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Abstract

The adsorption ot80, on porous electropromoted Pt films deposited o®¥-stabilized ZrQ (YSZ) and on nanodispersed Pt catalysts
deposited on YSZ powder was investigated via TPD. The TPD spectra are very similar for both system%?@ékmtsorption takes place
above 200C, two O adsorption stategf and B3 states) form, which desorb at 425 and 3@) respectively. The latter is always occupied
by lattice oxygen. Fot80O, adsorption temperatures below 1D a weakly bonded stat@{ state) forms in addition to the, and 3 states.

It desorbs at 100-16TC and is occupied exclusively bVO. Both the Pt film and the nanodispersed Pt catalyst act as oxygen portholes
and mediate, via O spillover and backspillover, respectively, the incorporation of ga&umto the YSZ lattice during adsorption as

well as the desorption of latticEO during TPD. The excess oxygen stored in YSZ plays a key role in interpreting the TPD spectra. The
observed very strong similarity between thg TPD spectra of electrochemically promoted Pt/YSZ films and nanodispersed Pt/YSZ powder
catalysts corroborates the mechanistic equivalence of electrochemical promotion and metal-support interactions (MStositd@ting
supports.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction It has been recently shown via several techniques [15,
26-29] including STM [27] that the two phenomena are

Electrochemical promotion of catalysis [1~15] and metal— closely related and mechanistically equivalent as they both

support interactions with ionically conducting {&s-stabi- stem- from the migration (reverse spillover) (_)f anionitO
lized ZrO», YSZ) or mixed ionic—electronic conductors species from the support to the metal—gas interface. These

(ZrO,, CeQ, TiOp, WEt-doped TiQ) [15-25] are phe- backspillover @~ species together with their image charge
nomena which both affect the chemisorptive and catalytic in the meta}I create an overall neutral double.layer.at the
properties of metal catalysts in a very profound manner. metal—gas interface and thus affect both chemisorption and
In the case of electrochemical promotion (EPOC or catalysis at this interface in a pronounced manner. At high
NEMCA effect) the metal catalyst is usually in the form of oxygen coverages the backspilloverGspecies are distinct
a porous and electronically conducting film deposited on the from, and more strongly adsorbed than, oxygen adsorbe'd
solid electrolyte (e.g., & or mixed G~ -electronic conduc- from the gas phase. They are also less reactive for catalytic
tor) while in the case of metal-supportinteractions (MSI) the oxidations than gas-supplied oxygen and thus act as sacrifi-

metal is in the form of nanoparticles deposited on the porous cial promoters [14,15]. The chksplllovgr IS thermal in the
02~ or mixed & -electronic conducting support. case of MSI and electrochemically assisted in the case of

NEMCA [14,15,26,30], as shown in the latter case by nu-
merous surface spectroscopic (XPS, UPS, TPD, STM) and
* Corresponding author. electrochemical (AC impedance, cyclic voltammetry) tech-
E-mail addresscat@chemeng.upatras.gr (C.G. Vayenas). niques [15,26-30].
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The purpose of the present work is to use isotopic oxy- study the dynamics of oxygen exchange between pure ZrO
gen,180,, chemisorption in conjunction with temperature- and PdO. The use 8fO, adsorption allows for direct differ-
programmed desorption (TPD) in order to test the above entiation among lattice oxygeffO, and gaseous supplied
mechanistic equivalence for Pt films deposited on YSZ disks oxygen'O.
and for nanodispersed Pt deposited on YSZ powder cata-
lysts.

The chemisorption of @on Pt single crystal surfaces 2. Experimental
[31-43] and polycrystalline samples [44—-47] is one of the
most thoroughly studied problems in surface science. It is 2.1. Preparation and characterization of model
well established via TPD that molecular Gtates, termed  electrochemically promoted catalysts (Pt film deposited
a-states, desorb below70°C while atomically adsorbed O on YSZ)

(B states) desorb at temperatures of 420 to€x0Subsur-

face “oxide” oxygen desorbs above 10@Q In addition to The gold reference and counterelectrodes (Fig. 1) were
the above well-known states, very recently Huang et al. [48] deposited on one side of the YSZ disk (Dynamic—Ceramic;
have shown the creation of a weakly bonded atomic O statediameter 19 mm; thickness 2 mm) by application of a thin
on Pt(110) during N@decomposition which desorbs at tem-  coating of Engelhard A-1118 Au paste and calcining in air
peratures below 40TC. at 400°C for 2 h and then at 850C for 30 min. The catalyst

There have been numerous TPD investigation of sup- (working electrode) consisted of a thin Pt film (Fig. 1) de-
ported Pt catalysts (e.g., Pths, PY/ZrQ, P/CeQ, Pt posited on the other side of the YSZ disk using a thin coating
TiO-) but most of them address the chemisorption of other of Engelhard A-1121 paste and calcining in air at 46dor
gases, such as CO, NOo®, NHs, and H and relatively 2 h and then at 700C for 30 min. The mass of the porous Pt
few of them address the chemisorption of: ®iwang and film was 3.15 mg, its superficial surface area was £,and
Yen [49] present @ TPD spectra from 5% Pi+Al 03 af- its thickness approximately 1.1 pm. Its true surface aves,
ter O exposure at 25, 300, and 500 and obtain a peak expressed in moles O, was measured via isothermal surface
desorbing near 60TC. These spectra, however, do not in- titration of GH4 with Oz at 370°C [13,14] and via measure-
clude the region below 30@. Similar is the case of the:O ment of the relaxation time constamt,during galvanostatic
TPD spectra of Putna et al. obtained withaP&1,03 [50]. electrochemical promotion experiments ofHG oxidation
Uner et al. [51] studied @adsorption on Pt/Ti@at room
temperature and found a pronounced decrease in the heat of
adsorption (from 300 to 0 Kdnol) upon increasing the sur-
face /Pt ratio from zero to 0.8. Primet and co-workers [52]
have found evidence for a low-temperature desorbing oxy-
gen state at 82C in addition to the two maig peaks at 450
and 550°C with Pt/Al,O3 and Pt/Ba—AJO;3 catalysts. Knlet [}

Mitterdorfer and Gauckler [53] have investigated in detail Yilee
the mechanism of ©reduction to G~ on Pt/YSZ electrodes
and found strong evidence for the existence of two oxygen
species on the Pt electrode surface and for the formation of
an effective double layer at the electrode/gas interface due
to the backspillover of &, in agreement with the electro-
chemical promotion literature [15,26—30].

There is a rich literature on the oxygen-storage capacity
of CeG and CeQ-ZrO, supports [54-57] as well as for
isotopic oxygen exchange on YSZ surfaces [58—60]. These
studies are quite relevant to the present work as shown be-
low.

Oxygen TPD has been used to investigate the mechanism
of electrochemical promotion on Pt/YSZ films using &d-
sorption temperatures above 2@D[45-47]. In addition to
the 8 state desorbing at 420 to 450 (labeled in the present
work B2 state), a secong state (labeled in the present work
B3 state) desorbing at 500 to 520 was found to form upon
electrochemical & supply to the Pt film.

