via YSZ) on IrO; and IrO,-TiO; porous catalyst films,
(b) compare the electrochemical promotion induced on Pt via YSZ and via TiO,, and (c) compare the electrochemical promotion behavior induced by
varying Uy r 0n a Rh porous catalyst film (left) and on a fully dispersed Rh catalyst supported on porous (80 m?/g) YSZ support.

(IrO,-TiOL)/YSZ system. The IrO, and IrO,-TiO,
catalystswere deposited on YSZ via thermal decomposition
of H,IrClg and TiCl3 or TiCly solutions (Fluka, Buchs). A
micropipette was used to deposit 1-uL solution quantities
on a 0.5-cm? YSZ surface followed by evaporation at 60°C,
heating (20°C/min) in air to 550°C, and thermal treatment
inair at 550°C for 10-60 min. The porous films were charac-
terized by SEM and XPS. The latter confirmed that Ir and
Ti are in the form of IrO, and TiO, and that the surface
composition matches within 5% the bulk composition (13,
40, 41).

Rh/YSZ system. The porous Rh catalyst film was de-
posited on the inside bottom wall of the YSZ tube by appli-
cation of a thin coating of Engelhard (Hanovia) A8826 Rh
resinate, followed 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 on the order of 10 um, its superficial surface
area was 2 cm?, and its true surface area was 20 cm? (reac-
tive oxygen uptake N =3.6 x 10~8 g-atom O) determined
by the isothermal titration technique (14, 21) using oxygen
titration with CO at 350°C. Platinum counter and reference
electrodes were deposited on the outer surface of the YSZ
bottom wall using Engelhard Pt paste A-1121 followed by
drying and calcination, first at 400°C for 2 h and then at
850°C for 6 h, as described elsewhere (14, 21).

Pt/YSZ and Pt/TiO; systems. The YSZ or TiO, (Merck
Titanium(1V) Oxide Patinal, 11495) pellet was suspended

in the quartz reactor by means of the Au wires attached to
the three electrodes. The electrode arrangement is shown
in Fig. 2. Prior to catalyst deposition, the TiO, tablet was
sintered for 2 h at 1000°C. This should suffice for almost
complete conversion of any anatase to rutile.

The Pt catalyst electrode was deposited on one side of the
TiO; tablet by application of a thin coating of Engelhard
Pt paste A-1121 followed by drying and calcination first
(3°C/min) to 450°C for 1 h and then (2°C/min) to 830°C for
1 h. The Pt catalyst surface area (reactive oxygen uptake)
was measured via surface titration of oxygen with C,H, at
500°C and found to be 1.9 x 10~7 mol O.

Gold counter and reference electrodes were deposited
on the opposite side of the TiO, tablet by using a Au paste
prepared by mixing Au powder (Aldrich powder 99.9+,
32,658-5) in a slurry of polyvinyl acetate binder in ethyl
acetate and following the same calcination procedure as
with the Pt catalyst. A series of blank experiments showed
that the TiO, tablet and the Au electrodes were inactive for
C,H, oxidation at temperatures up to 540°C.

In the same series of blank experiments (no Pt catalyst-
electrode), currents up to 100 A were applied between the
two Au electrodes without any induction of catalytic activity
for C,H, oxidation. Consequently the observed catalytic
phenomena can be safely attributed exclusively to the Pt
catalyst only.

The experimental setup used previously (24, 38) to carry
out the XPS investigations has been described previously
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(24, 38). A 2-mm-thick TiO, slab (10 x 13 mm) with a
Pt catalyst film, Pt reference electrode (deposited on the
same side of the TiO; slab), and Ag counter electrode was
mounted on a resistively heated Mo holder in an ultrahigh
vacuum (UHV) chamber (base pressure 7 x 1078 Pa), and
the catalyst film (9 x 9 mm) was examined at temperatures
of 25-520°C by XPS using a Leybold HS-12 analyzer oper-
ated at constant DE mode with 100-eV pass energy and a
sampling areaof 5 x 3mm. Materials (TiO, Pt) and Pt cata-
lyst deposition procedure were identical with the samples
used for the atmospheric pressure kinetic study. Electron
binding energies have been referenced to the metallic Pt
417/, peak of the grounded catalyst at 71.1 eV, which al-
ways remains unchanged with no trace of nonmetallic (i.e.,
PtO,) components.

