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Abstract

The oxidation of CO by gaseod§0, was investigated on electropromoted Pt films deposited sBs¥stabilized Zr@ (YSZ) and on
nanodispersed Pt/YSZ catalysts undiggh vacuum and under atmospheric pressure camditiFor both catalyst stegms and in both cases
it was found that the temperature dependence of the catalytic oxidation rate can be correlated directly with the corresponding TPD spectra
of 1805, 160180, and0, and that lattice oxygen plays a key role in the oxidatieaction, acting both as eactant and as a sacrificial
promoter. For both systems the results confirm the sacrificial promatdel of electrochemical promotion and metal-support interactions
with 02~ -conducting supports. This mechanism contains as limiting casesdtmied Langmuir—Hinshelvod and the Mars—van Krevelen
mechanisms, which predominate at low and high temperatures, respectively.
0 2004 Elsevier Inc. All rights reserved.

1. Introduction etc.) to the catalytically active metal/gas interface and to the
creation of a double layer at that interfa[d®,20,21] The
The electrochemical pronion (NEMCA effect) of cat- magnitude of electrochemical promotion is commonly de-

alytic reactions on porous conductive metal and metal oxide scribed by two parameters: Thpparent Faradaic efficiency,
films deposited on ionic conductors has been investigated for A, defined from

more than 70 catalytic reactioffs-15]. The porous catalyst

film is in contact with the ionically conducting supportand A = Ar/(I/nF), 1)
electrical current or potentiatf2 V) is applied between the
catalyst film and a counter electrode also in contact with the
ionically conductive support while monitoring the catalyst
potential with respect to a reference electrode. The electro-

wheren is the charge of the electromigrating promoting
species, and the rate enhancement ratiaefined from

) . ) : p =r/ro. 2)
chemically induced change\r, in catalytic ratey, can be
up to 150 times larger than unpromoted catalytic rgtand The promoting propensity of the electromigrating (back-
up to 3x 10° times larger than the raté/n F, of oxygenion  spillover) ionic species;, is described by the promoter in-
supply to the catalyst. dex, P;, defined from
It has been found via several surface spectroscopic and
electrochemical techniqueld6-19] that electrochemical i = (Ar/ro)/ A8, 3)

promotion is due to electrochemically controlled (Faradaic) whered; is the surface coverage of the promoting ion at the
introduction of promoting ionic species {O, N&*, HT, metal/gas interface.

The molecular mechanism ofegltrochemical promotion
*Corresponding author, with O?~-conducting or mixed & electronic conducting
E-mail addresscat@chemeng.upatras.gr (C.G. Vayenas). supports has been found to be mechanistically equivalent
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with that of metal-support interactions (MSI) with nanodis-
persed catalysts deposited on the same matg@a]slt in-
volves migration (backspillover) of promoting®© species
(whereé is near 2) from the support to the metal/gas in-
terface and continuous replenishment of-Qn the sup-
port by gaseous ©at the counterelectrode (electrochemi-

cal promotion) or at another supported catalyst particle or
directly at the support/gas interface (metal-support inter-

actions). The promoting © species is distinct from nor-
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the metal/gas interface (e,gvith O(a) and CO(a) re-
spectively in the case of CO oxidation); and

b. Its role as a reactant (e.g., with CO in the present
case). Several techniques have shown tRat i® more
strongly bonded and less reetthan O(a) for oxida-
tion reactiong14,16]

Thus, according to the sacdial promoter mechanism,
the observed rate increaskr, in the rate of CO oxidation

mally chemisorbed gas-supplied atomic oxygen as shown byduring an electrochemical promotion experiment (where a

TPD, XPS, cyclic voltammetry15-18] and very recently
STM[19].

In the first part of the present stud¥3], we have used
TPD of 180, adsorbed on Pt films deposited on YSZ and

on nanodispersed Pt/'YSZ powder catalysts to investigate
the nature of oxygen adsorption on these materials. In the

present work we have used CO oxidation B{D,, as a

model reaction, to elucidate the role of lattice and gas-
supplied oxygen on these two types of catalytic materials

and to test the sacrificial praster model of electrochemical
promotion and metal-support interactions.
The oxidation of CO on Pt is the most thoroughly stud-

ied catalytic reaction in surface science and catalysis with

several comprehensive reviey2l,25] Recent studies have

positive (anodic) current is applied and & is supplied to
the catalyst at a rate/2F) consists of two terms:

a. A (large) increase in the rate of CO oxidation by gas-
supplied oxygen, denoted byisq1sc When80, is used
as the gas-phase oxidant; and

b. A (smaller and limited by /2F) increase in the rate of
CO oxidation by support-supplied oxygen, denoted by
rcis0, When the support contairt§O.

The use of thé®0, as the gas-supplied oxidant enables
one to directly examine the validity of this mechanism.

focused on low-temperature CO oxidation on supported 2. Experimental

Pt/Al,O3 catalysts[26—28] and have shown that the low-
temperature activity is largely due to the reaction of linearly
bonded CO (LCO) with weakly adsorbed atomic oxygen
(Owad9 [28]. In the first part of the present wofR3] we
have also identified via TPD a similar weakly bonded oxy-
gen state on Pt/YSZ (termegh state[23]) desorbing at
temperatures 100—-18C which appears to be of similar na-
ture as the Qagsstate[28] and similar weakly bonded states
observed on Pt/AD3 [29] and Pt—Rh/AJO3 [30] catalysts.
We have found similag; states for Pt/Ceg&) Pt/TiO, and
Pt-WPt+-doped TiQ catalysts[31]. These states are quite
important for the low-temperature catalytic activity of sup-
ported Pt catalysts.

The CO oxidation on Pt is also one of the first two reac-

The Pt/YSZ catalysts (electropromoted Pt film and nano-
dispersed Pt/YSZ powder) used in the present kinetic in-
vestigation arehe sameas those used for tht0, TPD
investigation in part 1 of this worf23].