To the best of our knowledge there have been no previouseig. 1. schematic of the UHV chamber and heating system used for TPD
180, TPD studies of Pt/YSZ films and supported Pt/YSZ (top) and of the Pt film/YSZ disk sample with Au counter and reference
powder catalysts. Au-Yeung et al. [61] have usé@, to electrodes (bottom).
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at 370°C using [13,14] 2.3. TPD under UHV conditions
Q) The experiments were carried out in an ultrahigh vac-
uum chamber (Fig. 1) (base pressure 10Torr after bak-
Both techniques gav&/c values of 27 x 1078 mol O ing) equipped with a quadrupole mass spectrometer (Balzers
(+30%). We have also used AC impedance spectroscopy toQMG 420) and a leak valve gas inlet system. The signal
measure the Capacitance of the metal-solid eIeCtronte in-of the spectrometer was calibrated, using the Pt/YSZ/Au
terface,Cq,1, and of the metal-gas three-phase-boundaries, electrochemical cell, as described in Section 3, to give the
Cd,2, at 350°C [14]. The measured values were9 2 desorption ratef N /dt, in mol O/s. The sample was heated
10" and 16 x 10~ F, respectively. From these measure- radiatively using an Osram xenon lamp located above the

Neg=1I/2F.

ments one can estimate the reactive oxygen uptsiks, at

catalyst film. A type K thermocouple attached on the Pt sur-

the three-phase boundaries (tpb) using the following equa-face (film of Pt/YSZ) or immersed in the powder catalyst

tion [14]:
Nb_ Cad @
N Cdq2

Thus from the measure@y values, the above ratio is
1.8 x 102 and one obtains the valiép, = 4.9 x 10~ mol
O for the reactive oxygen uptake at the three-phase bound
aries metal-YSZ-gas.

The final calcination temperature (790 here vs 800—
850°C in most previous electrochemical promotion studies,
including the earlier TPD study [46]) is known to affect via

sintering the porous Pt film surface area and tpb length, but
not the surface cleanliness, since combustion of the organic

precursor is completed after 2 h at 48D[13,14]. It is worth

noting that, despite the lower present calcination temperature

(700°C vs 83(°C in [46]) the N value in the present work
(2.7 x 10~ mol 0O) is lower than that in Ref. [46] (@ x
10~7 mol O) due to the significantly lower total mass of the
Pt film in the present study.

2.2. Preparation and characterization of supported
nanodispersed Pt/YSZ catalyst (1% Pt/YSZ)

The dispersed Pt catalyst was prepared by the method of

incipient wetness impregnation of Zs@8% Y»03) powder
(TOSOH-ZIRCONIA TZ-8Y) with an aqueous solution of
(NH3)2Pt(NO)2 (Alfa). Weighted amounts of the support
material and the appropriate solution volume of the metal
precursor, corresponding to 1 wt% Pt loading, were mixed
under continuous stirring. The temperature was then slowly
raised to 70-80C in order to evaporate the water and the
residual slurry was dried at 12C for 24 h. The dried ma-
terial was ground, sieved, heated in for 2 h at 300°C
to decompose the (N&bPt(NOy)2 precursor [62] which is
known to decompose quantitatively at 24Din N [63], and
finally reduced under flowing hydrogen at 3UDfor 2 h.

The Pt surface area was measured viacHemisorption
to be 18 x 10~° mol Pt/g catalyst. This gives a Pt disper-
sion value of 0.35£20%). More details of the technique are

sample (supported catalyst) was used to measure the temper-
ature. The temperature could be varied linearly at a heating
rate as high as 2 & using a Eurotherm programmable tem-
perature controller. In the case of the model catalyst of Pt

film deposited on YSZ, constant currents between the Pt
film and the Au counterelectrode (galvanostatic operation)

or constant potentials between the Pt film and the Au refer-

ence electrode (potentiostatic operation) were applied by an

AMEL 553 galvanostat—potentiostat.

The oxygen adsorption for the case of supported cata-
lystwas carried out by exposure fsg, = 10~ mbar for

various exposure timesigg, . The'80, gas was introduced

to the vacuum chamber through a leak valve. Three modes
of oxygen adsorption were used in the case of the Pt/YSZ
film at various adsorption temperatur@sg;

(1) Gaseous oxygen adsorption by exposuréitg, of the
order of 10°" mbar for various exposure timessg,,

corresponding to several Langmuirs (11078 Torrs,
1 Torr=1.33 mbar).

(2) Electrochemical oxygen supply?0?™) at a ratel /2F
for various timesy, of positive current/ application
between the Pt film and the Au counterelectrode.

(3) Mixed gas and electrochemical adsorption. In this mode
the film was first exposed t@sq, for time fisg,, fol-
lowed by an electrochemical supply of lattice oxygen
(1602-) through the solid electrolyte for a time In one
set of experiments the inverse procedure was followed,
i.e., electrochemical adsorption preceded gaseous ad-
sorption as discussed in Section 3.

In both cases (Pt/YSZ film or supported catalyst 1%
Pt/YSZ) after oxygen adsorption, the sample was cooled
rapidly (1 min) under open circuit (to 5€ for low-7 ad-
sorption and to 120C for high-T' adsorption), followed by
a linear increase in temperature at a heating fag/s)
again under open circuin order to obtain the TPD spectra.
The cooling time (1 min) was dictated by the time necessary
for the sample to reach the desired initial temperature of the
TPD run and not by the pumping time of the vacuum system

given elsewhere [64]. The Pt dispersion was also measuredwvhich was much shorter. For the case of platinum film on
after the He and Bthermal treatment preceding each TPD YSZ a series of blank TPD experiments showed that the YSZ
run described in the next section. The dispersion was founddisk and the Au electrodes did not desorb any measurable
to remain practically constant. amount of oxygen. Gold interfaced with YSZ has been found
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to adsorb oxygen only upon anodic polarization as a working maximum temperature of the treatment (68) was chosen
electrode [65], which corresponds to a cathodic cell opera- in order to avoid any loss of dispersion due to sintering in
tion in the present case (Au is the counterelectrode). Thusthe reducing environment. As already noted, this treatment
all the TPD spectra reported here can safely be attributeddid not cause any measurable decrease in metal dispersion.
to oxygen desorption from the Pt film only. Both types of After purging for 5 min with He, the feed was switched to
catalysts (Pt/YSZ film and supported Pt/YSZ powder) were a static gas atmosphere (200 kPa absolute pressure) contain-
cleaned in the vacuum system. The “cleanup” procedure in-ing a mixture of 19680, in He mixture for 1 h. Finally, the
cludes the treatment of the surface with oxygen from the catalyst was purged with flowing He for 2 min (He flow rate
gas phase followed by temperature-programmed desorption40 cn? STP/min, free reactor volume- 1.6 cn?) and the

This resulted in a gradual increase of the amount of oxy- temperature was raised linearl§ € 1.5 K/s) in a He flow

gen desorbing after a fixed oxygen dose. At the end of the of 40 cg/min STP in order to obtain the TPD curves'80,,
cleanup treatment a reproducible oxygen desorption spec-16080, and'0s,.

