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Abstract

The chemical and electrochemical promotion of highly dispersed nanofilm Rh catalysts
(dispersion: about 10 %, film thickness: 40 nm) has been investigated for the first time. To this end
Rh metal was sputter-deposited, either on a purely ionic conductor (8 % Y,05-stabilized ZrO,) or
on a mixed ionic-electronic conductor (TiO,), the latter being a highly dispersed layer of TiO, (4
pum) deposited on YSZ. These catalysts are designated as Rh/YSZ and Rh/TiO,/YSZ, respectively.

It was established analytically that both in the Rh/YSZ and in the Rh/TiO,/YSZ system, the

catalyst films have a nanoparticle-size grain structure. The Rh supported on titania is rather

porous, exhibiting a higher dispersion and surface area than Rh on YSZ. Both after reduction (H,,
T=400 °C) and after oxidation (O,, T=400 °C), Rh supported on TiO, was found to be in a more
highly reduced state than Rh on YSZ. After reducing treatment, the Rh/TiO,/YSZ samples contain

a larger amount of weakly bonded oxygen, which can be attributed to oxygen “backspillover”
from the TiO,.

A major feature of this research was the electrochemical characterization of the oxygen/Rh/
solid electrolyte three-phase boundary by steady-state polarization measurements and by imped-
ance spectroscopy. These are powerful techniques for extracting experimental trends and details
that are useful for an understanding of the electrochemical promotion principles. It was shown that
the exchange current densities at the Rh/solid electrolyte interface are lower on account of the
TiO, layer. The exchange current densities are more than twice lower at Rh/TiO»(4 um)/YSZ than
at Rh/YSZ, demonstrating that the former interface is much more polarizable.

The mechanism of oxygen exchange occurring close to equilibrium (02/02' couple) was

investigated for the first time at Rh catalyst electrodes interfaced with solid electrolyte. The proc-
esses of cathodic oxygen reduction and anodic oxygen evolution are not symmetric, but they are
similar in the two systems, Rh/YSZ and Rh/TiO,(4 um)/YSZ. The cathodic process consists of
three steps: dissociative adsorption of oxygen at the gas-exposed Rh surface, atomic oxygen diffu-
sion to the electrochemical reaction sites (ERS), and a two-electron transfer to this oxygen on the
ERS. The cathodic process is limited by interfacial diffusion of oxygen atoms from the gas-

exposed metal surface to the ERS. The anodic process includes two steps: two-electron transfer




reaction, which is the rate-determining step, and oxygen desorption to the gas phase. With data
obtained from impedance spectroscopy at the equilibrium potential, it was possible to confirm the
reaction scheme proposed.

It was demonstrated that Rh nanofilm catalysts interfaced with YSZ or TiO,/YSZ can be

electrochemically promoted for the reaction of ethylene oxidation. Small anodic currents cause

periodic oscillations in catalytic rate and potential of the Rh/YSZ catalyst, while at Rh/TiO,/YSZ
they give rise to a stable and reversible rate enhancement by up to a factor 80. The increase in eth-

ylene oxidation rate is up to 2000 times larger than the electrochemical rate, I/2F, of 0% oxida-

tion. The pronounced electrochemical promotion behavior that has been observed is due to the

anodically controlled migration of 0% species from the electrolyte to the Rh/gas interface. At the

Rh surface, these species destabilize the formation of rhodium surface oxide (Rh,O3). The exist-

ence of backspillover oxygen species has been confirmed by impedance measurements under pos-
itive applied potential.
Another significant result for heterogeneous catalysis is the finding that thick as well as

thin films of Rh/TiO,/YSZ catalyst are open to chemical promotion of ethylene oxidation and

partial methane oxidation, ie, they offer a higher catalytic activity and stability than the Rh/YSZ
catalysts. The modification of catalytic activity observed for Rh/TiO,/YSZ was attributed to

either a “long-range” electronic-type SMSI mechanism or to a self-driven electrochemical promo-
tion mechanism. In both cases, the ultimate cause of promotion are different work functions of

catalyst and support. Equilibration of the work functions of two solids in contact induces surface

charging, a migration of O ions to the catalyst/gas interface, and a weakening of the Rh-O chem-
isorptive bonds. It facilitates reduction of oxidized surface sites.

Another important achievement of the present work was that of exploring and confirming
the possibilities of current-assisted activation of Rh/TiO,/YSZ catalysts. In partial methane oxida-
tion using close to stoichiometric gas compositions (CHy, : O, =2 : 1) at 550 °C, the inactive (oxi-
dized) Rh/TiO,/YSZ catalyst was successfully activated by applied currents, either positive or
negative. This phenomenon is an example of “permanent” electrochemical promotion furnishing
a permanent rate enhancement ratio of y = 11. The activation by negative currents is explained in
terms of an electrochemical reduction of rhodium surface oxide, while the activation by positive

currents can be explained by the mechanism of electrochemical promotion.




Version Abrégée

Pour la premiére fois, la promotion chimique et électrochimique des catalyseurs sous forme
de nanocouche de Rh hautement dispersée (40 nm d’épaisseur, dispersion ~10%) a été étudiée.
Dans le cadre de ce travail, des catalyseurs en Rh ont été déposés par sputtering soit sur un con-
ducteur purement ionique (8%Y,05-stabilizé-ZrO,) soit sur un conducteur mixte ionique-élec-
tronique. Ce dernier est une couche de TiO, (4 pm) hautement dispersée sur du YSZ. Ces deux

catalyseurs seront notés Rh/YSZ et Rh/TiO,/YSZ, respectivement.

Nous avons montré que ces deux catalyseurs ont une structure en nanograins. De plus, il est
apparu que l’intercouche de TiO, augmente la surface catalytique ainsi que la dispersion. En
traitant les catalyseurs dans une atmosphére réductrice (H,, T=400°C) puis oxydante (O,
T=400°C), le Rh a été trouvé dans le Rh/TiO,/YSZ a un état plus réduit, comparé au Rh dans Rh/
YSZ. Plus particulierement, la réduction en Rh de Rh/ TiO,/YSZ contient plus d’oxygene faible-
ment lié qui peut étre attribué a ’oxygene “backspillover” du support TiO,.

La caractérisation électrochimique de I’interface triple O,, Rh/électrolyte solide par des
méthodes de polarisation stationnaire et de spectroscopie d’impédance, se révele étre I'un des axes
majeurs de ce travail. C’est sans doute I’un des moyens d’investigation qui nous a permis de
dégager le plus d’informations utiles a la compréhension du phénoméne de promotion électro-
chimique. Il a ét¢ montré que I’intercouche de TiO, diminue la densité de courant d’échange a
I’interface Rh/ électrolyte solide. Le courant d’échange trouvé est environ deux fois plus petit pour
le catalyseur Rh/TiO,/YSZ que celui du catalyseur Rh/YSZ. Cela indique donc que la premicre
interface est plus polarisable.

