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Abstract

Recent progress in understanding and modeling promotion, electrocatalysis, electrochemical promotion, and metal-support interactions
is surveyed. It is shown that via the action of spillover and via the concept of the sacrificial promoter, the phenomena of promotion,
electrochemical promotion, and metal-support interactions are functionally identical and only operationally different, as they all correspond
to catalysis in presence of a controllable double layer. This is then utilized to derive adsorption isotherms and kinetic expressions which
account explicitly for the electrostatic interactions between the double layer and the adsorbed reactants, intermediates, and products. The
resulting analytical expressions are shown to be in excellent semiquantitative agreement with experiment and with the recently established
promotional rules.

0 2003 Elsevier Science (USA). All rights reserved.

1. Introduction [12-17]) thecatalyticrate also depends dramatically on cat-
alyst potential, similarly to the electrochemical rate.

1.1. Catalytic and electrocatalytic kinetics
1.2. Electrochemical promotion of catalysis

Heterogeneous catalysis and aqueous or solid electro- ) ] ) ]
chemistry have been treated traditionally as differentbranch- 1€ idea of using an electronically conductive metal
es of physical chemistry, and yet similar concepts are used to® Metal oxide porous film simultaneously as a catalyst
model their kinetics [1—4] and similar surface science tech- @d as an electrode can be traced to the last works of

niques are used to investigate their fundamental aspects atagner [18]. This led not only to the passive technique of
the molecular level [1-8]. The growing technological in- solid electrolyte potentiometry (SEP) for measuring in situ

terest in fuel cells, both high-temperature solid oxide fuel the chemical potential of oxygen on catalyst-electrodes [19],

cells (SOFC) and low-temperature polymeric electrolyte but, much morg importanF, to the discqvery of the effect
membrane (PEM) fuel cells, has brought the catalytic and °f €lectrochemical promotion of catalysis (EPOC) or non-
electrochemical communities closer, as the merits of cataly- Faradaic electrochemical modification of catalytic activity
sis in designing and operating efficient anodes and cathodedNEMCA effect [12-17,20-34)). . .
is being more widely recognized [9-11] The basic phenomenology of this effect when usifg-Q

An important additional operating parameter in elec- l;l'a ,1ar13d 'Il_"; conducltllng solid electrollytes IIS shcl)wn ";
trochemical (electrocatalytic, i.e., net charge transfer) vs igs. 1-3. The (usually porous) metal catalyst-electrode,

catalytic (no net charge transfer) kinetics is the electrical po- typically 2-5 pm thick, is deposited on the solid elecirolyte

tential dependence of the electrochemical rate, yet in recentand under an open circuif & 0, no eIectrochemllcaI .rate)
produces a catalytic ratg for, for example, GH4 oxidation

years its has been shown that for electrochemically promoted . S )
: : : . [35,36] (Figs. 1 and 3) or CO oxidation [37] (Fig. 2).
catalysts (i.e., catalysts in contact with a solid electrolyte Application of an electrical current, or potential §-2 V)

between the catalyst and a counterelectrode causes very
* Corresponding author. pronounced and non-Faradaic (i.&7 > I/2F) alterations
E-mail addresscat@chemeng.upatras.gr (C.G. Vayenas). to the catalytic rater, and, quite often, to the product
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Fig. 1. (a) Basic experimental setup and operating principle of electro-
chemical promotion with & conducting supports. (b) Catalytic rate,

and turnover frequency, TOF, response gHg oxidation on Pt deposited

on YSZ, an G~ conductor, on step changes in applied current [16,35].
T =370°C; po, =4,6 kPa;pc,H, = 0.36 kPa. Also shown (dashed line)

is the catalyst—electrode potentighyr, response with respect to the refer-
ence, R, electrode. The catalytic rate incredse,is 25 time larger than the

Fig. 2. (a) Basic experimental setup and operating principle of electrochemi-
cal promotion with N conducting supports. (b) Catalytic rateresponse

of CO oxidation on Pt deposited @#f’-Al,O3, a Na" conductor, on step
changes in applied current [37]. Also shown is catalyst poteritiglr, re-
sponseT =350°C; pco = 2 kPa;po, = 2 kPa. Note that the rate passes
HyHe ‘ through a maximum aing = 0.015, as the reaction rate of CO oxidation
rate, ro, befé)re current application and 74,000 times larger than the rate, o pt exhibits volcano-type behaviour with respect to the catalyst poten-
1/2F, of O supply to the catalyst-electrodé/s is the Pfgas inter- tial and work function [37]. On current interruptiot £ 0) the rater, and

face surface area, in mol Pt, and TOF is the catalytic turnover frequency potential, Uiyg, do not return to their initial values. This is accomplished
(mol O reacting per gurface Pt mol per s). Reprinted with permission from only by imposing potentiostatically the initidfwg value [37]. In this ex-
Kluwer/Plenum Publishers [16]. periment the potentiostat, previously used to contiglr, is disconnected

atr = —1 min and then at = 0 the galvanostat is used to apply a con-

- . . stant current [37]. Dashed curves correspond to ratelafg transients
selectivity, e.g., Fig. 4 [15,16,29]. The rate of the catalytic obtained with different previously imposdédyr values. Note that the Na

reactlop,r,_ can become up to 200 _t|mes larger than the coverage (inset axis) always determines tthend Uwr values during the
open-circuit rateyo, and up to 3x 10° times larger than the  transients [37].

Faradaic ratel(/2F for O>—, —I/F for Na and H') of ion

supply (or remoyal) tp _(or from) t_he catalyst—electrode [15, (CaZipging 103, Nafion), F (CaR), aqueous [33,38],
16]. The Faradaic efficiencyl, defined as molten salt [31], and mixed ionic—electronic (GJ39],
CeO [40]) conductors.

Clearly EPOC is not limited to any particular class of
wheren is the ion charge, can thus reach values of up to conductive catalyst, catalytic reaction, or ionic support. The
3 x 10° or down to—10* [15,16]. Electrocatalysis is limited ~ first commercial electrochemically promoted soot combus-
to |A| < 1, and this is the main distinguishing feature of tion units have been recently produced by Dinex in Denmark
electrocatalysis and electrochemical promotion. [16,41].