trum was achieved. Furthermore, no CO signal was detected

during TPD, which is a good indication for the absence of

carbon on the surface. 3. Resultsand discussion
2.4. TPD under atmospheric pressure conditions 3.1. 180, adsorption on Pt/YSZ film
The reactor used for atmospheric pressugeT®D con- Fig. 2a shows @TPD spectra from the P/YSZ film first

sists of two 4.0 mm i.d. sections of quartz tubes which serve withoutany gaseout’O, adsorption (broken lines) and sec-
as inlet and outlet to and from a quartz cell of 7.0 mm i.d. ond (solid curves) after gaseotfO, adsorption at 275C
(nominal volume 2 crﬂ. The entrance to the reactor cell (202 exposure2kL, i.e., exposure j@sg, = 10-% mbar for
was machined in such a way as to create local gas mixing.45 min). In the latter case, Fig. 2a also shows the correspond-
Heating was provided by a small furnace controlled by a Eu- ing variation of the Pt film potential/wgr, with respect to
rotherm programmable temperature controller. The temper-the reference electrode. Over wide temperature ranges the
ature of the catalyst sample was measured by a K-type ther-film potential is related to the work functiod, of the gas-
mocouple placed within a quartz capillary well in the middle exposed film surface via [1,13,14]
of the catalyst bed. An appropriate flow system that allows
for the application of transient methods (abrupt switches in
the feed gas composition) was employed in the present in-so that thel/ wg transient reflects the transie@t behavior
vestigation. The main design features of this system haveduring the TPD run. In general, each, @esorption peak
been described in detail elsewhere [66]. ThealHd He gases  causes a significant decreaseligjr and® as also shown
used were of ultrahigh purity (99.999%). Further purifica- in Fig. 2a.
tion of these gases was performed by using molecular sieve In agreement with previous work [46], the first spectrum
(13X) and MnQ traps for removing traces of water and oxy- (broken lines) in Fig. 2a shows that, without any previous
gen, respectively. gaseous adsorption, neQ.e.,*®0,) desorption takes place
Analysis of the gases during transient experiments was from the Pt/YSZ film at temperatures below 53D,
done by on-line mass spectrometer (Fisons, SXP Elite 300H) The second set of TPD spectra (solid lines) shows, sur-
equipped with a fast response inlet capillary/leak diaphragm prisingly, that the @ TPD broad peak at- 520°C, also
system. Calibration of the mass spectrometer was performedreported in our previous work [46], consists primarily from
based on prepared gas mixtures of known composition. Thel®0,, i.e., originates frontattice oxygenActually, as shown
output signal from the mass spectrometer was then convertedn Fig. 2a, one reason that this peak is so broad, is that it
to ppm values. The integrity of the transient results, free of consists of three peaks, i.880; at 7j, = 425°C, 180160 at
any flow disturbances caused by switching the chromato-450°C, and®0, at 520°C.
graphic valves (use of electric actuators), was maintained It is worth noting that there is significant isotopic oxygen

eAUWR = AP (3)

as described elsewhere [66f0,, 16080, 160,, and N scrambling, i.e., thelPO'80]2/[160,][ 180,] ratio increases
transients were recorded at/z = 36, 34, 32, and 28, re-  with temperature during the TPD peak and approaches the
spectively. value of four (complete scrambling) after tifig peak max-

The procedure of80, TPD on Pt-supported catalysts imum. Despite the isotope scrambling, it is clear that the
(1% Pt/YSZ) experiments was the following: The catalyst lower desorption temperature peak (labeled hereafter state
was first heated up to 65C under He flow. At this temper- 8, for reasons explained below) is heavily populated®
ature the feed was switched to flowing ldnd the sample  while the higher desorption peak (labeled hereafigris
was rapidly cooled to the desired temperature for adsorp- populated predominantly by lattice oxygHiO.
tion. This thermal treatment was used to simulate the cor-  This observation is not too surprising in view of previ-
responding thermal treatment in vacuum of the Pt/YSZ film ous @ TPD work of Pt/YSZ films under electrochemical
and powder samples during each TPD high-vacuum run. Thepromotion conditions [45-47], which has shown clearly that



196 A. Katsaounis et al. / Journal of Catalysis 222 (2004) 192—-206

temperature / °C

w0 20 30 40 S0 6o 00 00 300°C as well documented in the literature on the basis of
0.8 - - - - - - - WF measurements [1] and several electrochemical and sur-
1500 face spectroscopic techniques [13,14]. This reverse spillover
(also termed backspillover) of© from the support to the
- 450 metal/gas interface has been shown recently to be the origin
of metal-support interactions for supports with finité O
740 mobility [14,26].

The most interesting, and at first not obvious, feature of
Fig. 2a is that lattice oxygeA§0,) desorbs from the Pt/YSZ
1300 film only after the sample has been exposetf@,. In fact,
in order to caus&%0, desorption, this exposure 10, must
4 250 take place at elevated oxygen adsorption temperature (e.g.,
Tags= 275°C as in Fig. 2a). When the exposure D,
takes place at lower temperatures (eIggs= 70°C) the be-
e i~ havior is “normal”; i.e., only*®0, and no lattice @ (*°0,)

300 400 500 600 700 800 900 1000 1100 desorbs during the TPD run at temperatures below*&40
temperature / K . . .
@ as shown in Fig. 2b. The onset o_f high-temperature de_sorp-
tion (T > 540°C) is the same as in the case of no previous

temperature / °C 180, adsorption (Fig. 2a, dashed lines) as also shown by the
100 200 300 400 500 600 700 800

Pt film/YSZ
High T adsorption
06 |

0.5

0.4 -

1

)

&

=
Uy / mV

03

desorption rate / (10”2 mol O/s)

02 F

0.1 |

02— dashed lines in Fig. 2b. The presence of sdf@ in the
Pt film/YSZ high-temperature desorption aréa £ 540°C), even with-
Low T adsorption out immediate previous exposurelD,, is due to repeated
ots b 180, exposure in previous TPD runs.

The striking feature of Fig. 2b is, however, the appearance
of a low-temperaturd®0, desorption peakT{, ~ 157°C)
in conjunction with the disappearance of tjge and 3
peaks. The area of this low temperatdf®, desorption
peak (17 x 107! mol 0), labeled hereafteg; state, is
roughly 3% of the @ desorbing as80,, 180160, or 160,
from states8, ands in Fig. 2a (456 x 10~19 mol O).