Le mécanisme du processus d’échange d’oxygene proche de 1’équilibre (couple 02/02') a
été étudié sur une électrode en Rh en contact avec un électrolyte solide. Les processus de réduction
cathodique et d’évolution anodique de I’oxygéne ne sont pas symétriques. Par contre, ils sont
identiques pour les deux systémes. Plus précisément, il a été établi que le processus cathodique
consiste en trois étapes: (7) adsorption dissociative de I’oxygene a la surface du Rh exposée au gaz,
(if) diffusion de I’oxygene sous forme atomique vers les sites électrochimique réactifs (SER) (iif)

sur les SER, il apparait finalement un transfert de deux électrons. L’étape (ii) est considérée




comme ¢étant limitante. Le processus anodique est constitué de deux étapes: réaction de transfert
¢lectronique (étape limitante) puis désorption de 1’oxygéne formé vers la phase gazeuse. Nous
avons pu confirmer ce mécanisme par la spectroscopie d’impédance sous un potentiel d’équilibre.

Nous avons montré que les catalyseurs sous forme de nanocouche de Rh peutent étre
promu par I’application d’un potentiel positif pour la réaction d’oxydation de I’éthyléne. Les
faibles courants anodiques provoquent des oscillations périodiques de la vitesse de réaction et du

potentiel du catalyseur Rh/YSZ, alors que le Rh/TiO,/YSZ présente une augmentation de la
vitesse de réaction stable et réversible d’un facteur p supérieur a 80. La vitesse de réaction d’oxy-
dation est 2000 fois plus rapide que la vitesse électrochimique, //2F, de I’oxydation de 0. La

promotion électrochimique observée est due a la migration des especes 0% (backspillover) de
I’¢lectrolyte solide vers 1’interface Rh/gaz sous polarisation anodique. Les especes d’oxygene

backspillover déstabilisent la formation d’oxyde Rh,0O5 a la surface. L’existence de ces especes,

sous application d’un potentiel positif, a bien été confirmée grace a la spectroscopie d’impédance.
L’autre fait expérimental important pour la catalyse mis en évidence est que le systéme Rh/

TiO,/YSZ présente une promotion chimique des réactions d’oxydation de I’éthylene et d’oxyda-

tion partielle du méthane, indépendemment des méthodes de préparation du catalyseur en Rh.
Cela signifie une plus grande activité catalytique ainsi qu'une meilleure stabilité par rapport a Rh/

YSZ. La modification observée de ’activité catalytique de Rh/TiO,/YSZ est due soit a une forte

interaction métal-support (de nature électronique, se manifestant a longue distance) soit au
mécanisme de promotion €lectrochimique automotrice (self-driven electrochemical promotion).
Dans ces deux cas, la promotion est due principalement a la différence de travail d’extraction
entre le catalyseur et le support. L’équilibre du travail d’extraction des deux solides affaiblit la
force avec laquelle I’oxygene s’adsorbe a la surface du catalyseur et facilite ainsi la réduction de
I’oxyde a la surface.

L’autre resultat important de ce travail est ’exploration de la possibilité d’activation du cat-

alyseur Rh/TiO,/YSZ par un courant. Lors de la réaction d’oxydation partielle de méthane proche
de la composition gazeuse stoechiométrique (CH4:0,=2:1), I’activation du Rh/Ti0,/YSZ oxydé¢ a

été effectué. Cette activation a été réalisée par 1’application d’un courant aussi bien positif que
négatif. Le phénomene observé est un exemple de promotion électrochimique “permanent”, que

nous avons caractérisée par le facteur d’augmentation “permanent”, y. Des valeurs de vy




supérieures a 11 ont été determinées. L’activation par un courant négatif s’explique par une réduc-
tion électrochimique d’oxyde de Rh a la surface, alors que sous I’application d’un courant positif,

I’oxyde de Rh réduit par le mécanisme de la promotion électrochimique.
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CHAPTER 1 Introduction

The electrochemical promotion of catalysis (EPOC) or nonfaradaic electro-
chemical modification of catalytic activity (NEMCA) that was discovered-
toward the end of the 1980s by Vayenas and co-workers is an
interdisciplinary phenomenon observed at the interface of catalysis and
electrochemistry. Today, several research groups all over the world are stud-
ying this effect, and it has been demonstrated that it is not limited to any par-
ticular electrolyte, conductive catalyst, or type of reaction.

Apart from good prospects for a commercial utilization of electrochemical
promotion, investigations into the mechanism and origin of EPOC have
already made an enormous contribution to the understanding of related phe-
nomena in heterogeneous catalysis, such as promotion and metal-support
interactions (MSI). It has been established more recently [1], that promo-
tion, electrochemical promotion, and metal-support interactions are all
linked via the phenomena of spillover and backspillover, the catalytic reac-
tion occurring in the presence of a double layer which for electrochemical

promotion can be controlled in situ.




Chapter 1 Introduction

1.1 Motivation and Objectives

The mechanistic equivalence between electrochemical promotion and metal-support inter-

actions was first demonstrated by Nicole et al. [2] in studies of ethylene oxidation on an IrO, film
catalyst supported on YSZ and on IrO,-TiO, mixtures. It was demonstrated that the IrO, elec-
trode can be promoted electrochemically, but for the two oxides present in intimate contact, this is

not possible, as they are already promoted via 0% spillover [2]. The mechanistic equivalence of

EPOC with YSZ and of MSI with ZrO,, TiO, and CeO,-based supports was established by this

important experiment as well as by several others [1].

Despite the many studies of the two phenomena: EPOC and MSI, several key questions
still remain: (i) Is a catalyst promoted by metal-support interactions in its “best” electrochemi-
cally promoted state? (ii) Do metal-support interactions occur only at highly dispersed catalysts?
(ii1) Is it possible to induce electrochemical promotion at such a catalyst? Further investigations of
the interfaces between catalyst and support (solid electrolyte), of the interfaces between catalyst
and gas phase, and of the three-phase boundary (catalyst/solid electrolyte/gas interface) are
required to answer these questions.

The present work constitutes part of the complex investigations that have been conducted
in our laboratory over the last decade [3-7]. Its objective are the first studies ever of an electro-
chemical modification of catalytic activity and of metal-support interactions at nanofilm rhodium
catalysts (thickness 40 nm) characterized by high dispersion (about 10 %). These catalysts were

supported, either on a purely ionic conductor (8 % Y,0O;3-stabilized ZrO,) or on a mixed ionic-
electronic conductor (TiO,) present as a highly dispersed (80 %) layer of TiO, (4 um) deposited
on YSZ (TiO,/YSZ). The electrochemical promotion of highly dispersed catalysts, that is, cata-

lysts with low metal loading, is an important achievement, both from theoretical and from practi-
cal points of view. On one hand, at catalysts having such a design (which is similar to that of the
catalytic systems exhibiting the effects of metal-support interactions), the phenomena of EPOC
and MSI can be studied in parallel. On the other hand, efficient electrochemical promotion of

highly dispersed catalysts virtually eliminates the major economic obstacle to the commercial uti-

lization of EPOC that existed in the poorly dispersed metal catalysts (typically 10'3-10'5)
employed in the form of thick porous films (0.2 - 10 um) in all prior electrochemical promotion
studies [1].

Toward these objectives, the following investigations have been performed:
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1. Investigations of Rh/solid electrolyte systems by surface science (SEM, AFM, XPS)
(Chapter 4) and electrochemical techniques (steady-state polarization and impedance spectros-
copy) (Chapters 5, 6). Particular attention was paid to the kinetics of electron transfer and to the
mechanism of oxygen reduction and evolution (the 02/02' couple) at the O,, Rh/solid electrolyte
interface (Chapters 4, 5).