The preparation and characterization of the model elec-
trochemically promoted catalyst (Pt film deposited on YSZ)
were presented in detail in part 1 of this w@23]. In brief,
the porous Pt film which was deposited on an YSZ disk
(Dynamic-Ceramic; diameter 19 mm; thickness 2 mm) had
a mass of 3.15 mg, a superficial surface area of 1, amnd
a thickness of approximately 1.1 um. Its true surface area,
Ng, expressed in maximum reactive oxygen uptake, was
2.7 x 1078 mol O (+30%) and its three-phase-boundary

tions shown to exhibit the phenomenon of electrochemical (tpb) length, again express@s maximum reactive oxygen

promotion on Pt films deposited on Y$22]. The study was
performed at atmospheric pressure and gavalues up to
3 andA values up to 100{B2]. The rather modest values

uptake, was @ x 10~ mol O[23] (Fig. 1).
The preparation and characterization of the supported
nanodispersed Pt/YSZ catalyst (1% Pt/YSZ) were presented

measured for CO oxidation can today be rationalized on the in detail in part 1 of this work23]. The Pt surface area was
basis of the not too dissimilar dipole moments of adsorbed 1.8 x 10~° mol Pt/g catalyst which corresponds to a metal

CO and atomic 33].
According to the sacrifial promoter mechanism of

dispersion value of 0.35{20%).

electrochemical promotion and metal—-support interactions 2.1. Temperature-programmed reaction (TPR) of

[14,21] tested here for the first time via the use'®®,, the
observed catalytic rate modificationnr, in electrochemi-

cal promotion or metal support interactions is due to the two

electropromoted Pt/SZ film under HV conditions

The UHV system (base pressure 10 Torr after bak-

roles played simultaneously by the migrating (backspillover) ing) equipped with a quadrupole mass spectrometer (Balzers

O~ species:

a. Its role as a (relatively short-lived) promoter, primarily
via electrostatic repulsivand attractive interactions at

QMG 420) and a Balzers leak valve gas inlet system has
been described in part 1 of this wdik3].

The TPR experiments of CO oxidation were carried out
by continuously feeding the 0.25%-%-1%180, reactive
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Fig. 1. Schematic of the UHV chamber and heating system used for FEDTBR experiments with the Pt/film/YSZ disk sample with Au counter and
reference electrodes (left) and with the 1% Pt/YSZ powder sample (right).

mixture into the vacuum system and maintaining the vac- 2.2. Temperature-programmed reaction (TPR) of
uum chamber at controlled total pressures of the order of nanodispersed Pt/YSZ catalyst under HV conditions
10~° mbar. At a total pressure of 18 mbar the total gas

flow rate fed to the vacuum system waS 2 10~/ mol gag's The experiments were carried out in the same UHV sys-

(0.35 cn? STP/min); i.e., the feed flow rate of0, was ~ tem using the same feed composition (0.25%8@+ 1%

2.5 x 10-2 mol 180, and that of CO was.8 x 1070 mol ~ 80) and a total pressure of 2 10°° mbar. Typically

CO. 140 mg of powder catalyst wadaced in a quartz container
The Pt film temperature wascreased linearly atarage ~ With a thermocouple embedded in the powder and the pow-

(of the order of 0.5C/s) typically between 30 and 70C der temperature was varied linearly between 30 anc®Z00

while monitoring the MS signals at AMU 28, 32, 34, 36, 44, atarates of the order of 0.3C/s.
and 46 for G°0, 1°0,, 1°0™80, 180,, C'°0,, and C°0!#0, o
respectively. No significant signals at AMU 30%0) and 2.3. Temperature-programmed reaction with preadsorbed
: . 180, of nanodispersed Pt/YSZ catalyst under atmospheric
48 (C'80,) were measured. The above signals and concomi-~ 22 Sp y P
tant rates of formation of ¥0, and G6080, as well as  Pressure conditions
160180, were calibrated using standard £&hd O calibra- _
tion gases and converted into moles O per second signals by 1€ PUYSZ powder sample (200 mg) was placed in the

- . ; - same atmospheric pressure cell used for the atmospheric
using thet®0, signal increase£ 1 /4F) generated upon im- ) > )
posing constant currents, between the Pt catalyst and the pressure @ TPD investigatior{23] and was first exposed

Au counterelectrode as described in detail in part 1 of this Oz (Preg, =2 kPa at 70C for 60 min). Subsequently the

) cell was purged for 2 min with ultrapure He followed by a
work [23]. Thu§ all feed flow rates and reaction rates could supply of 0.25% CO at atmospheric pressure (balance He) at
be expressed in moles per second.

i , 30 cc STPmin and simultaneous start of the TPR run with
The temperature-programmed reaction experiments of

S ) | heating ratg = 1.5°C/s.
CO oxidation by*%0, were carried out in two modes: (a) un-
der open-circuit conditions/ (= 0), in which case the cata-
lyst potential,Uwr, With respect to referencer] electrode
was also recorded during the TPR run; and (b) under con-

stant applied potentidiwr (typically 1.2 V) in which case 33 co oxidation by#0, on Pt films deposited on YSZ
the current/ and concomitant ratd,/2F, of 0?~ supply to

the Pt catalyst were also recorded during the TPR run. Fig. 2ashows the temperature dependence of the rates
In addition to the TPR runs, a seriesisbthermalgal- of C160180 and G0, formation under open-circuit con-

vanostatic (constant current) electrochemical promotion ex- gitions. The former rate is due to the reaction of CO with

periments was also carried oun these transient experi- gas_supp”edsoz; the latter is due to reaction of CO with

3. Resultsand discussion

ments both the time evolution of the reaction ratege,, 180 originating from the YSZ lattice. Ifrig. 2 and subse-
rcisotsg; I'ep18p) and of the catalyst potentighyg couldbe  quent figures the rate of CO consumption was found to trace
recorded. within experimental error the total rate of G@rmation and

Constant currents or potentials were applied by using anis thus not shown separateRig. 2aalso shows the tempera-
AMEL 553 galvanostat-potentiostat. ture dependence of the open-circuit catalyst poteriigk,
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Fig. 2. (a) Pt film/YSZ: Tempetare dependence of the rates o080 and 6602 formation and of catalyst potéal under open-circuit condi-
tions. Prag,, = =10"" mbar andP165 = 0.25x 10~/ mbar. The heating rate was 0.6/s. (b) Pt film/YSZ: Temperate dependence of the rates 080
and 6602 formation and of oxygen ion supply ralg2F under electrochemical promotion conditioridyr = 1.2 V, solid curves) and under open-circuit
(I =0, broken curves)Plgo2 =107 mbar anchlGO =0.25x 10~/ mbar. In both cases the heating rate was’@fs.

which over wide ranges of temperatyiel,34]is related to
the catalyst work functionp, via

eUwr =@ — @R, 4
where @R is the work function of the reference (Au) elec-
trode. Thus increasin@/wr denotes, in general, increas-
ing @.