As shown below, stat@, appears also in the supported
Pt/YSZ catalysts both in vacuum and in atmospheric pres-
sure TPD carried out in a totally different apparatus, so it

300 400 500 600 700 800 900 1000 1100 is certainly not due to any experimental artifact. Our TPR
temperature / K work utilizing 180, for CO oxidation has shown that state

(b) B1 is entirely responsible for the low-temperature oxidation
Fig. 2. (a) PY/YSZ film, highF adsorption: thermal desorption spectra of ~activity of Pt/YSZ catalysts [67]. Yet, to the best of our
180,, 10180, and'®0, and corresponding catalyst potentilyr, vari- knowledge, statgg; has not been previously reported. It is

ation after gaseou$?0; dosing of 2 kL (P1a, = 10~° mbar for 45 min) reminiscent of the low-temperature state found by Primet

at 275°C. Dashed lines are spectra taken without any gaseous adsorp- R .
tion. Desorption was performed with a linear heating rges 0.5°C/s. and co-workers on PYAD; catalysts [52], although in that

(b) Pt/YSZ film, low-T" adsorption: thermal desorption spectra after gaseous StUdyv where @ adsorptlon was performed at 500, the

0.1 -

B, (T,=157°C)

desorption rate / (10" mol O/s)

0.05 |-

isotope oxygen dosing of 135 IP(s,, = 10~7 mbar for 30 min) at 76C. peak was not isolated as is the case here. The peak observed
Dashed lines are spectra taken without any gaseous adsorption. Desorptioby Huang et al. [48] on unsupported Pt, i.e., Pt(111), dur-
was performed with a linear heating rage=0.5°C/s. ing NO, decomposition desorbs at 223 and is thus very

probably not related to stafgy. We have found similag;

(as also discussed here in Section 4) under EPOC conditionsstates for Pt/Ceg) Pt/y-Al,03, Pt/TiO,, and Pt/W-doped
(anodic polarization) two distinct £2desorption peaks ap-  TiO» catalysts [67]. As shown below, this state very proba-
pear, one al ~ 425°C corresponding primarily to gaseous  bly corresponds to O adsorbed at the three-phase boundaries
supplied oxygen, the other & ~ 500°C correspondingto  Pt-YSZ-gas.
strongly bonded anionic oxygen electromigrating under an-  As already noted, the first important feature of Fig. 2b is
odic polarization from the YSZ solid electrolyte. the disappearance of thf> and B3 states and the onset of

The spectra of Fig. 2a show that these two peaks (states'®0, and somé280, and'®0'®0 desorption at temperatures
B2 and B3) also exist under open-circuit conditions. This above 540C, similar to the case of no previous gaseous
again is quite logical due to the thermal migration of O adsorption. It should be remembered that in Fig. 2b be-
from the YSZ lattice to the Pt surface and the establish- fore gaseous @adsorption at 70C the sample has been,
ment there of an effective double layer at temperatures aboveas always, previously exposed o= 700°C in vacuum
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during the preceding TPD run, and thus YSZ is partially oxy-
gen deficient, i.e., has been depleted from nonstoichiometric
oxygen, O(YSZ), as discussed below. Consequently the dis-
appearance of thg, and 83 peaks can be attributed 160
and*®0 spillover into the bulk of the oxygen-deficient YSZ
during the TPD run, as also discussed below. Since the equi-
librium concentration of O(YSZ) is a decreasing function of
temperature for any fixego, value [68,69], including the
vacuum systenpg, value during the TPD run, it follows
that the thermodynamic driving force for O spillover (into
the bulk of the previously thermally equilibrated in vacuum % \
at 700°C oxygen-deficient YSZ) is larger than the driving o 2 0 4 0 & 1 s % 100
force for O desorption. Equivalently, the chemical potential “mcé:)i"

of oxygen in the oxygen-deficient YSZ is lower than in the

gas phase of the vacuum system for dhless than 700C.
This can explain from a thermodynamic viewpoint the dis- =200A
appearance of stat@s andgs during the TPD run. I

Uy / mV

L
=+20uA

desorption rate / (10°'° mol O/s)
AMS 32)/ a.u.

3.2. Oxygen nonstoichiometry and storage capacity of YSZ 3ir =154
As already noted, the key for rationalizing Figs. 2a
and 2b, which, as shown in the present work, are character-

istic of the interaction of gaseous@ith Pt/YSZ systems
(both films and nanodispersed catalysts) is to remember that
YSZ is a nonstoichiometric compound [14,68,69].

The O nonstoichiometryioysz), is small, i.e., on the
order of 10°° and temperature dependent [68,69], but never- L I=4.5uA
theless sufficiently large to provide enough oxygen to form
effective double layers on porous metal films deposited on
Y SZ without any significant change in the YSZ stoichiome- I=1uA
try [14,68,69]. Thus, for the YSZ sample used in the present o ' : ' ' L
investigation {2 = 3.125 g andmpy = 3.15 mg) and taking 0 : [‘/‘ZF / (10-I?mol 0/5)8 10 12
So(ysz) = 1073, the excess O in the sample, hereafter de- (b)
noted O(YSZ), is 85 x 10~" mol O, i.e., sufficient to form,
via O backspillover, 18 monolayers of O on the Pt surface, Fig. 3. (a) Variation of the MS 32 signal and concomitant @sorption
which has a reactive oxygen uptakég, of 2.7 x 10~ mol. rate in the vacuum system upon application of constant currértsl( to
When YSZ is depleted from excess nonstoichiometric O, 20 pA) to the Pt/YSZ/Au sample at 37E. (b) Effect of applied current,,

then YSZ can also easily absorb oxygen adsorbed on the P£"d concomitant rate of°02” supply to the Pt catalysti{2F) on the
increase of thé602 signal in the vacuum system. This diagram was used

surfa(.:e.wa oxygen Spl||O.V€r.' . L to express all @ desorption rates in moles/S.
This is demonstrated in Fig. 3a which shows the variation

in the MS S|gnal_of_Q a}t mass 32 in the vacuum syst.em.and O(YSZ)+ 20~ — 0% (cathode. (5)
concomitant variation in @desorption rate upon application

of constant anodic currents &£ 1 to 20 pA) to a Pt/YSZ/Au Consequently the £Jg) evolution taking place by reac-
cell at 375°C. The MS 32 signal and thus the @ressurein - tion (4) is responsible for the observed reversiplg, in-

the system increases significantly and reversibly and the sig-crease (Fig. 3a). Thiapo, signal which depends only on
nal increase is proportional to the currdntFig. 3b). Thus, the applied current], thus rate] /2F, of O, evolution and
under these conditions, the YSZ sample is losing nonstoi- on the pumping speed of the vacuum system can be used
chiometric oxygen, O(YSZ) at a rate2F, wherel is the to calibrate all kinetic processes taking place in the vacuum
current generated by the applied potential &hd Faraday's  system, (e.g., @evolution), by comparing their MS signal

I=10pA

A(MS 32)/ a.u.

constant. In view of the fact that YSZ is a puré Cconduc- with that corresponding to the measurable quaniitg2F

tor at temperatures below 1000 and Q pressures above  (mol O/s) (Fig. 3b).