Up to 2001 [16], more than 70 different catalytic re-
actions (oxidations, hydrogenations, dehydrogenations, iso-1.3. Basic questions
merizations, decompositions) have been electrochemically
promoted on Pt, Pd, Rh, Ag, Au, Ni, 1gQ and RuQ After it became apparent in the early 1990s [42] that elec-
catalysts deposited on?0 (YSZ), Na" (B”-Al,03), Ht trochemical promotion is a general effect at the interface of

A= Ar(catalytio /(1/nF), (1)
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Fig. 3. (a) Basic experimental setup and operating principle of electrochemi- - h é
cal promotion using a M conductor during §H, oxidation on Pt deposited B 60 - _§
on CazZp glng 103_, [36]. (b) Catalytic rate,, catalytic turnover fre- bt %0 2
quency, TOF, and catalyst potential response to step changes in applied% i | 8
current. The increase in O consumptiaky, is 17,700 times larger than 2 w0 L '®
that anticipated from Faraday’s law and corresponding ralg F, of pro- ES o g
ton transfer to the Pt catalyst. | 3
20 - —10
catalysis and electrochemistry, several important questions 7
were raised, which can be summarized as followsat is o L o
the molecular origin of electrochemical promotion and how 0 0.05 0.1 0.15 02
does it relate to(i) Electrocatalysis(ii) Classical(or chem- Cell Voltage / V
ical, conventionglpromotion(where the promoter is added (b)
to the catalyst ex situ, i.e., during catalyst preparajicand
(i) Metal-support interactiors Fig. 4. (a) Electrochemical promotion of an isomerization reaction [29].

The last part of the question became relevant because ofSteady-state effect of cell potential on the cell currdniand on the rates
the following two discoveries of formation of cis-2-butene,trans-2-butene, and butane produced from

. L . 1-butene supplied over a dispersed/@dcatalyst—electrode deposited on
(a) Mixed electronic—ionic conducting supports, such as Nafion, a H conductor, at room temperature [29]. Reprinted with per-
TiO2 [39] or CeQ [40Q], can replace YSZ in inducing  mission from the American Chemical Society. (b) Corresponding effect of
NEMCA, a very noteworthy observation in view of the fact cell potential on the selectivities iis-2-butene trans-2-butene, and bu-
that TiO, and CeQ are relatively common conventional tane and on the apparent Faradai_c effici_em:,ydefined aAriotal/(I/F).
catalyst supports, and their ionic conductivity is, at best, only Thus, each proton catalyzes the isomerization of roughly 50 molecules of
. . .. 1-butene tais-andtrans-2-butene [29].

3% of their electronia-type conductivity [39,40].

(b) Just short-circuiting the catalyst and counterelectrode
and taking advantage of the potential difference sponta-
neously generated, under an open circuit, between the cat€lectrophobic reactions, i.e., catalytic reactions where the
alyst and counterelectrode, due to their different activity for rate increases with increasing potential, or with-Gsup-
the catalytic reaction, just as in the case of single-chamberply to the catalyst (Fig. 5a). This key experiment of Cavalca
fuel cells [43], is sufficient to induce NEMCA at least for et al. [26] was the first “wireless” or, more precisely, “self-
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Fig. 5. (a) Self-driven electrochemical promotion of a Pt catalyst for
CH3OH oxidation to CQ, an electrophobic reaction [26] observed on
short-circuiting {Ucw = 0) the Pt catalyst—electrode with the Ag coun-
terelectrode deposited on YSZ at 38Q [26]. See text for discussion.
(b) Principle of self-driven electrochemical promotion of the same catalytic
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[52,53] (Fig. 7), (ii) more conventional catalytic techniques,
including rate transient analysis [16] and work-function
measurements [14,16,53], (iii) electrochemical techniques,
including cyclic voltammetry [16,47] (Fig. 6) and AC
impedance spectroscopy [54,55], and (iv) theoretical ab
initio quantum mechanical calculations [56,57] to fully
understand the origin of electrochemical promotion. All
these techniques have provided a unanimous answer to the
problem:

Electrochemical promotion is due to the current or
potential-controlled electrocatalytig-aradaic) introduc-

tion of promoting specige.g, O°—, Na®*) from the solid
electrolyte to the catalyggas interface where an overall
neutral double layer is formed. The density of this double
layer (and the field strength in)itvaries as the applied
potential is varied and this affects both the work func-
tion of the surface and the chemisorptive bond strength of
reactants and intermediates, thus causing dramatic and
reversible alterations in catalytic rat@=ig. 8).

In case the promoting species can also patrticipate in the
catalytic reaction (e.g., © originating from YSZ [45] or
TiO2 [39], which is quite distinct from chemisorbed oxygen
originating from gas phaseA]) it acts as asacrificial pro-
moter, i.e., it promotes the catalytic reaction (via repulsive
or attractive lateral interactions), but it also gets consumed
at a rate which isA times smaller than the rate of consump-
tion of the catalytic reactant, e.g., atomic O originating from
the gas phase [16] (Fig. 9). The concept of Haerificial
promoter also discussed below, is the key to understanding
electrochemical promotion with® conductors.

This molecular mechanism is unanimously supported by

reaction on a Pt catalyst deposited on a mixed electronic—ionic conductor all the above surface science, catalytic, and electrochemical

such as TiQ [16]. The Pt catalyst and Ag counterelectrode are internally
short-circuited via the electronic conduction of the support.

driven” NEMCA experiment. It showed the following:

(i) That a power source (galvanostat or potentiostat) is not

necessary to induce NEMCA.

(ii) Thatif the support has both electronic and ionic conduc-

tivity (e.g., TiOp), then NEMCA is induced even with-
out external (via a wire) short-circuiting of the catalyst

and counterelectrode. The short-circuiting is internal

(Fig. 5b) and the RO, catalyst is electrochemically
promoted without any wire attached to it, giving thus

macroscopically all the symptoms of a metal-support

interaction.

2. Origin of electrochemical promotion

It took several years and the use of a heavy arsenal of
(i) surface science techniques, including XPS [16,24,44—

46], UPS [46], TPD [47-50] (Fig. 6), PEEM [51], and STM

techniques. A combination of the results of any two or three
of them would have sufficed to put together the puzzle. But
each of them had something new to offer, some new facet
of the surface chemistry to reveal. As Pritchard correctly
predicted in his 19906latureeditorial on NEMCA [58]:

“The strong long-range effect implied by the correlation
of work-function change with activation-energy change
found by Vayenas et gJ14] in the presence of electro-
chemically induced promotion is particularly intriguing.
So too is the nature of the electrochemically induced oxy-
gen species that is believed to cause the increase in work
function and catalytic promotion, yet which is less reac-
tive than the adsorbed oxygen reactant that covers most
of the surface. There is clearly much surface chemistry
to be explored and it will be interesting to see how gen-
eral the work-function effect proves to be. In any case,
the ability to vary the concentration of promoters by elec-
trochemical control while under reaction conditions is a
valuable development in catalytic research, and one can
expect it to be rapidly exploited in conjunction with other
in situ techniques of surface analysis.”
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Fig. 6. NEMCA and its origin on PtYSZ catalyst electrodes [16]. Transient effect of the application of a constant current (a, b) or constant dasgatial
(c) on (a) the ratey, of CoH,4 oxidation on PtYSZ (also showing the correspondifi§yr transient), (b) the @ TPD spectrum on PYSZ after current
(1 =15 pA) application for various times (c) The cyclic voltammogram of PYSZ after holding the potential &tygr = 0.8 V for various times. Reprinted
with permission from Kluwer/Plenum Publishers [16].