As shown inFig. 23 the rate of 5080 formation is
already measurable at 3G and passes through two local
maxima upon increasing temperature: one at °I&0the
other at 420C. We will denote these two rate maximargs

It is worth noting inFig. 2athat the onset ot/wr (thus
also®) decrease takes place at 421 i.e., at the tempera-
ture where the rate maximum, appears. At this pointg,
is already significant.

Fig. 2b compares the above open-circuiisgisg and
rcisp, behavior (dashed curves) with that obtained under
electrochemical promotion condition&\yr = 1.2 V, solid
curves). The figure also shows the temperature dependence
of the electrochemical raté/2F, of supply (backspillover)
of 0%~ from the YSZ support to the electropromoted Pt film.
It must be noted that since the feed supply of CO i@
was 63 x 10719 mol CO/s and 25 x 10~2 mol 180, /s, re-

andrg, because, as shown below, they can be directly relatedspectively, the maximum CO artfio, conversions irFig. 2

to the 1 and B2 oxygen adsorption states on the Pt/YSZ
films, both of which are occupied BYO [23].
The rate of ¢%0, formation is negligible below 250C

are on the order of 35 and 4%, respectively.
Fig. 2bhas several noteworthy features:

and then increases exponentially with temperature with an a. Both the rate of supply of ©, 1/2F, and the rate of

apparent activation energy of 20 kgalol, which is very
close to the literature value for the activation energy 6f O
conduction in YSZ14]. It exceeds the rate of'*80*0 for-
mation at 540C. Thus, above this temperature, the Mars—
van Krevelen (MVK) mechanism of CO oxidation predom-
inates over the Langmuir—-Hinshelwood (LH) mechanism.
We will denote the rate of ¥0, formation asrg, because

it is directly related with the8s oxygen adsorption state of

Pt/YSZ films and dispersed catalysts which is always occu-

pied by lattice oxygeh®O [23]. For the Pt/YSZ films thess
state is the only source of lattice oxygé®Q, for the forma-
tion of C180,.

C'60, formation become measurable above 100

b. Both thercisg, and the electrochemical promotion-
induced rate increas&rcien, are always smaller than
I/2F.

c. The electrochemical prastion-induced increase in the
rate of G800, Arcispsg, is larger thani /2F for
temperatures below 32C (non-Faradaic rate enhance-
ment).

As already noted, observations (b) and (c) form the basis
of the sacrificial promoter concefit4,21], also discussed
below.
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Fig. 3. (a) Pt film/YSZ: (top) Tempature dependence of the rates 4f0180 and 6602 formation and of catalyst potentiander open-circuit conditions,
P1802 =107 mbar andPg16n = 0.25 x 10~7 mbar and (bottom) oxygen thermal desorption spectra after gas8@gsadsorption on the Pt film under

open-circuit at 70 C (broken Iine,P1802 =107 mbar for 30 min) and at 275C (solid Iines,P1802 =10~ mbar for 45 min)[23]. Heating rate 0.5C/s.

(b) Pt film/YSZ: (top) Temperate dependence of the rates 0f%0180 and é602 formation and of oxygen ion supply raig2F under electrochemical
promotion conditions{\yyr = 1.2 V, solid curves) and under open-circuit-£ 0, broken curves)lf’lao2 =107 mbar andP16n = 0.25 x 10~7 mbar, and

(bottom) oxygen thermal desorption spectra after gasé?ﬁ)g adsorption on the electropromoted Pt film at°@and at 275C, P1802 = 10-% mbar for
45 min followed by electrochemicafo?~ supply for 210 s with a constant current-pfl5 pA)[23]. Heating rate 0.8C/s.

d. The two local rate maxima ircisq180 Persist upon an-  mation, while stategs, which is always occupied by lattice
odic potential application, but are shifted to significantly oxygen'®O clearly corresponds to the rate of%0, forma-
lower temperatures (120 vs 180 for rg, and 230 vs tion, rg,.

420°C forrg,). This temperature shift is noteworthy be- This assignment is further corroborated by examining the
cause it coincides with a concomitant decrease in the effect of positive potential (electropromoted film) on the rate
peak desorption TPD temperature of fheandfz2 0xy-  maximarg, andrg, and on the oxygen adsorption states

gen adsorption states as previously presef28tland p1 and B2 (Fig. 30: As already discussed previougB3]
as also discussed below. the peak desorption temperatures of both stgieand S,

e. The current increase is not monotonic, indicating sig- re shifted to lower temperatures (115 vs 167for state
nificant changes in the exchange currénand anodic g a4 420 vs 450C for stategy) due to lateral repulsive
j[ransfer coeﬁmentxa of the Butler-Volmer equation interactions between the adsorbed oxygen species on the
induced by changing poveraqeg]. Thgse 0xygen cov- electropromoted film (Ref[23] and Fig. 3). As shown in
erage changes are discussed below in conjunction with Fig. 3bthe rate maximag, andrg, are also shifted to lower

the @ TPD spectra. It is noteworthy that the currént
increases exponentially with temperature above*4s0 tsetzep;r;‘ tures (120 vs 160 for statefy, 230 vs 420C for
2).