1022 atm [70], it follows that the following reactions are When the applied current is maintained for long periods
taking place at the Pt (anode) and Au (cathode) electrodesof time, then the nonstoichiometric oxygen-storage reser-
during the experiments of Fig. 3: voir of YSZ is depleted (reaction (5)) and thus reaction (4)

1 also stops. This is shown in Fig. 4 where the polarity of
0 — 502(9) +2¢~  (anode, (4) the applied potential between the Pt and Au (0.8 V) elec-
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Fig. 4. Electrochemical removal of excess nonstoichiometric oxygen,
0O(YSZ), from the YSZ sample via successive application of positive and
negative potentials#0.8 V) between the Pt catalyst and the Au coun-
terelectrode at 375C. (a) YSZ sample 1, YSZ mass 4.361 g, (b) YSZ
sample 2, YSZ mass 2.125 g.

trodes has been reversed several times in order to speed up
the electrochemical removal of O(YSZ) via reactions (4)
and (5). By integrating the total ared, AN o(ysz), under

the desorption rate vscurves (Fig. 4) and dividing by the
total mol of O, N?, in the YSZ sample one can thus calcu-
late the initial oxygen nonstoichiometdpysz). The mea-
sured value oBoysz) = 1078 is in qualitative agreement
with literature [68,69]. In generalo(ysz) = do(ysz)(ao,.

T), whereao, is the activity of oxygen in the solid. The
measuredio(ysz) value can also be expressed in terms of
oxygen-storage capacity (OSC) [54-57] and the correspond-
ing value is 15 x 10~2 pmol O/g YSZ. Due to the fixed
oxidation state of both Zr and Y in YSZ this value is four
orders of magnitude smaller than the OSC of gefdd
Ce,Zr1-,)O2 materials [54-57] where the large OSC is due
to the Cé+/Ce*t oxidation/reduction process [54-57].

At the final state of Fig. 4, the YSZ sample is at prac-
tically zero nonstoichiometric oxygen. If a fixed current is
further applied, then the cell voltage exceeds the thermody-
namic value of~ 2.3 V and reduction of YSZ (blackening)
starts taking place at the Au cathode [14]. Consequently, the
procedure shown in Figs. 3 and 4 can be used not only to
calibrate the rate of kinetic processes in UHV systems, as de-
scribed above (Fig. 3), but also to measbisgysz) (Fig. 4).

In these experiments care must be exercised so that the ap-
plied voltage, Uwc, between the working and the counter-
electrodes does not exceed the YSZ electrolysis voltage of
~ 2.3V [14].

3.3. Interpretation of the @ TPD spectra of the Pt/YSZ
system

The interpretation of the ©TPD spectra (Fig. 2) is
strongly assisted by the observations discussed in the previ-
ous section. We present the interpretation of the TPD spec-
tra of Fig. 2 here {0, adsorption on Pt/YSZ filnwith-
out any previous current or potential application) in order
to facilitate the understanding of the subsequent TPD re-
sults referring td®0, TPD from the same electrochemically
promoted Pt/YSZ film (Section 3.4) and from the nanodis-
persed Pt/YSZ powders (Section 3.5). The interpretation
presented here applies equally well to these results (Sec-
tions 3.4 and 3.5) which can then be followed and under-
stood thoroughly much easier.

We start by noting that®0O, desorption from the solid
electrolyte can take place only when the oxygen excess,
So(vsz) is larger than theSorysz) value, denoted by
So(vsz)edao,, T) which corresponds to the equilibrium

0O2(g) = 20(YS2), (6)
ie.,
So(Ysz) > dorvszeqao,, T). (7)

Thus, without any gaseous;@dsorptionjoysz) is at
the value corresponding to the), (or Po,) value of the vac-
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Fig. 5. (a) Top: Oxygen adsorption, spillover, bulk equilibration, backspillover, and desorption pathways of the Pt/YSZ system leading taéineeappea
the 81, B2, and B3 oxygen states. Pathways shown by solids arrows are active dusirrgi€drption; pathways shown by broken arrows are activated during
desorption (TPD run). Bottom: Schematic of the location of ghe o, B3, and O(YSZ) states. (b) Rationalization of the TPD spectra of Fig. 2a (top) and
Fig. 2b (bottom) in terms of the approximate energy level and population diagram 61 tise, B3 states (Pt surface) and of the O(YSZ) state (YSZ bulk).

180(YSZ) 1802—

uum system € 10713 mbar); i.e.,8o(vsz) is very low and _ ~
1802 1 1602-

its desorption becomes thermodynamically possible only at 180(YSZ) + 160(YSZ)
very high temperatures>(540°C) as experimentally ob-
served (Fig. 2). For the experiment of Fig. 2a (high-temperattfi@, ad-
When, however, gaseot®0, adsorption takes place be- ~sorption), the increase inis of the order of 107, as can be
fore the TPD run (e.g., abo, = 10~ mbar, Fig. 2a), then computed from the totdfO, uptake divided by the amount
during the adsorption period®0, adsorbs as atomic oxy- of 10, in the YSZ lattice. Consequently, the enrichment
gen not only at the Pt/gas interface but also, via Pt-mediatedwith 180 of the YSZ sample during®0, adsorption pre-
spillover, forms additional excess nonstoichiometric oxygen, ceding the TPD run is quite small for each TPD run and thus

€. (8)

0O(YSZz), according to reaction (6). even after a few hundreds of TPD runs carried out in the
This excess oxygelO(YSZ) can rapidly exchange with  present work, most of the desorbing lattice oxyget?@,.
1602~ in the YSZ lattice, so that the following equation Fig. 5a shows schematically the @dsorption, spillover,

holds: backspillover, and desorption pathways. Pathways shown by
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temperature / °C

solid arrows are active during adsorption; pathways shown
by broken arrows are activated during desorption. Conse-
quently, the dashed arrow pathways in Fig. 5a are activated
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0.8 T T T T T T T T

Bs
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1200
0.7

only during the TPD run, i.e., upon heating the Pt/YSZ sam- _ 150, - 1000
ple at elevated temperatures. S sho oe e i
As already noted and as further discussed in Section 4, 2 High T adsorption, 2kL
25 F 0.5 2FN,/I=350s

the low-temperature statg, can be assigned to O atoms 600

adsorbed at the three-phase boundaries Pt-YSZ-gas. |
agreement with the electrochemical promotion literature
[14,46,47] and in full agreement with Fig. 2a, st#ig is
assigned to atomic O, originating from the gas phase and
chemisorbed at the Pt/gas interface while sgatis assigned

to backspillover anionic oxygen,’O [14,46,47], migrating
from the solid electrolyte to the Pt/gas interface.

As shown schematically in Fig. 5b the oxygen spillover
step (II) of Fig. 5a requires temperatures of 200 or
higher to be activated. At lower adsorption temperatures Fig. 6. Electrochemically promoted Pt/YSZ film, high-temperature adsorp-
only step (I) takes place during the adsorption process, SOtion: thermal desorption spectra after gasebi@, adsorption at 275C at
that only180, (stateg;) desorbs in the TPD run (Fig. 5b). Pigo, = 10-6 mbar for 45 min (exposure 2 kL) followed by electrochemi-

Fig. 5b shows schematically the population of stgigs cal1602— supply for 210 s with a constant current-p5 pA. Also shown
B2, and B3, as well as of YSZ nonstoichiometric oxygen, is the catalyst potential/wg, variation during the TPD run. Desorption
O(YSZ), at the beginning of the TPD run, for the two cases Was performed with linear heafing rafe=0.5°C/s.
of (top) highT adsorption (activated spillover and thus equi-
libration of O adsorbed in state%, B3 and in O(YSZ))
and (bottom) low? adsorption (no spillover, thus occupancy
only of stateg81 and ).