Preparation and characterization of the dispersed Rh
catalysts. The supported Rh catalysts were prepared by
the method of incipient wetness impregnation of the sup-
ports with a solution of Rh(NO3), - 2H,0O (Alfa Products)
of appropriate concentration to yield 0.05 or 0.5 wt% metal
loadings. The following powder supports were used: SiO,
(Altech Associates), TiO, (Degussa P25), ZrO, (8% Y,03)
(Zirconia Sales), and y-Al,O3; (Akzo Chemicals). Wé+-
doped TiO, was prepared following the procedure which
has been described elsewhere (39). The dopant content was
0.45 at.%. The doped and undoped TiO, supports were
thermally treated (5 h, 900°C) while the ZrO, (8% Y,03)
supports underwent thermal pretreatment at 1500°C dur-
ing production. Details of the preparation procedure of the
supported catalysts can be found elsewhere (39). Before
any measurements, the catalysts were reduced in a quartz
tube under He flow (80 cm®/min) at 250°C for 1 h followed
by H, flow (80 cm®/min) at 400°C for 1 h.

Characterization of the catalysts was carried out in a
BET apparatus (Accusorb 2100E, Micromeritics) with H,
chemisorption at 298 K and N, and/or Ar physical adsorp-
tion at 77 K. Catalyst characterization details have been
presented elsewhere (39).

Work function measurements. The work function @ of
metal (Pt, Au, Ag) catalyst films deposited on YSZ and
doped TiO, supports was measured via a Kelvin probe
(Besocke/DeltaPhi-Electronik, probe “S”) with a 2.5-mm-
diameter Au-grid vibrating condenser element placed
~500 um from the metal electrode surface in the UHV
system. As previously discussed (15, 21, 33), in the Kelvin
probe “S” operation, the CPD signal is drawn from the vi-
brating Au grid so that the Kelvin probe lock-in amplifier
circuit is entirely independent of the electrochemical cir-
cuit of the solid electrolyte sample. As recently shown (42,
43) in connection with Eq. [1] and with the concomitant
definition of the absolute potential scale in solid-state elec-
trochemistry (42, 43), such work function measurements of
backspillover-modified metal electrodes deposited on solid
electrolytes also yield the work function @ of the solid elec-

trolyte (42, 43). The same procedure has been used in the
past for other types of solid electrolytes (44). Results pre-
sented here were obtained with Pt electrodes deposited on
the various supports, but Ag electrodes also gave similar
(£0.1 eV) results as expected on the basis of the absolute
electrode potential theory (42, 43, 45, 46).

RESULTS AND DISCUSSION

(IrO,-TiO,)/YSZ System

Figure 3 shows a typical potentiostatic (constantimposed
potential) electrochemical promotion transient of C,H,4 ox-
idation on an IrO; catalyst film deposited on YSZ followed
by galvanostatic (constant imposed current) interruption of
the current (I = 0) after steady state has been achieved (12).
Application of a positive overpotential AUy renhances re-
versibly the rate by more than a factor of 6. The rate en-
hancement ratio p defined from

p=r/ro, [2]

wherer, is the open-circuit catalytic rate, is thus 7.6 for this
experiment. The apparent Faradaic efficiency A is defined
from

A= —ro)/(1/2F), 3]
where | is the applied positive current, F is Faraday’s con-
stant, and | /2F equals the rate of O?~ supply to the catalyst.
Inthis experiment (Fig. 3), A equals 1760 (i.e., each O~ sup-
plied to the catalyst causes 1760 chemisorbed oxygen atoms
to react with C,Hy4, forming CO, and H,0). It is worth not-
ing from Fig. 3 that the magnitude of the rate relaxation
time constant is on the order of 2FN/I, where N(in mol
IrO,) is the surface area of the IrO; catalyst film. This ob-
servation shows that indeed the electrochemical promotion
behavior is due to the migration of O?~ on the gas-exposed
electrode surface, since 2F N /1 is the time required to form
a monolayer of O~ on a surface with N sites.