The close relationship between the rate maxigaand Consequently, in view of the apove observations, the ap-
rg, and the corresponding oxygen adsorption stgieand ~ Pearance of the two rate maximain isouso VS T’ CUrves
o on Pt films deposited on YSZ is shownFig. 3. Fig. 3a can be rationalized in a straightforward manner: The Tow
presents thepen-circuitr vs T data ofFig. 2atogether with ~ Maximum ¢z,) is due to the reaction of adsorbed CO with
the 180, TPD spectra obtained on tisamePt/YSZ film for the oxygen adsorption stafg and the high7” maximum
low (Tags= 70°C, dashed line) and highT§gs= 200°C, (rg,) is due to the reaction of adsorbed CO with stgielt
continuous line)'80, adsorption temperatures. It can be should be noted that the peak desorption temperature of CO
seen that state; and ., which are both occupied by gas-  is expected to be in the range 150-3826], i.e., between
supplied0,, can be assigned almost unambiguously to the peak desorption temperatures of the two oxygen adsorp-
the corresponding rate maximg, andrg, of C160*80 for- tion statess; and ..
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Fig. 4. Pt/YSZ powder under HV: (topjemperature dependence of the
rates of ¢60180 and @60, formation and of'€0, desorption using
140 mg of 1% Pt/YSZ nanodispersed catalys_t;o2 =2 x 10~8 mbar and
Pci6g = 0.5 x 10-8 mbar and (bottom) oxygen thermal desorption spec-
tra after gaseous isotope oxygen dosing of 27 Rigf, = 107 mbar for

6 min) at 70°C (broken lines) and at 20 (solid Iines?)[23]. Heating rate
0.5°C/s.

3.2. CO oxidation by20, on nanodispersed Pt/YSZ
catalysts
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maxima, labeleds, and rg,, can be seen in the oscilla-
tory region. We note that the small rate maximum labeled
rg, IS not an experimental artifact but has been observed
in all (five) TPR runs we have performed, similar to that
shown inFig. 4a As also shown irFig. 4athe rate of'60,
desorption becomes measurable above®85(.e., the tem-
perature where the maximum, appears) and exhibits a
sharp maximum at 598C. This is the desorption tempera-
ture of thel®0%~ backspillover-formed double layer present
at the metal—gas interfa¢23] and coincides with the peak
desorption temperature of statg as shown irFig. 4and as
discussed below.

In Figs. 4b and 4cthe TPR spectra dfig. 4aare com-
pared with the oxygen TPD spectra obtained on shme
nanodispersed Pt/YSZ catalyst exposetf@,.

One observes that thg, maximum can be clearly corre-
lated with thep; state (> ~ 122°C) which is the only one
occupied by gas-suppli¢dO, on the nanodispersed Pt/YSZ
catalyst (Ref[23] andFig. 4b) while therg, andrg, max-
ima can be correlated with thg and B3 states which are
both occupied by lattice oxygetO, on the nanodispersed
catalyst. Note that theg, maximum " = 230°C) occurs at
the same temperature as in the case of the electropromoted
Pt film (Fig. 3b).

One also notes that tH€0O, TPD spectrum under reac-
tion conditions Fig. 49 is very similar to the'®0, TPD
spectrum in the absence of C®igs. 4b and 4c Thus,
160 not reacting with CO desorbs from tjfe and 3 states
at only slightly higher temperatures than in absence of CO
(Fig. 4). Note that the presence of adsorbed CO calf¥@s
which in the absence of CO would desorb at 420 and®®&70
respectively (stateg, and 3) to react with CO at 230C
(rg,) and 350°C (rg,), respectivelyFig. 4). This is quite rea-
sonable since 350-40C is the highest temperature where
CO remains on the Pt surface at significant coverages, as

Fig. 4ashows the temperature dependence of the rates ofshown, e.g., by CO TPD spectra on P8} [26]. Conse-

C180180 and @80, formation, as well as the rate &%0,

quently therg, andrg, peaks could not occur at any higher

desorption from the 1% Pt/YSZ nanodispersed catalyst for temperatures. It is interesting that boty andrg, in the

high (Fig. 4b and low Fig. 49 adsorption temperature. It
must be noted that the chaotimeking small-amplitude vari-
ations in the rates of ¥0, and G080 formation and

160, desorption are not due to experimental noise, but rather

TPR spectrumKig. 48 appear approximately 20C lower
than the correspondingy and g3 peak desorption tempera-
tures in the'®0 TPD spectraRigs. 4b and 4t

Fig. 5ashows an atmospheric pressure TPR spectrum ob-

the result of quasi-periodic self-sustained oscillations. There tained with a 1% Pt/YSZ nanodispersed catalyst. The cat-
is a very rich literature on the oscillatory behavior of CO ox- alyst was first exposed to 2 kPa &0, for 60 min at

idation on both supported and unsupporte{4t32,35,36]

70°C followed by 2 min purging in He at 70QC and sub-

and we will not discuss this subject further in the present sequent exposure to a flow of 30 cc §Tifn containing
work, as it is not of central importance here. Nevertheless it Pco = 0.25 kPa in He with a simultaneous increase in tem-

is interesting to note the oscillations in the rate'®®, de-
sorption Fig. 49 which, to the best of our knowledge, have
not been reported before.

As shown inFig. 4a the rate of %00 formation
is generally smaller than the rate of%, formation and
passes through a single maximum, labetgd at 170°C.
On the other hand, the rate of%D, formation is already

perature withg = 1.5°C/s. Figs. 5b and 5show the cor-
responding'80, [23] TPD spectra obtained with the same
catalyst under atmospherpressure conditiongigs. 5a, 5b,
and 5cshow the same qualitative behaviorkigs. 4a, 4b,
and 4cdo; i.e.,rcsp, is generally larger thancispisg and
exhibits two maxima which correspond to tAgandgs ad-
sorption states whilecisq1so €xhibits one low-temperature

measurable at 70C and passes through a wide maximum maximum which corresponds to tifg state which is occu-
with increasing temperature where two smaller local rate pied by 180. It is interesting that the basic features of the
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- \El.zk Pt/YSZ catalyst Figs. 4 and % the rate of G%0'80 for-

=) 3000 k 5 Ip . mation exhibitsone maximum,rg,, and the rate of &0,

= T8¢ formation exhibitstwo maxima, i.e.,rg, andrg,, since in

o or ., ., this case both statg® and g3 are occupied by lattice oxy-
v 2000 600 800 1000 genl0

\E/ temperature / K ’ . .