As shown in the middle and right section of Fig. 5b, in the
former case (top, highi- adsorption) the oxygen adsorption

states remain equilibrated during the TPD run and thus state - ) ]
B, and s appear in the TPD spectrum. statefs gets populated only when state is occupied. This

In the latter case, however (bottom, Idvadsorption), ~ ©XPlains why electrochemical promotion vi& Osupply is
state 1 desorbs at low temperatures and during the TPD ob.talned only underQX|d|2|ng gas-phase compositions when
run the oxygen spillover process gets activated with a conse-Using YSZ as the solid electrolyte [13,14]. Thus Wﬁé@Z
quent migration of the oxygen initially populating tfigand desorbs from statg, during a TPD run, the resulting va-
ps states into the YSZ bulk and consequent disappearances@nt surface sites can get rapidly populated again by lattice
of the B> and B3 states from the TPD spectrum as experi- OXYgen during the TPD transient, resulting in a significant
mentally observed (Fig. 2b). In general, all observations of Presence ot®0 in the TPD spectrum of thg, state.

Fig. 2 (and subsequent TPD figures) can be rationalized by ~However, despite some isotopic scrambling and despite

8, /(10

0.4 400

Uy, /mV

03 200

02

desorption rate of '

0.5
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run, but this exchange is not rapid enough to obscure the
origin of the two states. The significant presencéfd, in
particular, in thes, state is well expected during a TPD run,
since it is known from the electrochemical promotion liter-
Qture [13,14], including recent STM observations [27], that

the scheme of Fig. 5a in conjunction with Fig. 5b.

3.4. 180, adsorption on the electrochemically promoted
Pt/YSZ film

Fig. 6 shows Q TPD spectra of the Pt/YSZ film follow-
ing high-temperature (27%2) mixed gaseous—electroche-
mical O, adsorption, i.e., simulating conditions of electro-
chemical promotion. The Pt/YSZ film is first exposed to 2 kL
of 180, at Taq = 275°C for 45 min, followed by electro-
chemical supply of®0?~ at a ratel /2F (I = 15 pA) for
210 s (total electrochemical supply 068 x 10~ mol O).

As expected, this electrochemid&D?~ supply accelerates
and fixes the rate of the backspillover step (lll) (Fig. 5a) to
the value off /2F and thus the anionit?0’~ backspillover
peak in the TPD spectrum (state) is enhanced (Fig. 6).

Fig. 6 also shows that some exchangé®® and®0 is
taking place between th& and theBs state during the TPD

the above transient phenomenon, it is interesting to note
the distinguishability of electrochemically supplied oxygen
(160) and gas-phase-supplied oxygéfQ) in Fig. 6. Pre-
vious 10, TPD studies [45-47] have identified clearly the
existence of two distinct @desorption peaks on Pt/YSZ
films subject to anodic polarization (electrochemical promo-
tion) conditions (Fig. 7, which comes from Ref. [46]). In
fact, Fig. 7 has served for several years as one of the ba-
sic observations for interpreting the molecular mechanism
of electrochemical promotion [14].

Electrochemically supplied © forms strongly bonded
backspillover @~ species on the Pt/gas interface (pgak
which increase the Pt surface work functién[1] and act
as sacrificial promoters [1,14] by forcing coadsorbed gas-
supplied O(Pt) to a more weakly bonded state (p&akThe
present work (Fig. 6) fully supports this molecular mech-
anism by confirming that on electrochemically promoted
films the strongly bonded © peakps corresponds to lat-
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Fig. 7. Electrochemically promoted Pt/YSZ film, high-temperature adsorp-
tion [46]: thermal desorption spectra after gaseous normal oxygen adsorp-

tion at 400°C andP1602 = 5.3 x 10~8 mbar for 30 min (exposure 7.2 kL)

followed by electrochemicat®02~ supply (-15 pA) for various time pe-
riods [46]. Desorption was performed with linear heating rate; 1°C/s.
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Fig. 8. Electrochemically promoted Pt/YSZ film, low-temperature adsorp-
tion: thermal desorption spectra after electrochemical supply of oxygen,
1602 at 275°C using a constant potentialjywr = +2 V, followed by
cooling under the applied potential and gaseous adsorptio#’@f at
70°C. Desorption was performed with linear heating rg@te; 0.5°C/s.

tice oxygen {80%°~) and the weakly bonded O pegs to
gas-supplied oxygert{0).

Fig. 8 also confirms the above molecular mechanism.
Here electrochemical oxygefio?~ supply was carried out
first at 275°C followed by cooling to 70C under ap-
plied positive bias and gaseous adsorpt@, at 70°C.

It can be seen now that lattice oxygé?0 has occupied
both 8> and 83 states, which have merged into one state,
and has forced gaseous oxygéfid) to occupy only the
weakly bonded statg; which is now displaced afp =
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Fig. 9. Pt/YSZ powder: thermal desorption spectra from the nanodispersed
Pt/YSZ catalyst (1% Pt/YSZn = 140 mg) after gaseous isotope oxygen
dosing of 27 L G’lgoz =10~ mbar for 6 min) at (a) 200C and (b) 70°C.
Dashed lines show spectra taken without any gaseous adsorption. Desorp-
tion was performed with linear heating rae= 0.5°C/s.

500 900 1000 1100

115°C vs Tp = 157°C obtained under open-circuit condi-
tions (Fig. 2b). Both observations can be attributed to the
strong repulsive lateral interactions betwé&@’~ and ad-
sorbed®0 [13,14,71]. These strong lateral interactions have
been shown by rigorous ab initio quantum mechanical cal-
culations [71] to be the key for rationalizing electrochemical
promotion [13,14,71].

3.5. 180, adsorption on nanodispersed Pt/YSZ catalysts

Figs. 9a and 9b show LOTPD spectra obtained under
high vacuum conditions with the supported nanodispersed
Pt/YSZ catalyst followind®0, adsorption at 200 and 7@,
respectively.
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temperature / °C

The similarity of Fig. 6 with Fig. 9a and of Fig. 8 with
Fig. 9b, respectively, is noteworthy. Figs. 6 and 8 corre- o 20 ol Ao e e T, R
spond to the electropromoted Pt/YSZ film at high and low PYYSZ powder B
gas adsorption temperatures, respectively. Note that in the High T adsorption
case of the nanodispersed Pt/YSZ catalyst (Fig. 9) the high-
temperature adsorption peaks and 83 are both occupied
primarily by the lattice oxygen, even for low-temperature ad-
sorption (Fig. 9b) and only the low-temperature adsorption voro
peakp; is occupied by*80. The peak desorption tempera- L St
ture,T'p, of thegy peak (I, = 122°C, Fig. 9b) is very similar 20 |- UHV TPD
to that of the electropromoted Pt/YSZ filnT = 115°C,

Fig. 8).