2. Studies of the effect of different supports (solid electrolytes) on the catalytic perform-
ance of the Rh catalyst in model reactions under open-circuit conditions, development of a macro-
scopic model for catalyst deactivation (Chapters 7 and 9).

3. Investigations of electrochemical promotion of Rh catalysts interfaced with YSZ and
TiO,/YSZ supports in the oxidation of ethylene and methane as model reactions (Chapters 8 and
9).

4. Establishment of the relationship between EPOC and MSI on the basis of partial meth-

ane oxidation over Rh/TiO,/YSZ catalysts as a model reaction (Chapter 9).
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CHAPTER 2 Review of relevant basic work (bib-

liography)

In this chapter, the current state of the art in the electrochemical promotion
of catalysis (EPOC) and related fields is presented. Particular attention is
paid to the origin of EPOC and to the mechanism of the phenomenon (Sec-
tion 2.1.2). In subsequent sections, metal-support interactions (MSI) are dis-
cussed. Plausible mechanisms of this phenomenon and its connection with

EPOC are demonstrated. The main properties of the ZrO,(8 % Y,03) and

TiO, solid electrolytes used as substrates (supports) are described.

2.1 Electrochemical promotion

2.1.1 Definitions and basic quantities involved

The electrochemical promotion of catalysis (EPOC), also known as nonfaradaic electro-
chemical modification of catalytic activity (NEMCA), is a rather general phenomenon observed in
heterogeneous catalysis that was discovered relatively recently and made a strong impact on mod-

ern electrochemistry and surface science [1-9].




Chapter 2 Review of relevant basic work (bibliography)

The basic setup used to observe this effect on 02'-conducting solid electrolytes is shown in
Fig 2.1 A in the instance of the combustion of ethylene. The porous, electropromoted catalyst film
also serves as the working electrode in the solid-electrolyte cell (Fig. 2.1 A). The catalytic rate
can be altered dramatically by an applied current or potential (Fig. 1.1 B). Under open-circuit

conditions (/ = 0, no electrochemical rate contribution) a catalytic rate r, is measured. Application

of an electrical current, /, or potential difference between the catalyst and a counterelectrode gives
rise to very pronounced, nonfaradaic changes (ie., Ar >> I/2F) in the catalytic rate, r, and quite

often in product selectivity [5]. The rate of the catalytic reaction, , can become up to 200 times

larger than the open-circuit rate, r,, and up to 3x10° times larger than the faradaic rate (//2F for

02') of ion supply to (or removal from) the catalyst electrode [4, 5, 10]. The dramatic, and often
highly nonfaradaic increase in the catalytic reaction rate as well as the enhancement of product
selectivity that are induced when applying a very low electric current are entirely reversible in
most cases, the steady-state open-circuit catalytic reaction rate after current interruption typically
relaxing within 10 to 30 minutes to the value observed prior to application of the current.

The phenomenon of electrochemical promotion can be described by three parameters:

(a) The rate enhancement ratio, p, defined as [5]:

p == (2.1)

ro

where r 1s the catalytic rate at open circuit, and  is the catalytic rate observed under polarization
by an applied current or potential difference.

(b) The apparent faradaic efficiency, A, is defined as the ratio of the observed rate increase
to the highest possible electrochemical rate [5]:
r=ro _ Ar

2 (2.2)

N,

where [ is the applied current, F is the Faraday constant, and rg = I/2F is the rate of 0* supply to

the catalyst.
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FIGURE 2.1. Electrochemical cell (A) and galvanostatic transient (B) of electrochemical promotion
with 02'-conducting support; r, is the catalytic oxidation rate, rg is the electrochemical oxidation rate, r is the

observed reaction rate. The catalytic rate increase largely exceeds the rate of o* supply to the catalyst
electrode: r - ry >> I/2F.
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(¢) The promotion index, PIj, defined as:
PI; = (Ar/ry)/ Ab; (2.3)

where 6; is the coverage of the catalyst surface by the promoting ion (eg., 0%).
The effect has been studied for more than seventy catalytic reactions [5, 10] at porous
metal films deposited on a variety of solid electrolytes, including O* conductors such as yttria-

stabilized zirconia (YSZ) [2], Na" conductors such as B”-Al,05 [11], F~ conductors such as CaF,

[12], H"-conducting solid electrolytes such as CaZr, ¢In, ;O5._,,, CsHSO,, and Nafion [13-15], as

well as on mixed ionic-electronic conductors [16, 17]. Work in this area has been reviewed
repeatedly [5, 18-20].

In the current theory of electrochemical promotion, the effect is attributed to specific pro-
moting species [5, 18]. These are generated electrochemically at the three-phase boundaries (tpb)
between solid electrolyte, catalyst, and gas phase, and then spread out over the gas-exposed cata-
lyst surface.

The overall parameters of the complex phenomenon of electrochemical promotion are
readily investigated by phenomenological techniques such as catalytic rate measurements [3-5],
solid-state cyclic voltammetry [5, 21, 22], catalyst work function measurements [3, 23, 24], and
AC impedance spectroscopy [25, 26], while more sophisticated techniques such as XPS [5, 27-
30], UPS, TPD [21, 31-37], PEEM [38], or STM [23] are needed to identify and monitor particu-
lar promoting species.

Apart from its obvious scientific interest, the phenomenon of electrochemical promotion
may be of great importance in present [39-41] and future industrial applications. The first step in
the development of reactors for reactions to be promoted electrochemically is that of realizing
bipolar cell configurations [19, 42], the second step was recently realized in terms of a monolithic
electropromoted reactor through a collaboration between EPFL, the University of Patras, and
Bosch, Stuttgart [43].

In the following, a mechanistic interpretation of electrochemical promotion will be out-
lined while demonstrating more particularly the connection between the catalyst’s surface work

function and the catalyst’s potential under electrochemical promotion conditions.
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2.1.2 The mechanism of electrochemical promotion

The electrochemical promotion of catalysis, similarly to the usual (chemical) promotion
and to metal-support interactions in heterogeneous catalysis, is related to spillover-backspillover
phenomena. The latter can be described as the mobility of adsorbed species from one phase on
which they easily adsorb (donor) to another phase where they do not directly adsorb (acceptor).
By this mechanism a seemingly inert material can acquire catalytic activity. Spillover may lead to
an improvement of catalytic activity or selectivity and also to an increase in lifetime of the cata-
lyst.

In the presence of spillover in heterogeneous catalysis, the usual kinetic models can no
longer be applied in a direct way. The generation of new surface sites or changes in surface con-
centrations lead to new terms in the rate equations. A general reaction scheme of oxygen spillover

in a purely catalytic (that is, not electrocatalytic) system [44] may be formulated as follows, see

also Figure 2.2:
0,+2D520D (2.4)
A+O-D->D+0-A (2.5)
O-A+B—>C (2.6)
R+C—>P+B (2.7)

Equation (2.4) describes the dissociative adsorption and recombination of oxygen on a
donor D. The transfer of O from donor D to acceptor A is described by equation (2.5). The spillo-
ver oxygen (O) is a mobile species present on the acceptor surface without being associated with
a particular surface site. The mobile spillover species may interact with a particular surface site B
(Equation (2.6)) forming an active site C. Equation (2.7) represents the deactivation of the active
site C by interaction with a reactant R and the formation of product P. Kinetic models based on

this mechanism are well supported by experiment [45].
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FIGURE 2.2. Schematic representation of the mechanism of oxygen spillover in a purely catalytic
system. Symbols as in Equations (2.4) to (2.7).