Twelve years and hundreds of publications later [16], 3. Promation, electrochemical promation, and
one might only wish to change “that is believed to cause” metal—support interactions
into “which causes” in the above eloquent, concise, and
almost prophetic description of the origin of electrochemical 3.1. New problems
promotion.

Several questions, of course, stillremain open, such asthe As is often the case in the natural sciences the quest of
exact nature of the “permanent NEMCA’ effect discovered solving one problem (origin of electrochemical promotion)
by Comninellis and co-workers [59], which could have im- quite often leads to the definition and solution of other
portant applications in the scientific preparation of supported problems which at a first glance look unrelated. In this
catalysts [60,61], but the basic phenomenology of NEMCA respect the quest is frequently more important than the
is today not only well understood, it is to a large extent quite original problem solution itself, and this has been the case
predictable [16]. with electrochemical promotion as well. So here we list,
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Fig. 7. (@) Schematic of the experimental setup for using STM to investigate the Pt(111) surface of a Pt single crystal interfagéelAlyi@y.

(b) Low-scanning-area STM images (unfiltered) of the (left) sodium-cleaned and (right) sodium-dosed Pt(t 2))&(adlattice. Total scan size, 159 A [52].

Reprinted with permission from Elsevier Science. (c) Larger scanning area STM image (unfiltered) of a Pt single-crystal surface consistindPt(telidly of
terraces and covered by a Pt(111)—§122)-Na adlattice formed via an electrochemicalNsupply on the Pt(111)—(2 2)-O adlattice. Each sphere on the
image corresponds to a Na atom [53]. Reprinted with permission from the Electrochemical Society.

in increasing order of importance aagparentirrelevance, on ZrQ, Y203, TiO2, and CeQ@ in many areas of
four major problems in heterogeneous catalysis and then  practical catalysis [71-77] and particularly in oxidation
proceed to discuss the insight gained for their solution, asit  catalysis [70].

has emerged in the last 5 years as a by-product of the quest4. Prediction of the type of support and type of promoter
of the origin of electrochemical promotion. needed for each catalyst and catalytic reaction [78].

1. The relationship between electrochemical and classical3-2. Functional equivalence of electrochemical and
(chemical or conventional) promotion [62,63]. classical promotion: spillover and the concept of

2. The molecular mechanism of metal-support interactions & sacrificial promoter
[64—70] and their effect on chemisorption and catalysis.

3. The reason for gradual substitution during the last few  Since the early days of electrochemical promotion of
years of classical industrial supports (i@ -Al203) catalysis (EPOC) in the 1980s [35], it became clear via
with mixed conducting electronic—ionic supports based galvanostatic (constant current) catalytic rate transients,
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Fig. 8. (a) Schematic representation of a metal electrode deposited Sﬁ-a(mducting (left) and on a Naconducting (right) solid electrolyte, showing

the location of the metal—electrolyte double layer and of the effective double layer created at the metal/gas interface due to potentialaontighatibn
(backspillover). (b) Schematic of an adsorbate, modeled as a dipole, in the presence of the double layer at the metal/gas interface [16]. Reprinted wi
permission from Kluwer/Plenum publishers.

such as those shownin Figs. 1-3, that EPOC is due to currenfunctional identity was not obvious, since the promoting
or potential-controlled migration of a promoting species species, @, was unknown from classical promotion stud-
from the support to the catalyst (the term backspillover ies. Thus it took the intensive use of XPS [39,45], TPD
or reverse spillover has been used traditionally to denote [47-50], cyclic voltammetry [47], PEEM [50], and STM
such a migration from the support to the catalyst and we [15,16,52,53], together with the introduction of the concept
also use it here, as opposed to spillover, which usually of a sacrificial promoter{15], to elucidate the situation and
denotes migration in the opposite direction). The fact that prove the functional identity of promotion and electrochem-
the time needed for the catalytic rate to reach its new ical promotion.

electrochemically promoted state is always on the order of The key for understanding electrochemical promotion
2FNg/I (Fig. 1), whereNg is the catalyst/gas interface with O?~ conductors is to realize that two oxygen species
surface area expressed in moles of metal asdhe applied coexist on the metal catalyst surface, as evidenced, for
constant current, provided strong evidence for this, since example, by TPD or cyclic voltammetry (Fig. 6). One

2FNg/I is the time required to form a monolayer of O is normally chemisorbed atomic oxygen, O(a), originating
on a metal surface witlVg surface sites. from the gas phase

In the case of N&-conducting electrolyte supports, such
as B”-Al,03 [37], both adsorbed Na dipole moment mea- ©02(9) — 20(a) (2)

surements (3—10 D) [37,42] and the elegant XPS studies
of Lambert and co-workers [17] showed clearly that elec-
trochemically introduced Nd is indistinguishable from
gas-phase-supplied evaporated Nan the metal catalyst
surface. Thus in this case the origin of EPOC was quite clear: 0%~ (YSZ) > [05—7 5+] 426, 3)
Electrocatalytic (Faradaic) introduction of a classical pro-

moter (Nd1) on the catalyst surface (Figs. 7 and 8). The where the symbol [©, §+] is used to underscore the fact
promoter can then affect the catalytic ratejn a manner  that O~ is accompanied by its compensating chatgen
which is not restricted by Faraday’s law. Consequently, in the metal and thus forms an overall neutral dipole (as the
this case, electrochemical and classical promotioriiare- normally chemisorbed oxygen O(a) also does, but with a
tionally identicaland only operationally different. However, significantly smaller dipole moment [49,50]). There is strong
in the case of & -conducting solid electrolytes (YSZ) or evidence from XPS [16] that= 2 and thus &~ is O?~, but
mixed ionic (G~)—electronic conductors (T CeQ), this to stay on the conservative side, we still use O

The other oxygen species is the promoting anionic
species which migrates (backspillovers) from the solid
electrolyte, i.e.,
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Catalysis (,/ N use Eg. (4) and estimaté without knowing the value of the
applied current’! This clearly demonstrates the validity of
thesacrificial promoterconcept.