The same information is conveyed by the TPD spectra
of Figs. 10a and 10b which compare the spectra of Figs. 9a
and 9b (bottom of the figures) with those (top of the fig- .
ures) obtained with the same nanodispersed Pt/YSZ material ok oeoo- Sz zoao 22 Do,
sample at neaatmospheridotal pressure fiso, = 2 kPa) 300 400 500 600 700 800 900 1000
using thesamePt/YSZ-supported catalyst and the same ad- temperature / K
sorption temperatures as Figs. 9a and 9b, g,= 200 @
and 7C°C. In this case, the P/YSZ catalyst was exposed temperature / °C
to Pisn, = 2 kPa at 200C for 60 min (Fig. 10a) and to 100 200 300 400 500 600 700 850
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Piso, = 2 kPa at 70C for 60 min (Fig. 10b), followed in 0 pyySzpowder P Cn
both cases by flushing with ultrapure He for 120 s before
starting the TPD run, again in flowing ultrapure He. Note the
positive shift of peak#2 and g3 in the case of atmospheric or:

Low T adsorption B K
B, atmospheric pressure TPD -.2
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=
o
o
$
~

desorption rate /

SFE N ’ 130, (x100)
’

pressure TPD (Fig. 10b). This is to be expected due to the at- 40 ',"'802
mospheric pressure TPD conditions which allow for oxygen 20 F . :
readsorption. Nevertheless, the conclusion is again the same N — ey e ONO .
as with high-vacuum TPD for the Pt/YSZ catalysts: The o . B,
state is occupied by gaseous oxyg¥ib) while the» and B, [
B3 states are occupied primarily B§O via backspillover of
lattice oxygen.

Figs. 11 and 12 provide a direct comparison of the high-
vacuum Q TPD spectra of the nanodispersed Pt/YSZ cata- RN
lyst and of the electrochemically promoted Pt/YSZ film. , [0S L. moo
Fig. 11 refers to high-temperature adsorptiGgyt= 200 to 0 a0 00 oo 00 s00 o0 To0m
275°C) where only stateg, and g3 form. Fig. 11a shows temperature / K
the 180180 TPD spectra. The similarity is striking and un- (b)
derscores the mechanistic equwaler!ce of electrochemmalFig‘ 10. Comparison of oxygen thermal desorption spectra from
promotion and metal-support interactions. Pt-supported catalyst (1% Pt/YSZ) taken under UHV conditions (bottom,

Fig. 11b presents the correspondif@, and'®0, TPD Pigg,, =10~7 mbar,tags=6 min, mcat= 140 mg) and under atmospheric
spectra. The figure, in conjunction with Fig. 11a, reveals the pressure (topPis,, = 20 mbar,fags= 60 min, mcat= 200 mg) at high
only mechanistic difference between electrochemical pro- adsorption temperatur&,gs= 200°C (a) and low adsorption tempera-
motion and metal-support interactions: stgiemndpz are  tUre Tags= 70°C (b). Heating ratef = 1.5°C/s fill 750°C (top) and
present in both cases and st is always occupied by £ =05°C/s (bottom).
lattice oxygen. But statg, is occupied primarily by lat-
tice oxygen 00) in the case of the supported nanodispersed  The same conclusions are reached from Fig. 12 which
catalyst and primarily by gaseous oxygéfQ) in the case ~ compares the ©@TPD spectra of the nanodispersed Pt/YSZ
of the electrochemically promoted Pt/YSZ film. This differ- catalyst obtained under UHV and at atmospheric pressure
ence, as well as the population of tfg and 83 states by and of the electrochemically promoted Pt/YSZ film for low
lattice oxygen even for low temperature adsorption (Figs. 9b, adsorption temperaturd{ys= 70°C). In all cases thes1
10b, and 12), is reasonable in view of the very close (molec- state is occupied by gaseous oxygé?Q) while statess,
ular distance) proximity of the surface of the Pt nanoparticles and 83 are occupied in all cases primarily by lattice oxy-
with the YSZ support in the case of the nanodispersed cata-gen. In the case of the Pt/YSZ film tife and 83 states have
lyst where the backspillover path of lattice oxygen is very merged into one, apparently due to the long period of elec-
short, i.e., of nanometer distances. trochemical supply of & under anodic polarization.
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Fig. 11. Comparison of oxygen thermal desorption spectra from nanodis-
persed Pt/YSZ catalyst (1% Pt/YSZ) and from Pt/YSZ film taken under
UHV conditions. (a) Comparison df0'80 desorption; (b) comparison of
desorption of1802 and 1602. Desorption was performed with linear heat-
ing rate, =0.5°C/s.
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Statep; requires some special attention since it is a state
not formed on isolated Pt surfaces [31,43] or on isolated
YSZ surfaces [14,46]. It results from the interaction of Pt
and the YSZ and one can consider three possibilities:

(I) A surface YSZ adsorption state resulting from the in-
teraction of YSZ with Pt.

(I) A surface Pt state resulting from the interaction of Pt
with YSZ (and the concomitartO?~ backspillover
to the Pt surface).

(1) A state at the Pt/YSZ interface, i.e., at the Pt/YSZ/
vacuum three-phase boundaries.

The third possibility is supported by the following obser-
vations:

203
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Fig. 12. Comparison of ©TPD spectra of the nanodispersed Pt/YSZ cata-
lyst (UHV TPD and atmospheric pressure TPD) and of the electrochemi-
cally promoted Pt/YSZ film for low adsorption temperatufgg = 70°C.
Based on Figs. 8, 9b, and 10b. Heating rate 0.5 °C/s for the film and the
UHV powder TPD and 1.8C/s up to 750 C followed by 0.35C above
750°C for the atmospheric pressure power TPD.

(a) Similar states have been observed in our studies of
Pt interfaced with other ionically conducting supports
(CeQ, W8t-doped TiQ, y-Al»03) [67].

(b) Themaximumarea of the3; peak typically accounts for
3% of themaximumcombinedpB, plus 83 peak areas
in the case of the Pt/YSZ film (Fig. 2) and up to 30%
of the maximunmcombinedgz plus B3 peak areas in the
Pt/YSZ nanodispersed catalysts under atmospheric pres-
sure TPD (Fig. 10b, top).

For the case of the low-temperature adsorption on the
electropromoted film (Fig. 8), the area of st#eis larger
than that of the mergef, + B3 peaks but in this case the
latter are very far from saturation. Also under UHV TPD
conditions with the powder catalyst (Fig. 10b bottom and
Fig. 12), states; is again far from saturation (it did not ap-
proach saturation for £exposures up to 27 L), and thus the
TPD area of pealg; is only 0.3% of the sum of the areas of
the B2 and B3 peaks. Thus it must be noted in the TPD com-
parison of Fig. 12 that th@; state of the Pt/YSZ powder
under UHV TPD and thes; + B3 states of the electropro-
moted film are both far from saturation.