Figure 4 shows similar galvanostatic (constant imposed
current) experiments obtained with IrO,-TiO, samples
with increasing TiO, mole fraction (13). The two phases
(IrO; and TiOy) are in intimate contact as shown by SEM
(13). It is worth noting that with increasing TiO, content,
the open-circuit rate (t =0) increases substantially and at
the same time the magnitude of p decreases drastically.
Furthermore with increasing TiO, content, the rate tends
to return very slowly toward its initial unpromoted value
upon current interruption. This is a demonstration of “per-
manent NEMCA” first reported by Comninellis and co-
workers (40, 41). But the most important point in Fig. 4 is
that with increasing TiO, content in the IrO,-TiO; cata-
lyst, the NEMCA effect tends to disappear as shown by the
decreasing p values.

This point is manifested clearly in Fig. 5, which shows
the effect of increasing IrO, mole fraction X0, in the
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FIG. 3.

Potentiostatic (constant potential Uy r imposition) catalytic rate (solid line), current (dotted line), and potential (dashed line) transients

during C,H, oxidation on a IrO; film deposited on YSZ followed by galvanostatic (constant current) interruption (I =0); T =390°C, pc,n, =0.26 kPa,

Po, = 20 kPa (based on Fig. 4.1 of Ref. (12)).

IrO,-TiO, catalyst on the open circuit (I =0) catalytic rate
and on the electrochemically promoted (1 =200 nA) cata-
lytic rate. It is worth noting that:

1. Pure TiO; (X0, = 0) is catalytically inactive.

2. Pure IrO; (Xiro0, =1) has a moderate catalytic acti-
vity.

3. Addition of TiO, to the IrO, catalyst causes a pro-
nounced enhancement in catalytic rate. Defining a promo-
tional (metal-support interaction) rate enhancement ratio
Pmsi by

omst =TI /Ty, [4]

where ry is the (unpromoted) catalytic rate per unit mass
of the active catalyst, one sees that ppms is up to 13 for
Xiro, = 0.5.

4. Electrochemical promotion of the pure IrO; catalyst
(Xiro, = 1) leads to a NEMCA rate enhancement ratio p
up to 12.

5. Electrochemical promotion of the IrO,-TiO, cata-
lysts is negligible, with p values below 2.

Observations 3 to 5 very strongly suggest that the same
type of promoting mechanism is operative for the TiO,—
IrO; catalyst and for the electrochemically promoted IrO,
catalyst (Fig. 6). One may consider the IrO,—TiO, metal-
support interaction as a remote control mechanism (47, 48)
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FIG. 4. Galvanostatic (constant current application) electrochemical
promotion (NEMCA) transients during C,H,4 oxidation on IrO,-TiO,
films deposited on YSZ; T = 380°C, pc,H, = 0.15 kPa, po, = 20 kPa.
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or as a “wireless” type NEMCA configuration (49, 50),
where TiO, continuously provides promoting O?~ species
to the IrO, catalyst surface and gaseous O, continuously
replenishes spent O%~ in the TiO; (Fig. 6).
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Electrochemical Promotion with YSZ and TiO,

The complete equivalence between electrochemical pro-
motion utilizing asolid electrolyte with purely ionic conduc-
tivity (YSZ) or a mixed ionic-electronic conductor (TiO;)
(Fig. 2b) has already been demonstrated for the case of
C,H, oxidation on Pt utilizing both kinetic measurements
and XPS (38) (Figs. 7 and 8).