The reason that [, §7], a most effective anionic pro-
moter [15,16], was unknown from classical promotional
studies is threefold. First, it does not form via gaseoygs O
adsorption. Second, in any spectroscopic investigation of an
oxide-supported catalyst, its signal is masked by tfe O
signal of the support. Third, its short lifetime on the cat-
alyst surface (typically 10—£0s) makes it useless for any
practical promotional application, unless it is continuously
replenished via contact with an’O-conducting solid elec-
trolyte, as in electrochemical promotion experiments.

It is thus not accidental that® (most likely &%),
the sacrificial promoter responsible for NEMCA witfO
conductors, was first discovered via XPS [44,45] and, very
recently, STM [79] on large~ 1 cm) polycrystalline or
single-crystal Pt(111) samples interfaced with YSZ and
TiO,. These studies have clearly established the functional
identity of promotion and electrochemical promotion when
using @ conductors.

So far there have been no surface spectroscopic investi-
gations of EPOC using proton conductors. Since, however,
the macroscopic phenomenology is identical to that &f O
conductors (Fig. 3), it is very likely that the EPOC mech-
anism also in this case involves formation of a protonated
sacrificial promoter, OH(a), on the catalyst surface; i.e.,

H™ + O(a)+ e — OH(a) (5)

Fig. 9. Atomic visualization of NEMCA during ethylene,84 on PYYSZ. . . e
The backspillover [—-5+] species forces O(ad) to a more weakly where, again, the ratio of the surface lifetimes of OH(a) and

bound and more reactive state [16]. Reprinted with permission from O(@) _determines the Faradaic efficieney, for oxidation
Kluwer/Plenum publishers. reactions.

The promoting anionic & species is more strongly 3.3. Mechanism of metal-support interactions
bonded then O(a) on the surface [47-50] and is significantly
less reactive than O(a) in oxidation reactions [15,16,47-50]. Metal-support interactions play an important role in the
We denote by andrp the rates of consumption of the performance of many industrial supported catalysts. Since
two oxygen species with the oxidizable reactant (e.gH4 the time of Schwab [64], understanding the mechanism of
Fig. 1) and by TOF and TQfthe corresponding turnover —metal-support interactions has been one of the central and
frequencies (in terms of the total Pt atoms present on themost challenging problems in heterogeneous catalysis. The
surface). We also denote by and rp the corresponding  effect can be quite pronounced, as shown in Fig. 10 for the
average lifetimes of O(a) and fO, %] on the catalyst  case of GH4 oxidation on Rh dispersed on four different
surface. One can easily show that, for sufficiently large supports of increasing work function [80]. The sharp rate

Faradaic efficiencyt values, it is transition is due to surface Rh oxide formation, which poi-
sons the oxidation rate [80,81]. The same figure shows one
r  TOF 1 ) ; S .
A=—= ToR =1 (4) of the key experiments which proved the mechanistic equiv-
"p oot alence of electrochemical promotion and metal-support in-

Thus for a fast electrochemically promoted reaction, e.g., teractions [80]. The vs po2 behavior obtained on the finely
CoH4 oxidation (Fig. 1), itis TORx 10 s1, 1 =102 s, dispersed Rh catalyst on the four supports can be reproduced
TOF, =103 s7%, 1, ~ 10° s. The fact thatp is on the by varying the potential (and thus work function [14]) of a
order on 18 s is also manifested in Fig. 1 by the fact that polycrystalline Rh film deposited on YSZ (Fig. 10, inset).
on current interruption, it takes approximately?X0for the Thus one can assign to each support an equivalent poten-
catalytic rate to return to its initial unpromoted value. In fact tial (Fig. 11a) which correlates linearly and with a slope of
using the rate transient on current interruption to estimgte  unity to the independently measured absolute potential [53]
and knowingzr (from the measured TOF) it is possible to or work function [80] of the supports (Fig. 11b).
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Fig. 10. Effect ofpg, on the rate of GH4 oxidation on Rh supported on
four supports of increasing. Catalyst loading, 0.5 wt% [80,81]. (Inset)
Electrochemical promotion of a Rh catalyst film deposited on YSZ. Effect
of potentiostatically imposed catalyst potentidlyr on the rate and TOF
dependence opo, at fixed pc,n, [80,81].

Supports with higher absolute potential [53] or work
function [53,80] have enhanced propensity fot Chack-
spillover on the catalyst surface; therefore they enhance
CoH4 oxidation, which is an electrophobic reaction, i.e., are-
action where the rate increases with increasing potential and
work function (Fig. 10, inset).

Another key experiment which has shown the equiva-
lence of electrochemical promotion and metal support inter-
actions is shown in Fig. 12: Ir§) a metallic oxide, and Ti®
exhibit a strong metal—-support interaction, as shown by the
volcanotype rate dependence ofHG oxidation on catalyst
composition [80,82].

As shown in an ingenious experiment by Nicole [82],
pure IrG can be electrochemically promoted by a factor of
eleven p =r/rg = 11) (Fig. 12), but IrQ-TiO, catalysts
are only marginally affected by electrochemical promotion.
This is because they are already in a self-driven electro-
chemically promoted state via contact with Bi{80,82]
(Fig. 12). These two experiments, together with the self-
driven electrochemical promotion experiments of Cavalca et
al. [26] (Fig. 5) have shown conclusively thatectrochem-
ical promotion is an electrically controlled metal-support
interaction(Fig. 13) and thametal-support interactions on
ZrOy-, CeQ-, or TiOz-based supports are induced by re-
verse spillover of oxygen anions from the carrier onto the
surface of the metal crystallites

Thus the same mathematical models describing diffusion
and consumption of the sacrificia O promoter on electro-
chemically promoted NEMCA catalysts are applicable for
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Fig. 11. (a) Effect of po,/pc,H,)* ratio at rate transition on the potential
Uyyr Where the rate transition occurs duringH; oxidation on Rh films
deposited on YSZ (Fig. 10 inset, circles) and on the equivalent potential
Uyyr Where the same rate break occurs on different supports (Fig. 10).
(b) Correlation between the equivalent potentials of the supports defined
in (a) and of the work function or absolute potential [53,80] of the supports
measured via the Kelvin probe techniquepipy, = 1 atm at 400 C [53,80].

dispersed catalysts deposited on ZrOeQ, and TiG sup-
ports [83].