- . C160160 (44 In both cases (supported film and nanodispersed catalyst)
2 1000 the TPR spectra can be directly rationalized by the corre-
> C160130 (46) sponding oxygen TPD spectrgi¢s. 3b and % And in both
= 0= ,,i_v-, RSN cases lattice oxygen plays a key role in the CO oxidation ki-

60 - High T adsorption b netics acting both as a reactant and as a sacrificial promoter,
. PYYSZ powder / g \°O2 as analyzed below.
~ 40 r
o L
S 20k 3.3. Rationalization and prediction of transient and
OE 160, steady-state electrochemical promotion behavior
— 0 Lo " L
% Low T adsorption® - c Fig. 6is based on the data &ig. 2band presents some
= 80 | PUYSZpowder Lo B3N of the key results of the TPR investigation, by comparing
Zz ) B\l\\ 2 B2 \ the temperature dependence of (a) the rat@F, of sup-
= A0y \ 150, / \180; ply of 02~ to the Pt catalyst film, and (b) the observed
I - / _ 160180 increase,Arotal, Of the total rate of CO oxidation. Also
Ob—s L+ 1 v SN="N A 1D ST =

shown (broken line) is the Faradaic efficiendycomputed
from Eq. (1) SinceAr in Eq. (1)has been computed using
two different TPR experiments, i.e., one with applied poten-
Fig. 5. PtYSZ powder under atmosptefiressure: (top) Temperature de-  tial (Uwr = 1.2 V), the other under open-circuit conditions
pendence of the rates of 080 and G%0, formation using 200 mg of (I = 0, Uwr Vvarying as shown ifrig. 2), the thus computed
1% PYYSZ nanodispersed cataly$fg,, =20 mbar for 60 min followed 4 values (broken curve iRig. 6) are estimates of the actual
by reaction with G°0 (0.25% in He, flow rate 30 genin); (bottom) at- Faradaic efficiency, value expected to be observed under
mospheric pressure and oxygen thermesorption spectra after gaseous  jsqthermal conditions in an isothermal galvanostatic or po-
isotope oxygen dosing of54 kL (P1gn, = 20 mbar for 60 min) at 76C . - -
. o 02 . tentiostatic steady-state experiment.

(broken lines) and at 200C (solid lines). Heating rate 15C/s. . _

ThusFig. 6¢can serve as a means of predicting the temper-
ature ranges over which non-Faradait$ 1) or Faradaic

o . ) (A < 1) behavior will be observed. The former behavior is
CO oxidation mechanism remain the same as the pressure iyredicted for? < 310°C, the latter behavior/ < 1) for

increased by seven orders of magnitude betwgn4 and 7 - 310°C. The points (filled circles) offig. 6 are actual

300 400 500 600 700 800 900 1000
temperature / K

Fig. 5. isothermally measured values from transient galvanosta-
The area of thes, peak, which is occupied by°O, tic experiments of the type shownfiigs. 7 and &erformed

corresponds for the atmospheric pressure TPID.(5b) to at practically the same total pressufe-£ 8 x 10~® mbar) as

6 x 10~" mol O and the combinef; + B3 states Fig. 59 to the TPR experiments (the open circle corresponds to a sig-

10-® mol O. Since the total Pt surface area of the nanodis- nificantly lower pressureP = 2 x 10~ mbar). As shown
persed PU/YSZ catalyst is@x 10~ mol, the total atomic in Fig. 6there is very good agreement between the expected
oxygen coverage is on the order of 0.25, in good agreementA values (dashed curve) and the actdavalues measured
with the literature, for atmospheric pressure room tempera- isothermally (filled circles). This shows that during the TPR

ture @ adsorption on PjtL4,15,24] experimentsKigs. 2 to § the catalyst is near steady state
As already noted in part 1 of the present w{28], the regarding its catalytic activity.
only difference in thé®0, TPD spectra of electropromoted Fig. 7shows a low-temperatur@ (= 225°C) galvanosta-

Pt films on YSZ and nanodispersed Pt/YSZ catalyst is the tic experiment leading to non-Faradaic behavior= 11.4).
occupancy of theg, state: In the case of the films it is As shown inFig. 7 the rate of ¢®0, formation increases or
predominantly occupied by gas-suppligD while in the decreases very little with applied positive and negative cur-
case of the nanodispersed catalyst it is predominantly occu-rent, respectively and these changes are Faradajad,, <

pied by lattice oxygen®0. This difference also manifests (//2F), thus Acieg, < 1). On the other hand, the increase
itself clearly in the temperature-programmed oxidation spec- and decrease in the rate ot%'0 formation are 11.4 and
tra (Figs. 3,4, and b 9.6 times larger, respectively, than the ralg2F|, of sup-
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temperature / °C
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» I/2F+ 100

P=10-5 mbar p=0.5°C/s

= 1% 180, + 0.25% C1°0
Uwg=+1200mV
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O P=2x10-6 mbar

expected A

Ariotar / 10710 mol COy/s
1/2F / 1010 mol CO4/s

300 400 500 600 700 800
temperature / K

Fig. 6. Pt film/YSZ: Comparison of thtemperature dependence of (a) the
rate, I /2F, of supply of &~ to the Pt catalyst film and (b) the observed
increase Ariotal, Of the total rate of CO oxidation from the TPR curves of
Fig. 2h The broken curve shows the Faradaic efficigntomputed from
Eqg. (1)and the filled circles show isothermally measurédalues, at the
same pressur® = 8 x 10~8 mbar, computed froriq. (1) The open circle
corresponds t®® = 2 x 10-6 mbar and the same feed composition.