The most plausible mechanism of electrochemical promotion illustrated in Figure 2.3 is

based on analogous donor-acceptor interactions [4, 5]. Consider the example of anodic polariza-

tion of the catalyst. In this case the solid electrolyte functions as donor supplying O?~ ions to the
catalyst functioning as acceptor. (This migration from the support to the catalyst may be termed

backspillover, in order to distinguish it from the migration in the opposite direction, which is quite

common in catalysis and known as spillover.) The O ions are released from the solid electrolyte

at the three-phase boundaries. By a thermodynamic analysis of electrochemical promotion involv-

ing 0% conductors, it was demonstrated that two types of adsorbed oxygen species exist [46]: one
type is the catalytically active species adsorbed from the gas phase; the other is backspillover oxy-
gen from the solid electrolyte, which acts as a sacrificial promoter [4, 5, 20, 47]. The rate of con-
sumption of the promoter is slow relative to the kinetics of migration (backspillover) from the

electrolyte to the metal/gas interface.

10
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reactants  products

FIGURE 2.3. Schematic representation of the mechanism of electrochemical promotion by an applied
anodic current via backspillover of charged promoting species (02').

Backspillover species may either be consumed in electrochemical reactions (oxygen evolu-
tion and/or oxidation of adsorbed reactants) occurring along (or close to) the tpb, and obviously
obeying Faraday’s law, or they may migrate over the gas-exposed catalyst surface. The existence
of backspillover oxygen ions at a gas-exposed catalyst surface was demonstrated by XPS meas-
urements [30]. No charged oxygen species could be detected under open-circuit conditions, but
they were found in abundance after anodic polarization of the catalyst/solid electrolyte interface.
Charged backspillover oxygen and neutral chemisorbed oxygen may be clearly distinguished also
by temperature-programmed desorption (TPD) [31]. It was shown that oxygen adsorbed from the
gas phase desorbs at a lower temperature, hence is more reactive, than the oxygen species gener-
ated electrochemically. During their migration, the oxygen ions are accompanied by their com-
pensating image charges in the catalyst, with which they form surface dipoles. When these
dipoles spread out, an overall neutral, effective double layer is built up at the gas-exposed catalyst
surface. The concomitant change in the catalyst’s work function acts so as to modify the binding
strength of chemisorbed reactants and intermediates, and thus gives rise to changes in catalytic
activity and/or selectivity. A more detailed explanation of the underlying phenomena is presented

below.

11
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Consider a metal (or metal oxide) catalyst (¢) supported by an 02'-conducting solid electrolyte

(s), both in contact with a gas phase (g) containing oxygen. For oxygen species, the reaction

scheme is shown in Figure 2.4 [48]. In the charge transfer reaction, 0% is oxidized to O. The cat-

alyst/solid electrolyte (c/s) interface is not accessible to O or O,, therefore, direct charge transfer

between 0% (s) and O(c) may occur only at the three-phase boundaries (tpb). Considering the pos-
sibility of backspillover of O from the tpb to the gas-exposed catalyst surface, however, charge

transfer will no longer be restricted to the tpb but may take place through 0% (c) species over the
entire catalyst/gas (c/g) interface. Under open-circuit conditions all reactions of the scheme will

come to equilibrium, and one may write:

o (5) = Bor- () = 20 (&) o(©) = 20 (€) + 3uo (2) 28)

0" (s)

\Ze_(c)
+2¢°(¢)
O) == %0

_y
Ac)

0" (0)

FIGURE 2.4. Reaction network for oxygen species associated with an electron conductor catalyst (c) on
an oxygen-ion (02')-conducting solid-electrolyte support (s) in contact with an oxygen (O,)-containing gas
phase (g).

where ; is the chemical potential and p; (= ; + z;F) is the electrochemical potential of species

1, z; 1s its charge number, and ¢ is the inner (Galvani) potential.

Obviously, the driving force for O backspillover from the solid electrolyte to the catalyti-

cally active surface (c/g) is given by p o (s)—u 0" (c). This difference vanishes at equilibrium

12
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(see the left-hand side of Equation ()) when an effective double layer has been established at the ¢/
g interface, by analogy to the case of an emersed electrode in aqueous electrochemistry [49].

In a typical electrochemical promotion experiment, a potential step is applied to the elec-
trochemical cell. In the ideal case of a perfect reference electrode having invariant potential, the
induced change in the ohmic-drop-free potential difference between the catalyst (working elec-

trode) and the reference electrode, Uy, is equal to the change in the inner (Galvani) potential of

the catalyst, ¢:

AUy = A (2.9)

This difference is measurable. By changing the potential of the catalyst one modifies its

Fermi level, Eg, or - in other terms - the electrochemical potential of the electrons in the catalyst

(ne = Ep). This latter quantity is defined as the difference between the zero-energy state of the

electrons (taken in the ground state at infinite distance from the solid) and the energy of a conduc-
tion electron in the bulk of the catalyst. It is common practice to count this energy difference in
two conceptually different ways. One of them is common in electrochemistry, the other is com-
mon in surface science.

In electrochemistry, one considers the electrochemical potential of electrons as the sum of

their chemical potential in the solid, p,, and the contribution due to the electrostatic (inner) poten-

tial:

He = e+ (~ed) (2.10)

Under polarization, the chemical potential of electrons in the bulk solid remains invariant,

and one may write:
Ape = —eAd = (—eAUyg) (2.11)

Hence, in the electrochemical approach formulated in terms of the bulk properties p, e,

and ¢, the change in electrochemical potential of the electrons can be related, directly to the
applied potential difference.

Yet, since heterogeneous catalysis is a surface phenomenon, it is preferable to express the

change in electrochemical potential, A, in terms of the surface science approach:

13
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e = — D+ (—eV¥) (2.12)

where @ is the work function of the solid surface, and W is the outer (Jolta) potential. This
approach has the distinct advantage that both ® and ¥ are surface properties, and both are meas-
urable quantities.

The work function, @, is defined as the minimum energy required to extract an electron
from the bulk of the solid (ie., from the Fermi level) and to eject it with zero kinetic energy to a
point just outside the solid surface where the image force interactions are negligible (typically 0.1
to 1 um). This is schematically represented in Fig. 2.5.

The Volta potential at this point defines the energy, e'¥, required to bring the electron from
there to its zero energy level (to infinite distance from the solid). When the surface is electrically
neutral (zero Volta potential), the work function alone measures the electrochemical potential of

the electrons in the bulk solid. Two quantities contribute to the work function:

D= —p.tey (2.13)

the chemical potential, L, of the electron in the solid, and the surface potential, x, which accounts

for the potential barrier that the electron must overcome in order to cross the surface of the solid.