It is worth noting that the “classical” approach to in-
terpreting metal-support interactions is based on the view
of “electron-transfer” between the catalyst and the support
[64,65]. It neglects the ionic conductivity and thu$Q
donating capacity of Zr@, CeG-, and TiG-based supports
which pins the Fermi level of supported nanoparticles to that
of the support[16,80]. Thus the “classical” approach focuses
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promotion utilizing YSZ (bottom) [80].

on the semiconductive and not the ionic properties of the
support. The “electron transfer” view is correct, but only as
the first step for inducing © reverse spillover. Thus a sup-
port with high absolute potential or work function, such as
YSZ (®g = 5.14 eV), will initially receive some electrons
from a supported metal of initially lowep, e.g., supported

polycrystalline Rh, but the positive charge on Rh will in-
duce G reverse spillover to neutralize it [53]. The higher
the work function and absolute potential of the support, the
higher its ability to donate & [80]. Consequently the “elec-
trochemical promotion” view of metal-support interactions
correctly predicts that the rate of electrophobic reactions,
such as @H,4 oxidation (Fig. 10), increases with increas-
ing work function of the support (Figs. 10 and 11), while the
“electron transfer” approach leads to the opposite conclu-
sion: Increasing support work function enhances the positive
charge on the Rh nanoparticles; thus it enhances oxygen
binding to the surface, which is the opposite of what Fig. 10
shows.

One may thus conclude that there is compelling evidence
(Figs. 5, 10-12) for the metal-support interaction mecha-
nism shown in Fig. 13.

3.4. Interrelation of promotion, electrochemical promotion,
and metal-support interactions: the double-layer model
of catalysis

Promotion, electrochemical promotion, and metal-sup-
port interactions are three, at first glance, independent
phenomena which can affect catalyst activity and selec-
tivity in a dramatic manner. We have already discussed
the (functional) similarities and (operational) differences of
promotion and electrochemical promotion. We have also
discussed the functional similarities and only operational
differences of electrochemical promotion and metal-support
interactions on ionic and mixed conducting supports. It
therefore follows that promotion, electrochemical promo-
tion, and metal-support interactions on ion-conducting and
mixed conducting supports are three different facets of the
same phenomenon. They are all three linked via the phenom-
enon of spillover-backspillovesf the promoting species
And they are all three due to the same underlying cause: the
interaction of adsorbed reactants and intermediates with an
effective double layer formed by promoting species at the
metal/gas interface (Fig. 8).

For time scales shorter than that of a catalytic turnover
(typically 102 to 1% s) the three phenomena are indistin-
guishable. Looking at the Na-promoted Pt surface in Fig. 7c
and imagining that CO oxidation is taking place on that
surface, it is not possible to distinguish whether this is a
classically promoted surface where Na has been added from
the gas phase or an electrochemically promoted one where
Na originated fromg”-Al,O3 interfaced with the Pt crystal,
or whether it is the surface of a larger crystallite deposited
on a porousB”-Al,03 carrier where Na has spontaneously
migrated on the Pt surface (metal-support interaction). The
oxidation of CO (Fig. 2) will be equally promoted in all three
cases.

Similar is the situation on a Pt surface decorated with
0%, with the only difference being the experimental dif-
ficulty of introducing G~ with classical promotion and its
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short lifetime on the catalyst surface, ontytimes longer Regarding the adsorption geometry dfQwe have recently
than the catalytic turnover time. used STM to follow the migration of © from YSZ onto
Consequently the functional identity of classical promo- Pt(111) under atmospheric pressure conditions [79], using
tion, electrochemical promotion, and metal-support interac- the same design and procedure as in Fig. 7, but now with
tions should not lead to pessimistic conclusions regarding YSZ as the solid electrolyte. We found that under open-
the practical usefulness of electrochemical promotion. Op- circuit conditions, most of the Pt(111) surface is covered
erational differences exist between the three phenomena andby the well-known (2x 2)-O adlattice, although patches
it is very difficult to imagine how one can use metal-support of bare Pt(111) and patches of a (%¥212)-O overlayer
interactions with conventional oxidic supports to promote an are also visible. After anodic polarization at 1 V, the
electrophilic reaction, or how one can use classical promo- Pt(111) surface and (R 2)-O adlattice are covered almost
tion to generate the strongest electronegative promofer, O  entirely by the (12x 12)-O adlayer which corresponds to
on a catalyst surface. Furthermore there is no reason to exthe electrochemically migrating?®® species [79]. Each®
pect that a metal-support-interaction-promoted catalyst is atadspecies appears to be “large,” i.e., it perturbs the electronic
its “best” electrochemically promoted state. Thus the exper- cloud of at least 10 neighboring O atoms of the coexisting
imental problem of inducing electrochemical promotion on (2 x 2)-O adlattice, which remains clearly visible [79]. These
fully dispersed catalysts remains an important one, as dis-observations are consistent with the “long-range” promoting
cussed in detail elsewhere [16]. effect of &~ and underscore the fact that, as Pritchard
Also important remains the issue of learning more, via correctly predicted [58],” there is clearly much new surface
surface spectroscopy, STM, and ab initio quantum chemical chemistry to be explored.”

calculations, about the exact state and geometry of O

Having discussed the functional similarity of classical

adsorption on metal surfaces. In the case, for example, ofpromotion, electrochemical promotion, and metal-support

SMSI with TiO; catalysts, it is well documented [67] that
the backspillover species is TiQwherex is a variable

interactions on & -conducting and mixed electronic—ionic
conducting supports, it is useful to also address and sys-

and about one for Pt. Although XPS investigations of tematize their operational differences. This is attempted in

Pt/YSZ [45,46] and PtTiO2 [39] NEMCA catalysts have

not so far provided evidence for any such anion/cation-

pair electrochemically induced migration, this point is worth

further investigation, particularly under reducing conditions.

Fig. 14: The main operational difference is the promoter life-
time, tp, on the catalyst surface.

For any practical classical promotion application in a
fixed-bed catalytic reactor;, must be longer than a year
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Fig. 14. Operational range of classical promotion, electrochemical promo-
tion, and metal-support interactions in terms of the promoter lifetirpe,
on the catalyst surface [16].

(~ 3 x 10’ s). But even for lab-scale classical promotion
experiments,t, values in excess of £0s are required
(Fig. 14).

On the other hand, electrochemical promotion is not
subject to any such restrictions regarding(Fig. 14). Thus
when using &~ conductors or F conductorsyp is 10P—

10* s, but when using Na conductorsr, can be well in
excess of 10s at lowT', but also in the range $01® s for
higher temperatures [16].