In order to examine in some more detail if the assign-
ment of state8; to oxygen adsorption at the tpb is consistent
with the experimental results, one may consider the follow-
ing simple model: Assuming semispherical Pt particles of
diameterd in contact with YSZ, one computes that the ratio
of the tpb sitesNpp to the Pt/gas sitesy g, is given by

Nipb  mdpt
—_»n_ 9
Ng 2d ©)
whered is the diameter of the Pt particle adg, is the di-
ameter of the Pt atom in the particke 0.28 nm).
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Using the same model to relate the metal dispersiny, therefore conclude that the relevance of the preseRD

to the particle diameted, one obtains results to atmospheric pressure electrochemical promotion

and metal-support interactions of oxidation reactions is the

De=1/(1+d/dpy. (10) same with the relevance of,('PD spectra on unsupported
One can apply these approximate expressions first to themetal catalysts with atmospheric pressure oxidation cataly-

film, then to the powder catalyst. sis on the same unsupported metal surfaces, i.e., quite high.
For thefilm one hasNypn/Ng = 2 x 1073, thus from

Eqg. (9) one obtaind = 0.24 um and, from Eq. (10)D. =

1.16 x 10723, in good qualitative agreement with the value 4. Conclusions

D¢ = 1.67 x 102 computed from the Pt film surface area

(N = 2.7 x 10~8 mol Pt). From this model one hagpp = The main findings of the present work can be summarized
4.9 x 10~ mol O while the maximum value for O adsorbed as follows:
in the statesy is 3.3 x 10711 mol O (Fig. 8). (1) The @ TPD behavior of both P/YSZ films and

For thepowder one has from Eq. (1Q)/dpt ~ 2, thus Pt/YSZ nanodispersed catalysts is qualitatively very similar,
from Eq. (9)Nypn/Ng ~ 0.75. This value is reasonably close particularly when the Pt/YSZ films is polarized anodically
to the maximum value of 0.3 found for the ratio of the TPD (Figs. 10-12).
areas of thes; state divided by the combined areas of fhe (2) Gaseoud®O, adsorption at adsorption temperatures,
and 83 states. This qualitative agreement between this sim- Tads below 100°C leads, both on Pt/YSZ films and nano-
plistic semispherical particle model and experiment may be, dispersed Pt/YSZ, to a singtéO, desorption peak &, ~
to some extent, fortuitous, but nevertheless shows that thel00-160C, i.e., much lower than the atomic O desorp-
assignment of th@; state to O adsorbed at the three-phase tion peak on unsupported Pt [31-43,(~ 420-650C)
boundaries (metal/gas/solid electrolyte) is not contradicted and much higher than the moleculag @esorption peak on
by any of the experimental facts. It is likely that tie unsupported Pt [31-43][f ~ —100°C). This oxygen ad-
state is related to that reported by Primet and co-workers for sorption state, labelegl state, is catalytically very active at
Pt/Al,O3 and Pt/Ba—AJO3 catalysts [52], although in that temperatures as low as 76, as described elsewhere [67].
case the separation of tife state from highef', stateswas  As discussed below, there is strong evidence that this O peak
not as complete as in the present case. corresponds to oxygen dissociatively adsorbed at the three-

The present®0,-aided investigation of oxygen adsorp- phase boundaries Pt-YSZ-vacuum.
tion on electropromoted Pt/YSZ films and nanodispersed (3) Gaseous adsorption &kgshigher than 200C leads,
Pt/YSZ catalysts has shown clearly in both cases the im- as expected, to the disappearance ofgh@eak and to the
portant role played by lattice oxygen in the resulting TPD appearance of thé; and gz peaks aflp ~ 425°C andT, ~
spectra. Since all the TPD spectra of this work were ob- 500°C, respectively, in agreement with previous work [46].
tained after a specific pretreatment to remove oxygen ad-On the supported Pt/YSZ catalysts both states are occupied
sorbed from the previous run (70Q in vacuum for UHV by lattice180. On the Pt/YSZ film, stat@, is occupied by
TPD and 650C under h for atmospheric TPD) which re-  gaseous oxygef®0, and statgs is occupied by lattice oxy-
sult to a partly oxygen-deficient YSZ at the beginning of the gen,'0. Lattice oxygen can be forced to occupy stégeas
180,-adsorption process, one may wonder to what extent thewell via anodic polarization, i.e180%~ supply to the cata-
resulting @ TPD spectra are sensitive to the specific condi- lyst. Under these conditions the electrochemically promoted
tions of this reducing pretreatment and how relevant these Pt/YSZ film appears almost identical with the Pt/YSZ nano-
TPD spectra are to “real life” atmospheric pressure catalytic dispersed catalyst (Figs. 10 and 11).
oxidations on electropromoted films and dispersed catalysts. (4) Both the Pt film and the nanodispersed Pt catalyst

In order to address this, two points must be emphasized.mediate, via O spillover and backspillover, respectively, the
First that the reducing pretreatment is necessary to removencorporation of gaseou$0, into the YSZ lattice during
oxygen adsorbed on Pt from previous €xposure and is of  gaseous adsorption and the desorption of laftfe to the
the same type one would use for an unsupported Pt catalysigas phase during the TPD runs.
to remove adsorbed oxygen before starting ara@sorption (5) The excess oxygen, O(YSZ), in the YSZ lattice plays
and TPD experiment. The fact that this reducing pretreat- a key role in rationalizing the oxygen TPD spectra. Dur-
ment leads inevitably, as shown by the present results, toing 0, adsorption on the previously reduced (P@

a partially oxygen-deficient YSZ support appears to be an in vacuum for UHV conditions and 65@ under + for
intrinsic property of the Pt/YSZ system both under UHV atmospheric conditions) Pt surface at temperatures above
and under atmospheric pressure conditions. Certainly the in-200°C, significant'®0, diffusion into the oxygen-deficient
tensity of the reducing pretreatment can affect the resulting YSZ lattice is also taking place vi€O spillover from the Pt
YSZ partial oxygen deficiency, but the nature and approxi- catalyst to form O(YSZ).

mate peak desorption temperature of the resultingr®D (6) The B3 state, which is always occupied by lattice
peaks are not significantly altered as shown by a compar-oxygen and has been known for years [14,45-47] to be the
ison of the UHV and atmospheric TPD spectra. One may electromigrating & species responsible for electrochemi-
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cal promotion with YSZ supports [14,45-47], is also present

in the nanodispersed supported Pt/YSZ catalysts (Figs. 9—
12). This corroborates the mechanistic equivalence of elec-

trochemical promotion and metal-support interactions with
0% -conducting supports [14,26].

In general, all the features of the TPD spectra can be inter-
preted, at least qualitatively, by the scheme shown in Fig. 5.
The promoting role of backspillover lattice oxygefip?—,

i.e., states, is also evidenced in all the TPD spectra where
it appears (high¥ adsorption), since its presence always co-
incides with a significant lowering of th& of statesg;
andpo.

In summary, oxygen adsorption on electrochemically
promoted Pt/YSZ films and on nanodispersed Pt/YSZ pow-
ders is almost identical when one accounts for the much
shorter @~ backspillover pathway in the case of the pow-

ders. These observations corroborate the mechanistic equiv-

alence of electrochemical promotion and metal-support in-
teractions with YSZ supports.
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