Since the chemical potential, i, is an invariant bulk property, any change in the work function
due to application of a potential difference will be equal to the change in surface potential. Popu-

lation of the surface with dipoles via O% backspillover, ie, the formation of an electric double
layer, will increase the surface potential, and the concomitant increase in work function will affect
the binding strength of chemisorbed reactants. It follows that the adsorption energy of electron
acceptors (eg, atomic O) will be weakened while that of electron donors (eg, C,Hy) will be
strengthened. This results in a variation of the adsorption equilibrium constants, hence also in
coverage of the adsorbed species [5, 50, 51]. A corresponding change in catalytic reaction rate

must then be expected.

14



Electrochemical promotion

A A A Ee
ed eV
Y
A A
He ey
Y Y
A
b
'“e
\ 4 \ 4 A 4 E

FIGURE 2.5. Energy levels at a metal surface relative to the energy of a free electron, E,. Symbols as in
Equations (2.10), (2.12), (2.13).

The catalyst’s work function is a quantity directly measurable, either by the Kelvin probe
technique or by the electron cut-off energy technique. It was found experimentally [52] that for
steady-state electrochemical promotion, the following relationship holds over a wide range of
conditions (ie, as long as ion backspillover from the solid electrolyte forms a double layer at the

metal/gas interface) [23, 53-55]:

eAUyp = AD (2.14)

It follows that solid-electrolyte cells may be used as work function probes. Comparing this
experimental relationship with Equations (2.11) and (2.12), one may conclude that the Volta
potential difference at the catalyst surface remains invariant, provided the electric double layer
has been built up at the catalyst/gas interface. Based on electrodynamic arguments, it was also
concluded [5] that in an overall neutral electrochemical cell, this invariant Volta potential differ-
ence is zero, since the double layer formed via ion backspillover is overall neutral.

The validity of Eq. (2.14) has been demonstrated, both with the Kelvin probe technique
[30, 52, 56, 57] and with the UPS technique [58] (use of electron cutoff energy in UPS experi-

15



Chapter 2 Review of relevant basic work (bibliography)

ments), for work function measurements at gas-exposed electrode surfaces (Pt [30, 52], Ag [58],
IrO, [56, 57]) and for catalysts in contact with YSZ [30, 52, 56-58] and B”-Al,O5 (a Na* conduc-
tor) [30, 52] at temperatures of 200 to 550 °C.

Although changes in catalyst work function with catalyst potential were widely studied and
understood, Eq. (2.14) has been the subject of vivid controversy and discussions in recent years
[54, 59, 60].

New important points concerning the validity of Eq. (2.14) were brought up recently by
Leiva and Sanchez [61]. These authors elucidated the physical conditions that lead to the validity
of Eq. (2.14), by putting forward a physical model based on electrostatic considerations. The
authors performed the integration of the Poisson equations across the catalyst/solid electrolyte

and catalyst/gas interphases, and emphasised the role of charge distribution at the interfaces.

2.1.3 Rationalization of the potential-work function equivalence

Like every experimental “law”, Eq. (2.14) has its limitations. These limitations are consid-
ered below.

The key experimental observation is [5]:

eAUyp = ADy (2.15)

where @y denotes work function of the working electrode (catalyst).

Using an arrangement with two-Kelvin probes [32] for monitoring in situ the work func-

tions of both the working and the reference electrode, @y, and @y, the following simple relation-

ships were found:

Yy = P = 0 (2.17)

and attributed to ion backspillover onto the electrode surface and to the formation of an
effective electrochemical double layer on the electrode surface. This double layer neutralizes any

net electrostatic charge residing on the gas-exposed electrode surface in the simple cell Po,/Pt/

YSZ/Pt/P’0,. The partial pressures of O, on the two sides of the cell are Po, and P’0,. Oxygen

16
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may chemisorb on the metal surfaces, so that the work functions @y, and @y of the two gas-
exposed electrode surfaces are dy(Po,) and Or(P’0,). In such a cell the following situations are

possible:
1. The temperature is low, so that ionic mobility on the electrode surface is negligible, ie,

there is no spillover. One always has, by definition:
eUyr = —(Hw — HR) = Oy — D + ey — ¥y (2.18)
Also, due to establishment of the equilibrium:
Oyp tde 207" (2.19)
at the metal-gas-solid electrolyte three-phase-boundaries, one has:
Ho, +4hw = 212 = Wo, +4iir (2:20)

and from Eq. (2.18):

Ue = 2=(11y —1L 2 ) = (Rl)l Po, 2.21)
¢Ywr = gptto, T Hor ar) "\ Py, '
Then, comparing Egs. (2.18) and (2.21) one has:

Wy + e = eUyg + Dp(p'o )Py (po,) (2.22)

Since Po, and P’0, are fixed, Uyy is fixed, and since there is no spillover, ®(Po,) and
DRr(P’0,) are also fixed. Thus, in situation 1 (no ion spillover) ey, - e¥y is fixed to a nonzero

value.

In fact, as an application of Eq. (2.22), consider the case of Po, = P’0, and, thus, of Uy =

0. Then one has:

—® £0 (2.23)

eVy +ely = @ W(Poz)

R(P’Oz)

The nonzero value of ey - ¥R in Eq. (2.22) implies that net surface charges exist on the

gas-exposed electrode surface. These charges (¢*, ¢7) have to be opposite and equal, as the cell

17



Chapter 2 Review of relevant basic work (bibliography)

overall is electrochemically neutral and all other charges are located at the metal-solid electrolyte

interfaces to maintain their electroneutrality. The charges ¢* = ¢~ are quite small relative to the
charges, Q, stored at the metal-electrolyte interface, yet due to their presence the system has

excess electrostatic energy:

Ec = (Yy-YRq (2.24)

2. The temperature is increased to the point where the ionic mobility on the electrode sur-
face is high, so ion spillover occurs.

Oxygen ions are now attracted to the electrode having positive charge, or to the electrode
that has been made positive by anodic polarization. Backspillover will continue until the charge is

neutralized. Similarly, oxygen anions will be repelled from the electrode that is negatively
charged or cathodically polarized. The charges ¢" and ¢~ thus disappear, Wy, and Py vanish.

In this situation Eq. (2.22) becomes

eVy +e¥y = eUyp + O, — Oy (2.25)

R

where eUyyp s still fixed by Eq. (2.21) but @y, and @y, are variables. They can change due to the

spillover of ions. They will change in such a way as to minimize the excess electrostatic energy of

the system:
Ec=Wy—-Yr)g . =0 (2.26)

This is possible when Wy, = Wg, which implies that g = g~ = 0 for an overall neutral sys-
tem, ie, Wy = Wg = 0. But note that even for an overall charged system, ie, a system where a net

charge ¢ has been introduced, the excess electrostatic energy is given by:
Ec. = (Yy—Yr)q (2.27)
and minimized by
Yy = Yx (2.28)

It thus follows from Eqgs. (2.25) and (2.28) that:
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eUyp = Oy — Py (2.29)
Yy = WYr = 0 (overall neutral cell) (2.30)
Yy = Wy (overall charged cell) (2.31)

The reasons for deviations from potential-work function equivalence showing up as a
nonzero Volta potential difference can be summarized as [55]: (7) slow or negligible ion backspill-
over; (ii) excessively high or excessively low applied voltage; (ii7) high and low temperature.