This is an important operational advantage of electro-
chemical promotion: It permits the use of a wide variety of
sacrificial promoters (e.g.,%®, H1) which have life times
too short for classical promotion applications.

3.5. Why the “new” supports

In view of the previous discussion the answer to the third

guestion in Section 3.1 becomes obvious: For electrophobic
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gaseous oxidant, then only a fractign= 1/A of 180 from

the support will be found in the products. This fraction
becomes significant only at elevated temperatuf@s>(
550°C), where A approaches unity and the phenomenon
of electrochemical promotion with® supports disappears
[15,16],i.e., the double layer desorbs (Fig. 6b) and the limits
of pure electrocatalysis are reached [15,16].

4. Double-layer approach to catalysis

4.1. Why double layer? Rationalization and prediction
of desired types of promoters and supports

One of the major advances following the discovery of
electrochemical promotion and the subsequent quest for
understanding its molecular origin was the observation
that the work function,®, of catalyst electrode surfaces
changes with applied potential and, in fact, that over wide
temperature and gas composition ranges (350-285@or
YSZ, 200-420 for B”-Al,03) the variation in® with
catalyst potentialUwr is given by the following simple
equation:

AD =eAUwR. (6)

The ability to alter and control the work function of a
catalyst surface via application of a potential caused strong
interest among both leading surface scientists and electro-
chemists [58,84-86]. Eq. (6) is now established as a ba-
sic relationship in solid-state electrochemistry and together
with [53]

(7)

Dy — PR =eUwR

reactions, i.e., for reactions which are accelerated via pos-allows for the definition of the absolute potential scale

itive potential application in NEMCA experiments, or via
supply of &~ on the catalyst surface, the “new” supports,
e.g., YSZ, Ce@, doped TiQ, are highly advantageous,
since they offer continuous in situ promotion of the catalyst
surface with backspillover €, which is continuously re-
plenished in the support by gaseous Ohe catalyst support
acts as a catalyst for transforming gaseasto promoting
02~ which continuously migrates on the catalyst surface

in solid-state electrochemistry [53]. Since the absolute
potential of an electrode is a property of the support and
of the gas composition, but not of the metal, the same
concept can be used to define the absolute potential of a
catalyst support [16,53]. This quantity, which equéige,
where @ is the work function of the support, plays an
important role in quantifying the promotional aspects of
catalyst supports used to induce metal-support interactions,

where it weakens the chemisorptive bond energy of nor- as noted in Fig. 11.

mally chemisorbed oxygen, thus accelerating the catalytic

reaction.

The experimental Egs. (6) and (7) suggest by them-
selves the double-layer approach to electrochemical pro-

Thus the frequently used “oxygen storage” mechanism motion and, in view of the already discussed mechanistic

[71] to interpret the beneficial properties of Ceand of the
other “new support” is, in a broad sense, correct. It is only

equivalence of electrochemical promotion, promotion, and
metal-support interactions [16], the double-layer approach

the two distinct types of oxygen present on supported metal to catalysis. The presence of an overall neutral double layer

surfaces, one promoting, the other highly active, which is
needed to complete the picture.

One can also appreciate why the above mechanism of

metal—support interactions was extremely difficult to detect
with surface spectroscopic techniques: THe Gignal from
the support can very effectively mask thé Osignal from
the dispersed catalyst surface. And if one U as the

present at the metajas catalytic interface of catalysts is
manifested simply by these equations, as follows [53].

In general, by definition [3,15,16] the equation
=P + eV, (8)

where i1 is the electrochemical potential (which always
equals the Fermi levektr of the metal [3,15,16]) and’ is
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which in conjunction with Gauss's theorem of electrostatics ~ ® T~ 1~ 1 7 T oE T )
gives for an overall neutral systedny = ¥r =0 [53], i.e., 5[ r
the electrostatic Volta potential, vanishes outside the 3 5 Te4250C
double layer present at the cataljgas interface, because o e P0,=19 kPa

this double layer is, as is every double layer, overall | |
neutral. Consequently one may conclude that promotion, T=560°C I
electrochemical promotion, and metal-support interactions Po,=02kPa
are all catalysis in the presence of a double layer. In the ! . ) p‘f°=1,1 kF.’a = g, GeeT
case of electrochemical promotion this double layer is in situ 2 0 2 4 1510 5 0 5 10 15
tunable via variation of the applied potential. “ 1

Thus one has the opportunity t(,)_StUdy directly, at fixed Fig. 15. Examples for the four types of global electrochemical promotion
temperature and gaseous composition, the effect of catalyShenavior: (a) electrophobic, (b) electrophilic, (c) volcano type, (d) inverted
work function,®, on the kinetics of catalytic reactions. volcano type. (a) Effect of catalyst potential and work-function change

(vs I = 0) for high (20: 1 and 40: 1) CHs-to-O, feed ratios, PtYSZ.

. : (b) Effect of catalyst potential on the rate enhancement ratio for the rate
4.2. The four types of rate work function dependence and of NO reduction by GH4 consumption on RPY¥SZ. (c) NEMCA-generated

the promotional rules volcano plots during CO oxidation on P£SZ. (d) Effect of dimensionless
catalyst potential on the rate constant ofGD formation, PtYSZ ([87],
As one would expect, four types ofvs @ dependence  and references thereinll = FUWR/RT (= A®/kpT).
are observed on varying the catalyst potentigir or work
function® (Fig. 15).

pCH30H=0.9 kPa

1. Rate increase with potential and work function; i.e., In cases 1 and 2 the rate dependenceois frequently
(3r/0@) pp.pp > 0, Wherepa andpp stand for the par-  found to satisfy the equation
tial pressures of the electron acceptor (e.cz, BO)
and electron donor (e.g.284, CgHg) reactant, respec- r aAD
tively. These reactions are enhangsappressed when 7~ = exp( kT )
the catalyst—electrode is made posifimegative and
thus have been termed electrophobic, from the words Wherea is positive for electrophobic reactions and negative
electron+ phobos (fear). Practically all oxidations un- for electrophilic ones.
der fuel-lean conditions are electrophobic reactions [16,  All classically or electrochemically promoted reactions
87-89]. can be grouped into these four categories [15,87]. Quite of-

2. Rate decrease with work function; i@r/9®) p, pp < ten, however, the same reaction changes its character, as
0. Practically all oxidations under fuel-rich conditions one varies significantly the temperature or gaseous composi-
and the reduction of NO by most hydrocarbons are tion. Can one predict in which of the four categories a given
electrophilic reactions [16,87]. catalytic reaction on a given metal belongs? Although elec-