> 2000
E 1000 F
§ 0 2z
- o~
Z -1000 ) > | 3
p=1.3 p=0.8 Jo1 6‘ s
A=11.4 A=9.6 {78 €
1 ) 1 MR ) AR 1 ! P 0 2.
< rC160180 =
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24+ ShmE
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s 16()18
- L 1% 180, +0.25% C'0 croro
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time /s

Fig. 7. Pt film/YSZ: Low-temperature7(= 225°C) galvanostatic tran-
sient (Prag, = 8 x 108 mbar, Prisg = 2.5 x 1078 mbar) leading to
non-Faradaic behavior((= 11.4). Inset: Dynamic response of the two rates
in the first few seconds after the current application.

ply or removal, respectively, of © to or from the Pt cata-
lyst film. Both observations confirm the sacrificial promoter
(*60%~) mechanism of electahemical promotiorf14,21]}

It should be noted iffig. 7that thosé®0?~ ions supplied
to the catalyst which do not end up it%D, are desorbing

E 2000
= [ 0.C.
x l0o0r I= +100 pA "
5o} ji::L I
ol .
C160Q180
@ 7t
S 6l
O 6
° 5
g V2F 4000C
s 4T P=10-5 mbar
s 3l 1% 180, +0.25% C160
e e E——
1k C160,
0 _. 1 n 1 n 1 n 1 n 1 n 1 n
0 50 100 150 200 250 300

time /s

Fig. 8. Pt film/YSZ: High-temperature7(= 400°C) galvanostatic ex-
periment P1eq, = 10~7 mbar, Poieg = 0.25 x 107 mbar) leading to
Faradaic behavior{ = 0.4).

One interesting aspect Bfg. 7, shown in the inset, is that
upon current application the start of the increasedtio,
is almost instantaneous, while the increasedtigisg fol-
lows a few (~10) seconds later. This observation is also
consistent with the sacrificigqromoter mechanism of elec-
trochemical promotion and with the formation of a diffuse
propagation front of0°~ which gradually moves on the
catalyst—electrode surface, agperimentally observed via
PEEM by Janek and co-worke[87]. The surface diffu-
sion coefficient,Ds, of 160°~ can be estimated from the
observed speed of propagation of such fronts but also, in
principle, from the time lag observed betweenithgo, and
thercisgisg transients in the inset &fig. 7. To this end one
would have to fit these transients by the time-dependent ver-
sion of the steady-staté0’~ reaction—diffusion models re-
cently developed to describe the effect of catalyst—electrode
thickness on the electroch@&al promotion parameters
and A [38]. Such a moving®0?~ diffusion front has at a
time ¢ after current application a finite thickneds, given
by L = (Dst)¥/2. Behind this front the catalyst surface is in
the fully electropromoted state, while in front of the front the
surface is still at its unpromoted state. Thus a rough estimate
of L and thusDs can be obtained as follows.

As shown in the inset ofig. 7 at t = 10 s where
Arcispisg is still practically zero, theArcisg, value is
4 x 10713 mol/s, i.e., has reached 7.5% of its final steady-
state value of B x 10712 mol/s. Assuming uniform initial
surface concentration of CO, this implies that the front part
of the diffusion front has propagated roughly 0.08 um, since
1.1 pum is the total catalyst film thickness. Thus frarmg =
L?/t one estimatedDs = 6.4 x 10712 cn?/s at 225C

to the gas phase. Under these conditions, YSZ is losing non-which is a reasonable vali#4], corresponding to that ex-

stoichiometric oxygen, O(YSZ)14], but the loss is small in
comparison with the total YSZ content of O (YSA}4,23]

tracted from the results of Lewis and Gonifg®] at 350°C
for O on Pt(111) and Pt(11014,39]
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Fig. 8 shows a high-temperaturé& (= 400°C) galvano-
static transient leadinto Faradaic behaviorA = 0.4) and
nearly complete CO conversion. Under these conditions
most of the electrochemically suppliéO?~ desorbs as
160, and thus the coverage 6f0°~ remains low on the
catalyst surface. Since the coverage® is also low due
to the high temperature, the repulsive lateral interactions be-
tween160%~ (i.e., stateBs) and 180 (statess; andBy) are
much less pronouncegd4,23] Since these repulsive elec-
trostatic interactions are one of the key factors leading to
electrochemical promotidi4,40,41] no NEMCA behavior
is observed fl < 1). Nevertheless it is interesting to observe
in Fig. 8that not onlyrcien, but alsorcispisg increases dur-
ing the galvanostatic transient; i.e., the promotional role of
160%— supply and concomitant potentidtig. 8) and work
function increase are still evident, even thoughremains
below unity. Of course, the small value is also dictated in
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Fig. 9. Sacrificial promoter model ofectrochemical promotion (left) and
of metal support interactions (rightBchematic of a metal grain (um) in
a metal catalyst film deposited on YSZ under electrochemical promotion
conditions (left) and of metal nanoparticlesr{m) deposited on a porous

the experiment by the near-complete CO conversion reachedSZ support (right) showing the loians of the classical double layers

after current application.

It should be noted irfrig. 8, but also inFig. 7, that upon
current interruption the catalyst potentlajyr starts return-
ing very slowly toward its initial value and application of
a negative currentHig. 7) is necessary to accelerate the
process. This very slow return reflects the very slow reac-
tion of the180°~ species with the low-pressure CO in the

formed at the metgbupport 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(or electrochem-

ical potentialji.) of electrons, of the chemical potential of oxygen and of
the electrochemical potential 0f0. Note that under electrical bias appli-
cation (left) 52— remains spatially constant b, and o, both bend

in the solid electrolyte support (dashed lines). The Fermi Igyebf the
metal can be affected by varyirigyr (left) or by varying via doping the
Fermi level of the support (right). Oxygen ions migrate from the YSZ to

vacuum system and is not so pronounced in atmospheriCihe metaligas interface via the derphase boundaries and are replenished

pressure electrochemigalomotion studies wherO?~ is

in YSZ by gaseous &

scavenged must faster due to the much higher pressure of the

oxidizable reactant (e.g., CQ)4].