In summary, electrochemical promotion may be regarded as catalysis occurring in an elec-
tric double layer controlled by application of a current or a potential difference [5]. The condition
required to achieve electrochemical promotion is formation of a double layer at the catalyst/gas
interface by the mechanism of ion backspillover from the solid electrolyte support. This may
occur over a wide range of conditions. The most important experimental parameters that are favo-
rable for electrochemical promotion are the following: an extensive tpb (porous catalyst), moder-
ate diffusion lengths (thin catalyst films), an adequate temperature range, eg, 250 to 500 °C for
YSZ (a temperature not too low, so as to have sufficient ionic mobility, and not too high, so as to

avoid a high reactivity of backspillover ions).

2.1.4 Work function measurements

The technique most commonly used for work function measurements in a reacting atmos-
phere is known as the Kelvin or vibrating-capacitor method [62-64]. Its principle is as follows. By
placing a conductor, the Kelvin probe, into the immediate proximity of the catalyst surface and
connecting the probe to the catalyst via an external circuit, a capacitor is formed. The contact
potential difference between the two conductors arising from their work function difference
results in a charge separation between the opposing surfaces. Vibration of the Kelvin probe then
generates an alternative current via periodic variation of the capacitance. The external potential
difference that must be applied to make the current vanish is the measure of the work function dif-
ference between the two conductors. By using a Kelvin probe made of an inert material, which has
an invariant work function, any variation of the response due to varying experimental conditions
may be attributed to the changes in work function of the catalyst alone. For an illustration of the

usefulness of work function studies in electrochemical promotion, a dynamic approach was
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selected where the time dependence of work function changes due to polarization steps is investi-

gated. The model reaction is ethylene combustion over RuO, catalyst [65]. Such experiments

should provide insight into the migration of promoting species towards the gas-exposed catalyst
surface. Figure 2.6 shows the time dependence of the work function change (A®) and of the cor-

responding reaction rate (r) and catalyst potential (Uyg) following galvanostatic steps of 50 pA.

The work function transients observed during anodic polarization of the catalyst were com-
posed of two main steps: a sharp increase just after application of the current, and a subsequent
slow increase leading to a new steady-state value under polarization. Between these two steps, a
sharp peak is observed in certain cases, as exemplified in Figure 2.6 A. The initial jump in work
function is associated with the surface region easily accessible to promoting species. This region
is supposed to be close to the three-phase boundary (tpb) where the promoting species are gener-
ated. The adsorption of charged oxygen on sites next to the tpb leads to the observed increase in
work function. The final step, where the work function exhibits a slow increase, is due to migra-
tion of the promoting species from the tpb towards the entire gas-exposed catalyst surface. The
work function continues to change until steady-state coverage by the promoting species is reached
and, in parallel, the catalytic reaction rate reaches its new promoted steady-state value. The sharp
peak preceding the final step might only appear when the relative positions of the catalyst and the
Kelvin probe are properly adjusted. In principle, the probe must be placed into a region next to the
catalyst where the tpb is accessible for the work function measurements. If the Kelvin probe is too
far away from the tpb, no sharp peak but only a smooth transition between initial jump and final
slow increase might be observed. Further investigations are required for a verification and satis-

factory interpretation of the sharp peak appearing in some work function transients.
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FIGURE 2.6. Time dependence of the work function change (A), the reaction rate (B), and the catalyst
potential (C) following galvanostatic steps. Catalyst: RuO, (;m = 0.4 mg; S = 0.5 cmz), I=50 pA during 23 min,

Pcyys =114 Pa, P, = 17.7 kPa, flow rate: 175 mL/min STP, T =380 °C.

2.1.5 Permanent electrochemical promotion

In rare cases, presumably when the particular catalyst can exist in several oxidation states
of different catalytic activity, the effect of EPOC may appear to be irreversible. This phenomenon,
known as "permanent electrochemical promotion" or "permanent NEMCA effect", was first

observed with an IrO,/YSZ catalyst in ethylene combustion [66], and explained by the formation

of higher iridium oxide sites generated electrochemically. In order to quantitatively describe the
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irreversible nature of electrochemical promotion, a "permanent" rate enhancement ratio, vy,
defined as the ratio of two open-circuit catalytic reaction rates, one after current interruption, 7',

and the other prior to application of the current, r(, has been proposed:

y=L1 (2.32)

Figure 2.7 shows the results of a galvanostatic transient experiment in terms of the rate

response to an applied current step (+300 pA for 120 min) during ethylene oxidation on an IrO,

catalyst [56]. Initially the circuit is open (/ = 0), the unpromoted catalytic rate is very low. At =0

a constant current (/ =+300 pA) is applied between the catalyst (working electrode) and the coun-
terelectrode. This current corresponds to an o supply to the catalyst through the solid electrolyte

at a rate of 7/2F = 1.55x10™ mol O/s.

The reaction rate increases rapidly at the beginning, and within the first few minutes of cur-
rent flow reaches a value about eight times higher than the initial rate. After this rapid increase,
the rate increases much more slowly to a steady-state value 13 times higher than the initial

open-circuit rate. The final increase in catalytic rate is strongly nonfaradaic, ie, it is two orders of
magnitude higher than the rate I/2F of 0% supply to the IrO, catalyst.

Upon current interruption, the rate decreases rapidly at first, and this rapid decrease is fol-
lowed by a slow decrease to a new steady-state value. This new value is about three times higher
than the initial rate measured prior to application of the current. It follows that the open-circuit
enhancement factor, y, defined by Equation (2.32) has a value of three. Thus, the steady-state

open-circuit catalytic activity of the IrO, catalyst for ethylene combustion has been enhanced by

the electrochemical (pre)treatment. This phenomenon has been called a permanent electrochemi-

cal promotion or permanent NEMCA effect.
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FIGURE 2.7. Permanent EP: polarization and relaxation transient of the rate of ethylene combustion
on IrO,/YSZ catalyst due to galvanostatic polarization with +300 pA. Conditions: Pcyyy = 0.14 kPa, P, =17

kPa, T =380 °C.

The regions of rate increase and decrease are similar, indicating that similar mechanisms
are involved in the processes occurring after application and interruption of the current, but the
permanent enhancement of the open-circuit rate indicates that the electrochemical promotion of

the IrO, catalyst is not reversible. This behavior of an oxide catalyst is different from that of typi-

cal metal catalysts for which the electrochemical promotion usually is reversible [4, 5].

The extent of permanent promotion depends on the length of time of application of the cur-
rent. As shown in Figure 2.8, the open-circuit rate enhancement factor, v, increases with the dura-
tion of the galvanostatic step, ¢, reaching a plateau for polarization times of about 90 min. For
very short polarization times corresponding to the region of fast rate increase, y is very close to
unity, ie, the effect of the current is reversible.