Thus Fig. 7 shows galvanostatic (constant current impo-
sition) catalytic rate (NEMCA) transient obtained on Pt
catalyst films (grain size ~1 um) deposited on YSZ (21,
51) (Fig. 7a) and TiO, (38) (Fig. 7b) under similar (except
for the temperature) experimental conditions. In particular,
it is worth noting that the parameter 2FN/I (O~ mono-
layer formation time) equals 810 s in Fig. 7a and 733 s in
Fig. 7b.

In both cases, imposition of a positive current | (with
a concomitant rate, |1 /2F, of supply of O?~ to the catalyst
and an also concomitant increase in catalyst potential Uy )
causes a pronounced 25-fold increase in catalytic rate in
Fig. 7a and a 22-fold increase in catalytic rate in Fig. 7b
(p = 26 and p = 23, respectively).

The Faradaic efficiency A is 74 x 10% in Fig. 7a (YSZ) (21,
51) and 1.88 x 10% in Fig. 7b (38) (TiO,), suggesting that
only afraction f (=2.5%) of the current | in TiO, isanionic
(O%), the rest being electronic, in good agreement with the
literature (38). This is nicely confirmed by comparing the
time, 7, required for the rate increase to reach 63% of its
steady-state value with the parameter 2F N/l (Fig. 7). In

HA - ~tym Effective ~1nm
double layer
o o7 ol
o g o CoHy + 30, & ol CoHy + 30,
Ao 5 o gl ?
o B op o
Ao > ol 200 +2H,0 | o 2CO;, +2H,0
/'01_ 22' o ol ol ,G:g’
[ — assica
04 double layer 02-‘-~.02
e et ipcesiisebiemin He= = E He = E
El' == lan*' o He = EF o7 He = EF
----- Hoz Hoz
e D / =
TU.:'.R 0] Hoz l (D" Ho2-

Electrochemical
Promotion

Metal - Support
interaction

FIG. 6. Schematic of a metal grain (~um) in a metal catalyst film deposited on YSZ or TiO, under electrochemical promotion conditions (left), of a
metal nanoparticle (~nm) deposited on a porous TiO, support showing the locations of the classical double layers formed at the metal-support interface,
and of the effective double layers formed at the metal—gas interface. The energy diagrams (bottom) indicate schematically the spatial constancy of the
Fermi level E¢ (or electrochemical potential jie) of electrons, of the chemical potential of oxygen, and of the electrochemical potential of O?~. Note
that under electrical bias application (left) o2 remains spatially constant, but e and 10, both bend in the solid electrolyte support (dashed lines).
The Fermi level pe of the metal can be affected by varying Uy r (left) or by varying via doping the Fermi level of the support (right).
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FIG. 7.

Galvanostatic catalytic rate transients of C,H, oxidation on Pt showing the equivalence of electrochemical promotion when (a) YSZ

(21, 51) or (b) TiO, (38) is used as the Pt metal film support. See text for discussion.

the case of YSZ, 7 is shorter than 2FN/I while in the case
of TiO, 7 is longer than 2F N/1, again suggesting that only
a fraction of the current | in TiO; is ionic. By comparing
the ratio t/(2FN/I) in both cases, one may conclude that
f ~ 0.05, in qualitative agreement with the value estimated
from the Faradaic efficiency, A, values.