More quantitatively and using the measured Pt catalyst-
film reactive oxygen uptake (2 x 108 mol O) one com-
putes from thercisp, values inFigs. 7 and 8(0.2 x
1019 mol 160/s and 16 x 10~19 mol 160/s, respectively)
that the corresponding TOF values f60°~ reaction with
CO are 74 x 10~*and 59 x 10~3 s71, respectively. Conse-
quently the time required fdO, removal from the catalyst
surface upon current interruption is of the order of 1350 s
(Fig. 7) and 170 sFig. 8), respectively, provided no addi-
tional 180 migrates to the catalyst surface from the YSZ

support. The latter is clearly a reasonable assumption at

T = 225°C (Fig. 7), where indeedciso, Starts decaying
upon current interruption with a time constant of the or-
der of 1¢ s, but, as expectef23], is clearly not a valid
assumption at 40T0C (Fig. 8), wherercisg, decays much
slower since, as already discusge8], at these tempera-
tures'®0%~ is continuously replenished BY0?~ from the
YSZ support and Pt film/YSZ catalyst exhibits, via exactly
this 1602~ backspillover mechanism, a metal-support inter-
action[14,23]

3.4. Validation of the sacrificial promoter mechanism of
electrochemical promotion and metal-support interactions

The present results enable one to validate the sacrifi-
cial promoter mechanism ofedtrochemical promotion and
metal-support interactions. According to this mechanism

(Fig. 9 promoting1®0%= ions migrate continuously from
the support to the metal/gas interface, where they perform
two functions:

a. They promote the catalytieaction between the oxid-
able species (e.g., CO) and adsorB&@ originating
from the gas phases( state and, in the case of Pt films,
B2 state). This results mainly from the increase in work
function® and concomitant repulsive lateral electrosta-
tic interactions betweeh®0’~ and adsorbed®0, al-
though the lateral interactions betwe®®’~ and coad-
sorbed CO also play a ro[&4,33,40,41]

. They react with the oxidizable species (e.g., CO) with
a rate which isA times smaller than the (promoted)
rate of CO with80 [14]. In the limit A = 1 one has
electrocatalysis, while in the limit — oo one has clas-
sical promotion with “infinite” lifetime of the promoting
species on the catalyst surface.

Thus according to the sacrifadipromoter mechanism, an
O?~ arriving from the solid electrolyte support to the three-
phase boundaries metal-gas—solid electrolffig.(9) has
three possibilities:

a. Desorption a$°05,

190%" — 31°02(g) + 207 (5)
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b. Reaction with adsorbed CO formind%,,
180?~ + c'%0 — C'®0,(g) + 267 (6)

c. Migration (diffusion, backspillover) at the metal/gas in-

terface as a surface dipole,

1607~ — [0P "] + 207 7)

This surface anionic specipsomotes the rate of CO oxi-

dation with coadsorbetfO and eventually can either desorb <® 8

as%0, or 1860180 or react with CO to form &60,.
[e0°~—T] + C'®0 — C'®0,. (8)

Consequently eaclfO?~ arriving at the tpb will eventu-
ally either form1®0, or 16080 or CL°0,:

r16
1602~ 32 1160,(g) + 26, 9)
1602~ 4 180(ad) 2% 1601%0(g) + 2¢7, (10)
re16
1602 1 cO 57 CLe0,(g) + 20~ (11)
It follows from Faraday’s law that
Arcien, = Sp(I/2F), (12)
2Ar1602 + Arisgieg = (1 — Sp) (1 /2F), (13)

where the “promoteredectivity” parametesp, defined from
the above equations, takes values between 0 and 1.
FromEqg. (1)and taking into account that

Arco,,total = Arcispisg + Arcisg,, (14)
one obtains
A Arciep1sg + Areis
A= I'COp, total _ Cl60180 CH°0, Sp: (15)
1/2F Arciso,

ie.,
A

A Sp<1+ M) (16)
Arcisp,

Consequently by plottingl (= Arco, total/ (I/2F)) vs

1+ Arcispisp/Arcisg, ONE can examine the validity of the

sacrificial promoter concept by examiningsif remains be-
tween 0 and 1. This is indeed confirmedRig. 10 It can
also be seen that at temperatures below°g(points 6-9)
(where A is above unity as anticipated froFig. 6 and as

shown inFig. 10, Sp is close to unity and there is excellent

6L P/mbar TPC 1/pA
L1 2x106 325 420 7
142 10x10°6 400 +100
13 6x10°6 375 420 L
12 L4 10x10°6 325 +20 > 9
5 10x106 350 +20 SN e
L6 6x106 150  +1 7 o
e |7 8106 200 +1 /7
» 7 6
8 8x100 175 +17 ¢
19 8106 135 .+
6F o
7/
//
4+ 7
7
2r // 5. 4
et 3.2 _
0/ 1 ...}.. |. |Sp|0 L. L1
0 2 4 6 8 10 12 14 16
Arci60180

1+( Arci6o, )

Fig. 10. Pt film/YSZ: Validation of the sacrificial promoter concept by
plotting A (= Arco,,total/(1/2F)) vs 1+ Arclﬁolgo/mclﬁoz and con-
firming that Sp is bounded between 0 and P;]_soz =8 x 1078 mbar,
Pcisg = 0.25x 1078 mbar.

and thus according to the saarifil promoter mechanism in
this limit the apparent Faradaic efficieney expresses the
ratio of the reaction rates of adsorb¥D and60°~ with

the oxidizable species (i.e., CO) or the ratio of the lifetimes
of 1609~ and*®0 on the catalyst surfadé4].

To the extent that the sacifal promoter mechanism is
valid, Eq. (18)can also be used to estimate the magnitude
of A for supported catalysts where the rai¢2F, of pro-
moting 160°~ supply to the catalyst surface is not directly
measurable.

Consequently the use of isotopic oxygé€®, as the gas-
phase oxidant enables one to directly examine the validity of
the sacrificial promoter mecham of electropromoted cat-
alysts by examining the validity d&q. (16)or Eq. (17)in
conjunction with

Arciep, < 1/2F (29)
or, more precisely, with
Arciep, + 2Ar16p, + Arispisg = 1 /2F, (20)

agreement between the experiment and the limiting case ofwhere each of thé\r terms is nonnegative.