These results suggest that the electrochemical activation of IrO, is a two-stage process. It

consists of a rapid reversible stage, where the initial catalytic activity of the catalyst would be
restored after interruption of the current (y = 1), followed by a slow irreversible stage, where the

increase in catalytic activity acquired by the IrO, catalyst persists after interruption of the current

(y > 1). It is evident that the slow step is responsible for the permanent effect.
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FIGURE 2.8. Influence of the duration, #, of the galvanostatic step on the open-circuit enhancement
factor, vy, defined by Equation (1.32). Experimental conditions as in Figure 2.7.

The phenomenon of permanent electrochemical promotion has also been observed with
rhodium catalysts supported on YSZ. Reduction of NO by propene in excess O, has been studied
at 300 °C, a temperature that is low enough to avoid spontaneous open-circuit activation of a
deactivated (oxidized) rhodium by the highly reactive gas mixture [67]. Activation of the catalyst
has been achieved via application of a very low electric current (a few pA), the level of permanent
activation being a function of the time of polarization (Section 2.1.7).

At 380 °C, "permanent" rate enhancement ratios of up to six have been obtained for the

same reaction by Pliangos et al [68], while for NO reduction by CO in the presence of O, at 270

°C, y—values as high as 14 have been reported [69].

2.1.6 Electrochemical promotion on rhodium catalysts

The oxidation of ethylene to CO, on rhodium-based catalysts has been investigated at tem-

peratures between 300 and 400 °C [70-72]. The reaction exhibits a very strongly electrophobic
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behavior, and the values obtained for p (Eq. (2.1)) and A (Eq. (2.2)) are among the highest found
thus far in EP experiments (100 and 10000, respectively).

In these recent publications, the extremely effective electrochemical promotion of thodium
catalysts has been explained in terms of a dependence of the reaction rate on the oxidation state of
the rhodium-based catalyst. Measurements of the catalyst’s potential actually revealed the
changes in oxidation state of the rhodium-based catalyst that were caused by variations in compo-
sition of the reactive gas mixture. In fact, when increasing the oxygen partial pressure Pliangos et
al [70] observed, first an increase in reaction rate and then, at a certain critical gas composition,
an abrupt drop in reaction rate that was accompanied by a significant change (increase) in catalyst
potential (by up to 150 mV). This increase was evidence for catalyst oxidation.

Moreover, the drop in reaction rate was displaced to higher oxygen concentrations when
positive potentials were applied to the catalyst, implying that the stability of the surface oxides
decreases with an increase in catalyst potential. It has been suggested that oxygen back-spillover
is responsible for this effect. The presence of these species at the catalyst surface causes a weak-
ening of the chemisorptive bond strength of electron acceptor adsorbates (oxygen) and, hence, an
easier formation of metallic rhodium. Electrochemical promotion was most effective on a fairly
highly oxidized rhodium catalyst surface having sufficient opportunity for reduction of this sur-
face.

Recently, the reactions of propylene oxidation and NO reduction by propylene on rhodium-
based catalysts were studied in detail [73]. The primary goal was that of modelling the reaction of
propylene combustion on rhodium oxide and on metallic rhodium while revealing the different
catalytic properties in the two oxidation states. This modelling was able to explain why the rho-
dium metal is a far better catalyst for propylene combustion. In fact, the catalytic reaction rate on
Rh strongly depended on feed composition, which could be divided into three domains (Fig. 2.9).

In the first domain, the gas mixture is sufficiently oxidative to prevent reduction of the
rhodium-based catalyst surface. The catalyst surface is in the oxide form. The combustion of pro-
pylene over the rhodium oxide is a reaction of pseudofirst order in propylene. In the second
domain, the surface of the catalyst is between its oxidized and reduced state. Progressive reduc-
tion of the catalyst induces an abrupt increase in reaction rate over that of the first domain. The
third domain begins where this abrupt increase in the reaction rate ends. In this domain the rhod-
ium catalyst surface is completely reduced. The rhodium metal proved to be a far better catalyst

than the rhodium oxide. In terms of the ratio between propylene and oxygen partial pressures
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(C5Hg/O,), the three composition domains into which the catalyst's behavior was divided become

identical for all oxygen or propylene partial pressures.
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FIGURE 2.9. Complete combustion of propylene with oxygen over Rh catalyst. Reaction rate as a
function of propylene pressure for the rhodium-based catalyst. Reaction conditions: 375 °C, 1000 Pa oxygen,
and 200 mL/min. The ratios C3H4/O, are provided as a second x-axis. The plot is divided arbitrarily into three

regions called: domain 1, domain 2, domain 3. Rhodium loading: 2.5 g/mz. Geometric surface area: 0.5 cm>.

On the basis of these observations, a reaction model was proposed (Fig. 2.10). The core of
the model are the reversible changes between rhodium oxidation states. Two different reaction
pathways leading to the formation of CO, and H,O are possible, and depend on the rhodium oxi-
dation state. On rhodium oxide, only propylene is adsorbed. The adsorbed propylene reacts with

the rhodium oxide forming CO, and H,O as the final reaction products. On metallic rhodium, to
the contrary, only oxygen is adsorbed. Propylene from the gas phase reacts with the adsorbed oxy-
gen, again to CO, and H,O. According to this reaction pathway, the reaction rate of propylene
oxidation on metallic rhodium follows the Eley-Rideal mechanism. By open-circuit steady-state

measurements on the Rh catalyst, it was possible to verify both models. The kinetic rate constant
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on metallic thodium was found to be 25 times higher than that on rhodium oxide, in agreement
with the difference in reactivities between the two oxidation states of the same rhodium catalyst.
The Eley-Rideal model also provided ways to estimate the surface coverage by oxygen. Oxida-
tion of the surface of the rhodium catalyst to rhodium oxide begins at a coverage by adsorbed

atomic oxygen of about 45 %.
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FIGURE 2.10. Reaction scheme for the reaction between oxygen and propylene on a rhodium-based
catalyst. IA(g) and IB(g): reaction intermediates.

Measurements of catalyst potential were used as a potentiometric titration giving the
amount of rhodium oxide relative to rhodium metal. Combining this information with the pro-
posed model, a complete simulation that was valid over the entire gas composition range was pos-
sible. By combining the catalyst potential measurements with work function measurements, it
was possible to satisfactorily confirm the one-to-one relationship proposed by Vayenas and cow-
orkers (Eq. (1.17)). Finally, XPS analyses coupled with the electrochemical promotion experi-
ments proved that spillover oxygen assisted in the reduction of the surface of the rhodium-based
catalyst (reduction of Rh,O5 to Rh).

The rhodium-based catalyst was further tested in the reduction of NO by propylene, first in
the absence of oxygen and then at different partial pressures of oxygen. It was found that the reac-

tion between NO and propylene was very similar to that between oxygen and propylene. Addi-
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tionally, it was found that NO oxidizes the catalyst surface in the same manner as oxygen does. As
a consequence, in the presence of oxygen a strong competition between oxygen and NO for pro-

pylene combustion was observed. The selectivity of NO reduction to N, (Sy3) was found to be
rather independent of the gas composition (Sy, ~ 65 %). Electrochemical promotion induces a dis-
tinct nonfaradaic enhancement of the reaction rate, but it hardly affects the N, selectivity. The

selectivity of NO reduction by propylene, to the contrary, is strongly affected (decreased) by
increasing oxygen content at a fixed partial pressure of propylene.