Figures 8 and 9 confirm that O?~ backspillover from the
support to the metal film surface is the promoting mecha-

nism in the case of both YSZ (Fig. 8) and TiO, (Fig. 9).
These figures show the O 1s spectrum of the Pt film de-
posited on YSZ and on TiO,, first under open-circuit con-
ditions (Figs. 8A and 9A) and then under positive current
and potential application (Figs. 8B and 9B). Figures 8C and
9C show the difference spectra. In both cases, XPS clearly
shows the presence of the O~ double layer, even under
open-circuit conditions (Figs. 8A and 9A). XPS also clearly
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FIG.8. XPS confirmation of O%- backspillover as the mechanism of
electrochemical promotion on Pt films deposited on YSZ (24) (based
on the data of Fig. 2a in Ref. (24)). (A) Open-circuit Ols spectrum.
(B) O1sspectrum under anodic (I = 40 uA, AUwgr = 1.2 V) polarization.
(C) Difference spectrum. T = 400°C. Reprinted, with permission, from
ACS.

confirms the electrochemically controlled backspillover of
O?~ from the YSZ or TiO, support onto the catalyst sur-
face. Thus, as shown in Figs. 8B and 9B, upon anodic
(I > 0, AUwr > 0) polarization, the O 1s spectrum grows
significantly (by 60% in the case of YSZ (Fig. 8B) and by
15% in the case of TiO, (Fig. 9B)) with a concomitant shift
to lower binding energies. This is also shown by the differ-
ence spectra (Figs. 8C and 9C), which correspond to the
backspillover O species which has migrated on the Pt sur-
face under the influence of the applied positive (anodic)
potential. Note that the binding energy of the backspillover
O species is in both cases near 529 eV, which confirms its
strongly anionic (probably O%") state (24, 38).

Electrochemical Promotion of Rh Films and Support
Effects on Dispersed Rh Catalysts

The kinetics of C,H, oxidation on Rh were investigated
on two types of model catalysts:

a. Polycrystalline porous Rh films deposited on YSZ at
various potentiostatically imposed Uy r and thus ® values
(14, 39).

b. Fully dispersed nanoparticle Rh catalysts deposited
on porous (~100 m?/g) YSZ, TiO,, doped TiO,, y-Al,0s,
and SiO; supports (39).

Figure 10 shows the rate dependence on po, for the dis-
persed Rh catalysts deposited on TiO,, SiO, y-Al,O3, YSZ
(8 mol% Y,03 in ZrOy), and TiO, doped with 4 mol%
WO:s. In all five cases, the Rh metal loading is 0.5 wt%.

The inset to Fig. 10 shows the rate dependence on po, (at
the same pc,, and T) for the Rh film deposited on YSZ
at various imposed potentials Uy r. The similarity between
Fig. 10 and the inset to Fig. 10 is impressive and underlines
the equivalence of metal-support interactions and electro-
chemical promotion: For low po, values, the rate is first
order in po,, followed by a sharp decrease at a character-
istic po, value denoted by pg,(Uy ), Which depends on
the support (Fig. 10) or on the potential (inset to Fig. 10).

E,/eV
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B
C x5
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FIG.9. XPS confirmation of O°~ backspillover as the mechanism of
electrochemical promotion on Pt films deposited on TiO, (38) (based
on the data of Fig. 17a in Ref. (38)). (A) Open-circuit Ols spectrum.
(B) O1s spectrum under anodic (I = 100 uA, AUwg > 0) polarization.
(C) Difference spectrum. T = 500°C.
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FIG. 10. Effectof po, onthe rate of C;H, oxidation on Rh supported
on five supports of increasing ®. Catalyst loading 0.5 wt%. Inset: Electro-
chemical promotion of a Rh catalyst film deposited on YSZ. Effect of
potentiostatically imposed catalyst potential Uy r on the rate and TOF
dependence on po, at fixed pc,H, .

Thereafter the rate becomes very low and negative order
in po,. It has been shown that this sharp rate transition is
due to the formation of a catalytically inactive surface Rh
oxide (14, 39). As shown in Fig. 10 (inset), increasing Uwr
and thus @ cause a pronounced increase in pg, and thus
a dramatic rate increase at intermediate po, values, with
p values up to 100. Exactly the same behavior is obtained
(Fig. 10) upon varying the dispersed catalyst support in the
sequence TiOy, SiO,, y-Al,03, YSZ, and TiO; (4% WO3).
For intermediate po, values, the metal-support interaction
rate enhancement ratio pwvs is up to 120 vs p = 100 for the
electrochemically promoted system.