3. Volcano-type reactions, where the rate passes throughrophobic and electrophilic reactions have been known and
a maximum with varying work function. Typical exam- studied since the 1980s [13,14] or even before, as the terms
ples are the oxidation of CO orabn noble metals at  are synonymous to the terms electron acceptor and electron
low temperature [16,87]. donor reaction, introduced by Wolkenstein in the 1960s [78],

4. Inverted volcano reactions, where the rate passes throughintil very recently, a positive answer to the above basic ques-
a minimum with varying potential. Most catalytic reac- tion appeared to be a very distant goal. Yet, as shown very
tions at elevated temperature exhibit inverted volcano recently [87], there exist simple and rigorous rules which en-
behavior [16,87]. able one to predict vs @ behavior. In simple terms a cat-

(12)

ro
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alytic reaction is whereay ; > 0 for electron donor adsorbates, ang ; <0
for electron acceptor adsorbates. Eq. (17) is also in excellent
(i) Electrophobidf the electron acceptor is strongly bound agreement with rigorous quantum mechanical calculations
on the catalyst surface and the electron donor is weakly [56,57].
bound, The above four rules enable one to derive the following
(i) Electrophilicif the opposite holds, i.e., if the electron three “practical” rules [87] for promoter selection:
acceptor is weakly bound and the electron donor is

strongly bound, 1. If a catalyst surface is predominantly covered by an
(iii) Volcanotypéf both reactants are strongly bound on the electron acceptor reactant, e.g., O, then an electron
catalyst surface, and acceptor promoter, e.g.,20, is to be recommended.
(iv) Inverted volcanotypéboth reactants are weaklybound 2. If a catalyst surface is covered predominantly by an
on the catalyst surface. electron donor reactant (e.g.sls, CoHa), then an

electron donor promoter (e.g., NaKa™) is to be
Conversely, if a reaction is electrophobic one can predict recommended.
that the kinetics are positive order in D and zero or negative 3. If both reactants are weakly adsorbed on the catalyst
order in A. If a reaction is electrophilic, one can predict that surface, then both electron acceptor and electron donor
its kinetics are negative or zero order in D and positive order additives can enhance the rate.
in A. If a reaction is a volcano type, then the rate vs both
pb and pa passes through a maximum. And if a reaction is Clearly all the above rules are valid as long as site blocking
inverted volcano, then the kinetics are positive order in both by the promoter does not become a dominant factor [16].
A and D [87]. Regarding metal-support interactions involving©
These rules appear to have no exceptions [87-89]. Theyconducting oxides, the following rule can be derivietétal—
have been derived on the basis of more than 70 electrochemsupport interactions with oxidic ion conducting or mixed
ical and classical promotion studies [16,87], and we have ionic—electronic conducting supports can enhance the rate
recently shown that there have been no exceptions to thesef a catalytic reaction only when the reaction is electropho-

rules in the last 10 years of tleurnal of Catalysi§90]. bic.
In mathematical terms, rules 1 to 3 can be expressed An example is shown in Fig. 11 for the case ofHG
as [87] oxidation on Rh supported on various supports of increasing
absolute potential and work function.
ar ar
(58), ()., o
pa.po \NOPD/ . pp 4.3. Double-layer isotherms and kinetics

i.e., ther vs @ dependence traces (has the same sign with)
ther vs pp dependence. Conversely, since in the presence The experimentally proven existence of an overall neu-

of a double layer at the metal/gas interface ithis= — EF, tral effective double layer at the metal/gas interface has
the above equation can be written as been utilized recently [88,89] to derive, starting from sim-
ar ar ple and rigorous thermodynamic and electrostatic principles,
<—> (—) > 0; (14) adsorption isotherms which account explicitly for the elec-
IEF ) pp.po \OPA/ Ee pp trostatic interactions between the adsorbates and the double
i.e., ther vs catalyst Fermi level dependence traces (has thelayer (Fig. 8).
same sign with) the rate ys, dependence. One starts from the equilibrium adsorption condition,
The above rules 1 to 4 stem [87] from the two fundamen- _ _ ~ ~
tal rules (@) =[j@d=u;@d+ P E- Nav, (18)
96p where ji; is the electrochemical potential of adsorbed
<%) 20, (15) speciesj, u; is its chemical potentialp;, taken as a vector
Ph-PD is its dipole moment in the adsorbed stdfds the local field
<%> <0, (16) strength in the double layer, assumed uniform, aigd is
0P /) hu oo Avogadro’s constant.

which express the fact that increasing catalyst work function The equillibrium condition leads to the effective double-
enhances the chemisorptive bond strength of electron donorayer (EDL) isotherm
adsorbates and weakens the chemisorptive bond strengtl;(

ipi=(0i/(L—0;))exp(—Ar;I), 19
of electron acceptor adsorbates. Both “fundamental” rules "/~ (6;/(1=6,)) exp(=4;1T) (19)
are in good agreement with the experimentally observed with

variation of adsorption enthalpies,H ;, with work function ¢
[16,87];i.e., n=A® <ﬁ co&u)/ka, (20)

A|AH}| =ap AP, a7 kj=exp((u%(Q — n%(@d)/RT), (21)
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. .. . . vV, AdyeV N, AdveV

whereA@ is the deviation of the work functio®, from its 1.0 _UZWRU 0_: 10 40 _GQ?RU Ui, 10
value at the potential of zero charge (pzc) of the double layer, ' 7 AL T 10 T
¢isthe dipole lengthy is the double-layer thickness (Fig. 8), 08 | ko001, pp=1 /410 ai |2 ka=0.01, =1 1%
w is the angle formed between the adsorbate dipole and the b ka=100, pa=t i ApF 1 55
. ) . <« 1p=0.15 1 < Aa=015 3
field strength, and; is the partial charge transfer parameter. = 961", .o /—=31 _ = %[ i .
This parameter is zero for a truly covalent chemisorptive 3 i b 1! € & i b =3t =
bond, positive for an electron donor adsorbate and negative "':D ! 01 ---4p 1 o
for an electron acceptor adsorbate. B2l Ay A 0.2 [ eoeer Hp

Using Eq. (18) with co® = 1 and the definition of i 7 A TR o ok 2\ o
the isosteric enthalpy of adsorptidiiag = T2(3 (2 j(ag)/ 20 -0 0 10 20 20 -0 0 10 20
T)p;.6,, ONe can derive that I 1
AHad i = AHO + MA@ (22) Upnr/V, AdveV Unr/V, AdveV
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AHadj = AHgy; + (.j/2A®. (23) 29[ Jewwsay { e 2 °° 5
= rn <40 = =