Eq. (16)obtained withS, values of unity:

Arciso1sg

Ax1+ 17)

Arcisp,

Note that in the case of larga and p valuesEq. (17)
further reduces to

rel6018 r'cl6018,
A1+ C1°0°0 ~ C1%0:°0 , (18)
7‘(:1602 Vclﬁoz

At higher temperatures whet0, desorption is favoured
vs 160%~ reaction with CO, the sacrificial promoter mech-
anism remains operative wit, < 1. Fig. 11 shows the
temperature dependenceffwhich, as expected, decreases
significantly with increasing’. This is because the activa-
tion energy fo'®0, desorption is much higher than the acti-
vation energy for reaction 3O with CO. The InS, vs 1/ T
plot (Fig. 11) gives an apparemt H value of 21 kcaglmol in
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Fig. 11. Pt film/YSZ: Temprature dependence @, for various ap-
plied currents and quasbnstant pressure of 8 106 mbar. P1802 =

8 x 108 mbar, Po165 = 0.25 x 10~ mbar.

the region of lowsS, which most likely reflects the difference
in the above activation energies.

The observed decrease §g with temperatureKig. 11)
can explain vi&q. (16)the concomitant decrease afwith

increasing” (Fig. 6) but also the concomitant decrease in

the rcisp1sp/ rci6p, ratio with increasingr” for the case of
the supported nanodispersed catali#g$. 4 and 12

The significantly smallefcispisg/ 716, ratio in the case
of the nanodispersed cataly$tig. 12 is due to the occu-

pancy of theB, state by lattice oxygen. As already discussed

1000

1+(rc160180/1C1602)

Fig.

—_

(=3

(=)
T

207

EPt/YSZ film under UHV
and open-circuit «

Electropromoted Pt/YSZ
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—_
(=]
T

. powder
Mn-”o..oooooo"’;‘/a under UHM
Pt/YSZ powder under In(Y) =-13.66*(1000/T)

atmospheric pressure |, T
1.6 2 2.4 2.8
1000/T / K-1

1.2

0.8 32

12. Temperature dependence of @Golao/rclﬁoz ratio for the

cases of unpromoted and electropromoted Pt film under HV conditions and
nanodispersed catalyst (1% Pt/YSZ) under HV and atmospheric conditions.

2.

[23] this must be due to the much shorter (atomic distances)
160 backspillover pathway in the case of the nanodispersed

catalyst which is typically 3 orders of magnitude shorter than
in the case of the supported film catalyst. Nevertheless in

both cases one may conclude from the present results that

the sacrificial promoter mechism is operative both for the

electropromoted Pt film and for the nanodispersed Pt/YSZ
catalyst: Lattice oxygen, O(YSZ), migrates to the Pt/gas

interface @3 state Fig. 139 and in the case of the nan-
odispersed catalyst algt» state Fig. 13h) reacts with the

oxidizable speciesrieg,), but at the same time displaces
the B1 and B states to lower binding energies and thus ac-

celerates as a promoter the rate 6f@*80 formation.

4. Conclusions

3.

measuredA and p values are in general smaller than
those measured for the same reaction at atmospheric
pressure, apparently due to lower coverages and thus re-
duced importance of lateral adsorbate interactions at the
same work function increase® [14,40,41] Neverthe-
less the behavior is qualitatively the same and consistent
with the recently found electotiemical promotion rules
[33,40] both for the electropromoted Pt/YSZ film and
for the nanodispersed Pt/YSZ catalyst.

The TPR rate of €080 formation is directly corre-
lated with the correspondinfO, TPD spectra on the
same catalyst (stafgy and for the electropromoted film
also states). Also in both cases the rate of@, for-
mation (lattice oxygen) is déctly correlated with the
corresponding®0, TPD spectra (stat@z and for the
nanodispersed catalyst also stas.

For both systems the presence offgstate lowers both
the TPD peak desorption temperature of stgtesind

B2 and the corresponding TPR rate maximum tempera-
turesrg, andrg,. This confirms the promotional role of
the B3 state (backspillover oxygen) which is also clearly
manifested by the observed increase @sgisg Upon

the supply of backspillovet®O to the catalyst surface
(Figs. 3,7,and B

4. Lattice backspillover oxygen (stagg and for the nano-

The main findings of the present work can be summarized

as follows:

1. Electrochemical promotiowith Pt/YSZ catalyst films

dispersed catalyst also staf) is also catalytically
active (ciep,) and for high temperatures-disg, >
rcisplsp) becomes the main reactant leading to an ap-
parent Mars—Van Krevelen-type mechanism.

5. Observations (3) and (4) confirm the sacrificial promoter

can also be induced under high vacuum conditions. The

model of electrochemical promotion and metal-support
interactions with 8—-conducting supports. More quan-
titatively the model is confirmed by comparirfgg. 10
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Fig. 13. (a) Sacrificial promotion mechanism foettase of CO oxidation on the electropromoted Rt:fiTPR spectrum (bottom), oxygen thermal desorpt
spectra (middle), and energy level and population diagram oBthg,, and 83 oxygen adsorption states (Pt surface) and of the O(YSZ) state (YSZ bulk)
(top) during CO oxidation by gaseoti80,. Oxygen from the YSZ lattice occupies via backspillover the sacrificial promoter g4&{B ~ 520°C) which
reacts with adsorbed CO at a rafig(//2F) and at the same time promotes the rate of CO oxidatioﬁgb‘yoccupying thes, and o states. (b) Sacrificial
promotion mechanism for the case of CO oxidation on the nanodispersea@lpstét% Pt/YSZ): TPR spectrum (bottom), oxygen thermal desorptiorirapec
(middle), and energy level and population diagram ofghes», and 83 oxygen adsorption states (Pt surface) and of the O(YSZ) state (YSZ bulk) (top) during
CO oxidation by gaseou$0,. Oxygen from the YSZ lattice occupies via backspillover the sacrificial promoter gatessd 83 which react with adsorbed
CO at arateSp(I/2F) and the same time promotes the rate of CO oxidatioﬁgm/occupying thes, state.

the experimentalA (= Ar/(1/2F)) values with the

1+ Arcispisp/ Arcisp, ratio. This comparison shows
clearly the validity of the acrificial promoter model

for the electrochemical pmotion of Pt/YSZ films and

nanodispersed Pt/YSZ catalysts.
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