This destabilization of surface Rh oxide formation with
increasing catalyst potential or work function has been
shown to be due to strong lateral repulsive interactions of
the backspillover O%~ species and normally chemisorbed
oxygen (39), which causes a pronounced, up to 1 eV, de-
crease in the chemisorptive bond strength of normally
chemisorbed O (27, 51).

Figure 11 is similar to Fig. 10, except for the Rh catalyst
loading on the supports which is now a factor of 10 lower
(i.e., 0.05 wt%). In this case, data with only four supports
were taken, and the active Rh surface area, or dispersion,
on the four supports was not exactly measured, so that the
catalytic rate is expressed as moles of O per gram of catalyst
per second and not as TOF (mol O consumed/(mol surface
Rh) -s) asin Fig. 10 and other figures. Nevertheless the sim-

ilarity with Fig. 10 is impressive as the same sequence of the
supports is observed. Furthermore the similarity of Fig. 11
with the inset to Fig. 11 is again impressive. Note that the
inset is the same as the inset to Fig. 10, because both insets
refer to electrochemical promotion (NEMCA) of porous
Rh films deposited on YSZ at the same temperature and
gaseous composition as in Figs. 10 and 11.

Upon comparing Figs. 10 and 11, one concludes that the
behavior is exactly the same and the sequence of the sup-
ports is again the same. As shown below, this sequence co-
incides with the sequence of increasing work function of
the supports (33, 39, 42-44).

The electrochemical promotion data (insets to Figs. 10
and 11) show that for each imposed Uy},  value there exists
acorresponding po, value, denoted already as pg, (Uy g), at
which the sharp rate transition takes place, manifesting the
formation of inactive surface Rh oxide (14, 39). As shown
in Fig. 12 (filled circles), plotting eUg, g vs In pg, results
in a straight line. This is quite reasonable considering that
both the catalyst potential and In pg, are linearly related to
the chemical potential of adsorbed oxygen (21, 23). At the
same time, referring now to the data of the supported cata-
lysts (Figs. 10 and 11, not the insets), one can assign (via
interpolation and extrapolation) to each of the observed
rate transition, pg,, values asupport (TiO,-4% WOg3, YSZ,
SiO,, TiOy). This has been done in Fig. 12 for each of the
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FIG. 11. Effectof po, onthe rate of C;H, oxidation on Rh supported
on four supports of increasing ®. Catalyst loading 0.05 wt%o. Inset: Elec-
trochemical promotion of a Rh catalyst film deposited on YSZ. Effect of
potentiostatically imposed catalyst potential Uy on the rate and TOF
dependence on po, at fixed pc,H, .
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FIG.12. (Filled circles) Interrelation between pg,, and potential Ug g
atthe sharp rate transition, during electrochemical promotion experiments
of C,H, oxidation on Rh films deposited on YSZ (Fig. 11, inset). Note the
linearity between Uy, ; and In pgz. (Dashed lines) Assignment (via inter-
polation and extrapolation in the pg;2 scale) of equivalent Uy},  potentials
to the four supports of Fig. 11.

four supports of Fig. 11. Thus for each of these four sup-
ports we now have a corresponding equivalent Uy, ; value
(Fig. 12). These values are plotted in Fig. 13 vs the actual
work function ®° measured via the Kelvin probe technique
for the supports at po, = 1 atm and T = 400°C. The mea-
suring principle utilizing a Kelvin probe and the pinning of
the Fermi levels of support and metal electrodes in contact
with it has been discussed elsewhere in conjunction with
the absolute potential scale of solid-state electrochemistry
(23, 42, 43, 45, 46).

The good qualitative agreement between eU}, ; varia-
tion and ®° variation shown in Fig. 13 for the various dif-
ferent supports used underlines again the common pro-
motional mechanism of electrochemically promoted and
metal-support interaction promoted metal catalysts.