Thus for an electron acceptor adsorbate< 0), Egs. (22) 04 1 R o
and (23) predict a linear decrease AHag with increas- sl ';g:”"' g,}:oo ] s k-
ing A@, while for electron donor adsorbates; (> 0) they L/ 25=0.15 4,015\ f-.,_. 4 [
predict a linear decrease in Hag With decreasingA®. ot o1 reandl g o b
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Both predictions are in excellent agreement with experiment il 1
(Eq. (17)) [16,87] and with rigorous quantum mechanical , , _ _
calculations [56,57]. Fig. 16. Effective double-layer model-predicted electrochemical or classical

. . romotion behavior: (a) electrophobic, (b) electrophilic, (c) volcano type,
One can use the effective double-layer isotherm (Eq. (21)) ?d) inverted volcano t)(,p)e [88]. P ® phie. () e

to derive analytical mathematic expressions for catalytic pro-
motional kinetics [88]. For the case of surface reaction rate ) ]
cano (Fig. 17c) to purely electrophobic (Fig. 17d)&sH,
krkakp pa pp €Xpl(Ap + Aa)IT]

r= ) (24) (= pp) is decreased by a factor of 10 at fixed, .

[1+ kppp €XP(ADIT) + kp pa €XPAATT)]? As shown in Figs. 17a and 17b the model predicts the
where kr = k3exp(ArIT) and ig is the partial charge shift in global behavior in a semiquantitative manner and
transfer parameter of the transition state. in fact with very reasonablép and 1a values ¢p > 0,

In the limit of very weak adsorptiorkg pa, kppp < 1) i <0). _
one may neglect repulsive interactions [87,88] and consider ~ Finally the success of the model can be judged from

only the attractive ones. In this case Eq. (24) becomes Figs. 18a and 18b, which show the experimental and model-
predicted rate dependence pgo and work function during
r = krkpka pp pa exp[maxO, ApIT) + max©, AalT)] CO oxidation on Ptg”-Al,O3 [37,88]. Note the transition
/<1+ kp po exp{max(O, ADH)] from a classical Langmuir—.Hinshelwoqd toa positivejorder
rate dependence opco with decreasing work function.
Also notice that on every point of the experimental or
+k expmaxO, Ap Il , 25 : . .
APA p[ X0: 2a )]) (25) model-predicted rate dependence, the basic promotional
where maxx, y) denotesc andx > y, y whenx < y, andx rule, Eq. (13) is strictly obeyed. The optimab and
ory whenx = y. Aa values are again quite reasonablg > 0, Aa < 0).

The success of Egs. (24) and (25) in describing the aboveThe large optimaka and kp values ¢ 9) are also quite
recently derived promotional rules can be appreciated from reasonable, as they indicate strong adsorption of both CO
Fig. 16, which shows the transition from electrophobic to (= D) and oxygen £ A), which is the necessary and
electrophilic to volcano-type and to inverted volcano-type sufficient condition (rule 3) for the appearance of volcano-
behavior by simply varying the values of the adsorption type behavior.
equilibrium constantgp andka. In general Figs. 16—18 show, beyond any reasonable

Also the success of double-layer kinetics can also be ap-doubt, that the effective double-layer model of promotion,
preciated from Fig. 17, which compares model predictions expressed mathematically by Eqgs. (24) and (25), provides a
(Figs. 17a and 17b) with some interesting and complex ex- satisfactory description of promotional kinetics.
perimental results (Figs. 17c and 17d) obtained durigidL Despite the very good success of the effective double-
oxidation on Pt/TiQ [39,88]. As shown in Figs. 17cand 17d layer model, it is useful to remember that as an effective-
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Fig. 17. Experimentally observed [39] (bottom) and model predicted (top)
transition from inverted volcano to electrophobic behavior on increasing
the O to ethylene (i.e., AD) ratio by a factor of 10; gH,4 oxidation on
Pt/TiO, [88].

medium model, it cannot be expected to describe local

geometric or surface ensemble effects. We can consider as

an example the case of Cu addition on polycrystalline Ru

surfaces used for hydrogenolysis/hydrogenation reactions.

While the effect of Cu on the chemisorption of hydrogen

on Ru can be reasonably expected to be described by the

double-layer model, the decoration of steps and defects
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of Ru by Cu, which blocks hydrogenolysis but does not
affect hydrogenation, is almost certainly not a double-layer
effect.

The usefulness of the effective double layer isotherm
(Eq. (19)) is not limited to the description of promational
kinetics. As discussed elsewhere [16,90], it can also be used
to derive the Nernst equation but also the Butler—\Volmer
equation. The former is the basic equilibrium equation in
electrochemistry and the latter is the basic kinetic equation
in electrochemistry and electrocatalysis [3,4]. Thus both
promotional catalytic and electrocatalytic kinetics can be
modeled using the same type of isotherm [88]. This is
because both electrocatalysis and catalysis on metals can be
viewed as chemical reaction between dipoles in presence of
a double layer.

5. Summary and per spectives

The search for understanding the phenomenon of elec-
trochemical promotion at the molecular level during the last
10 years, by utilizing a wide variety of surface science and
electrochemical techniques, has not only accomplished its
initial goal, it perhaps more important, has been particularly
fruitful in defining, tackling, and solving to a satisfactory de-
gree several additional important problems in heterogeneous
catalysis. This was partly due to the unique ability offered by
electrochemical promotion to allow for in situ examination
of the effect of promoters and of catalyst work function on
catalytic activity and selectivity. Thus during the last 5 years
the following compelling evidence has been obtained.

1. Electrochemical promotion is functionally identical to
classical promotion; i.e., it is catalysis in the presence
of a controllable double layer at the metal/gas inter-
face. The main advantage of electrochemical promotion
is that it also allows the use of short-livesdcrificial
promoters, such as?, which are continuously sup-
plied to the catalyst/gas interface via electrochemically

Fig. 18. Experimental [37] (left) and model simulated [88] (right) dependence of the rate of CO oxidation on Pt depogitedl §@3 as a function ofpco,
catalyst potentialiwr, and dimensionless catalyst work functioh (= A®/kpT) at po, = 6 kPa. Parameters used in Eq. (24):= 9.133,kp = 8.715,

Aa =—0.08,Ap =0.09, AR =0, kg = 6.19 x 108 mol/s.
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