The common underlying principle is shown in Fig. 6.
The electrochemical potential of electrons ue (=Ef, the
Fermi level) in the metal catalyst is fixed at that of the
Fermi level of the support (33, 42, 53). This is valid both for
electrochemically promoted model catalysts (left) and for
semiconducting or ion-conducting-supported metal nano-
particles (right).

The electrochemical potentials of electrons pe, 0Xygen
ions 1oz-, and gaseous oxygen o, are related viathe charge
transfer equilibrium at the three metal-support-gas phase

boundaries (20-22):
0,(9) + 4~ (M) 5 20% (). [5]

Here M is the metal catalyst and S is the support. This
dictates

1102*(5) = lee(M) + (1/2)koy)- [6]

However, to the extent that O?~ is mobile on the metal
surface, one can also consider the equilibrium [5] being
established also at the catalyst surface (in absence of fast
desorption or fast catalytic reactions consuming the back-
spillover O%~ species) (24, 32, 33). In this case, one has

oy = 2ftem) + (1/2) 1o, (g)- [7]

Thus the difference oz-(s) — Loz- v is the thermodynamic
driving force for O?~ backspillover from the support onto
the catalyst surface (23, 32, 33) as proven by AC impedance
spectroscopy (30, 31), STM (29), TPD (27, 28), and XPS (24,
25). Itshould be noted in Egs. [6] and [7] that the Fermi level
of the metal is also the Fermi level of the support.

In electrochemical promotion experiments (Fig. 6, left)
one can vary pem) = ies by varying Uwr and thus also
(Eq.[1]) @. Inthisway via Eq.[7] one can also vary the elec-
trochemical potential and thus coverage of backspillover
O?~ on the catalyst-electrode surface.

In dispersed metal-support systems (Fig. 6, right), one
can vary [iem) = ies) DY varying the support or by dop-
ing the support with aliovalent cations. This is known in
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FIG. 13. Correlation between the equivalent potentials of the sup-
ports defined in Fig. 12 and the work function of the supports measured
via the Kelvin probe technique in po, = 1 atm at 400°C.
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the literature as dopant-induced metal-support interac-
tions (54-58). Thus one can again vary the electrochemical
potential and thus the coverage of backspillover O?~ on the
supported catalyst surface.

This simple model can account for the observed equiv-
alence between electrochemical promotion and metal-
support-induced promotional phenomena. In both cases,
O?~ backspillover to the catalyst surface is the dominant
promotional mechanism. A detailed mathematical model
accounting for diffusion and reaction of the backspillover
promoting species is presented elsewhere (23, 59). It should
be noted that, according to the above equivalence, only
electrophobic reactions (20-23) can be promoted by metal-
support interactions on YSZ and TiO, (i.e., only reactions
in which the rate increases with potential or work function
(20-23)). This is nicely confirmed by the present results
since C,H,4 oxidation both on IrO, and on Rh is an electro-
phobic reaction (ar /0Uwr > 0) as also shown in Figs. 3-5
and 7. Detailed investigation of C,H, oxidation on different
metals and ion-conducting supports (60) has shown that it
always exhibits electrophobic behavior under oxygen-rich
conditions (23, 60).

CONCLUSIONS

The present results show the equivalence of electrochem-
ical promotion and metal-support interactions on IrO, and
Rh catalysts deposited on YSZ, TiO,, and doped TiO, sup-
ports. Electrochemical promotion is an electrically con-
trolled metal-support interaction. The corollary is that
metal-support interactions on YSZ, TiO,, and doped TiO,
supports are similar to “wireless” NEMCA configurations
tested already both on YSZ pellets (49, 61) and YSZ mono-
liths (50). The carrier continuously supplies promoting Q%
species to the catalyst surface while spent O?~ in the sup-
port is continuously replenished by gaseous O,.
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