On the basis of these results, the model proposed for the combustion of propylene with
oxygen (Fig. 2.10) was adapted to propylene combustion with NO. This reaction mechanism took
into account the oxidation state of the rhodium-based catalyst. Here again, on rhodium oxide the
adsorbed propylene reacts directly with the oxidized catalyst following the Mars-van Krevelen

model (redox catalysis). The role of NO, like that of O,, is that of furnishing the adsorbed oxygen
for catalyst oxidation. The kinetics is found to be zero order in the O, and NO partial pressure. On

the reduced surface, the Eley-Rideal mechanism was supposed to be valid. The reaction occurs
between the atomic oxygen adsorbed on the rhodium catalyst surface and propylene from the gas

phase. Now the role of NO, similarly to that of O,, is that of furnishing the adsorbed atomic oxy-
gen at the catalyst surface. From experimental data, it was found that in this respect, 2.3Pyq 1s
equivalent to Po,.

At the rhodium oxide surface, EPOC induces an increase in reaction rate. The role of oxy-
gen backspillover is that of favoring the adsorption of propylene at the oxidized surface. At the
metallic rhodium surface, EP induces an increase in the kinetic constant of the reaction, which is
more than doubled. To the contrary, EPOC does not increase the kinetic constant of oxygen
adsorption. The role of the oxygen backspillover is that of lowering the strength of oxygen
adsorption, thus increasing the rate of the reaction. Relative to the reduced rhodium surface, on
rhodium oxide the reaction rate is lower but more sensitive to EP, which can give rise to a 300-%

increase in the rate constant.

2.1.7 Electrochemical activation of a catalyst

The concept of a nonfaradaic electrochemical modification of catalysts may also be applied

to an in-situ control of catalytic activity. This phenomenon was studied using Y SZ-interfaced Rh
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film catalysts for the reduction of NO by C;H in the presence of excess oxygen [67]. The meas-
urements were performed in a slightly oxidizing gas mixture (0.1 kPa C5Hg; 0.1 kPa NO;
0.5 kPa O,) at 7= 300 °C. At this composition, a temporary heating (one hour) to 400 °C resulted

in a strong deactivation of the catalyst due to partial oxidation of the rhodium surface; the new
steady-state catalytic activity at 300 °C was ~90 % smaller than prior to heat treatment, see
Figure 2.11. Under open-circuit conditions, no spontaneous reactivation occurred at 300 °C, so
that the catalyst’s performance could be investigated systematically in both the active (a) and the

deactivated (d) state.
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FIGURE 2.11. Deactivation of a Rh/YSZ film catalyst by temporary heating (one hour) to 400 °C.
Transients of cell potential (Uywc), N, production (Py;), and CO, production (Pcgy). (a): active state; (d):

deactivated state. Feed composition: C;Hg : NO : O, =10.1:0.1: 0.5 kPa. T =300 °C.

In both states, application of a low positive current (+5 pA) gave rise to an enhancement of
N, and CO, production, the latter exceeding several hundred times the faradaic rate. While active
rhodium exhibited a fairly reversible behavior, electrochemical promotion on the deactivated cat-
alyst was quite unusual. On one hand, no apparent steady-state was reached within reasonable
times of polarization and, on the other hand, the promotion was highly irreversible, as seen in

Figure 2.12.
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FIGURE 2.12. Electrochemical promotion of the production of N, (A) and CO, (B) over the active (a)

and the deactivated (d) Rh/YSZ catalyst during a galvanostatic polarization cycle. Anodic current applied
(+5 nA) at £ = 0 min; current interrupted at =90 min. Feed composition as in Figure 2.11, 7= 300 °C.

The effect seen at the deactivated catalyst could be split into two parts: a reversible electro-
chemical promotion (EP,) being rather independent of the time of polarization, and an irreversible
electrochemical promotion (EP;) increasing with longer polarization times. The reversible electro-
chemical promotion (EP,) vanishing after an interruption of the current is related to the
steady-state accumulation of promoting species at the gas-exposed catalyst surface.

The irreversible effect (EP;) persisting after interruption of the current is due to the pro-
gressive reduction of oxidized (hence, deactivated) surface sites. It is believed that the applied
positive current raises the rate of rhodium oxide reduction via weakening the Rh-O bond in a way
similar to the case of platinum oxides [21]. As a practical consequence, a current applied with
practically negligible power consumption may efficiently assist the recovery of accidentally lost

catalytic activity at rhodium.
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2.2 Metal-support interaction

Metal-support interactions are a phenomenon responsible for changes which occur in the
catalytic activity or selectivity of catalytically active phases when varying the catalyst support

[74-76]. In commercial catalysts, the catalytically active phase usually is dispersed on a highly

porous, high-surface-area (>100 mz/g) support. Such a support, frequently termed carrier, has
pores as small as 0.1 nm and can serve as a substrate for the active phases in a highly dispersed
form. In the early days of catalysis, this porous, high-surface-area support usually was regarded as
inert. It soon became obvious, though, that the catalytic activity in a reaction on a given active
phase often was strongly influenced by crystallite size and by the material of the support. Geome-
try (“structure effects”) did not yield a satisfactory explanation.

Thus, metal-support interactions have been a focal point of extensive research during
recent decades. Typical examples are:

1. the phenomenon of strong metal-support interactions (SMSI) discovered by Tauster et al
[77];

2. the effect of dopant-induced-metal support interactions (DIMSI) studied by Verykios
and coworkers [78];

3. the discovery of highly active Au/SnO, oxidation catalysts by Haruta and coworkers
[79, 80].

An explanation frequently offered for the nature of MSI are electronic-type interactions
between support and catalyst particles. A concept of electronic interactions associated with the
bulk electronic properties of the two phases in contact (metal crystallites and support materials)
was first proposed by Schwab ([81] and references therein) and Solymosi ([82] and references
therein). This concept is based on metal-semiconductor boundary-layer theory, according to
which thermodynamic equilibrium develops at a metal-semiconductor contact (in the present
case, the interface between the metal crystillites and the support). The equilibrium condition
requires that the Fermi energy levels of the electrons in the two solids be the same. In order for
this to be achieved, charge must be transported from one material to the other. For instance, in
cases where the electron work function of the metal is higher than that of the semiconductor,
charge will flow from the semiconductor to the metal until the Fermi levels at the interface are

equilibrated. The charge transfer process causes significant alterations in the catalytic properties
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and selectivity of the dispersed metal particles. The driving force for charge transfer is the differ-

ence in electrochemical potentials.

2.2.1 Metal-semiconductor boundary layer theory

The condition of thermodynamic equilibrium at a metal-semiconductor contact implies that
the electrochemical potential should be uniform throughout the system. If, prior to contact, the
metal and the semiconductor have different electrochemical potentials, then upon contact, charge

will flow to the material with the smaller potential until the potentials are equalized. When the

. - -S
two materials carry no net charge, then pM = ®,; and p. = Og, where M and S denote the

metal and the semiconductor, respectively. For ®y; > ®q the electron flux will be toward the

metal. At equilibrium, the common electrochemical potential will be (similarly to Eq. (2.12):

Ho' = —Dy—eWy = —Dg—eWq (2.33)
and

AD = e(AY) (2.34)

that is, a contact potential difference equal to the work function difference has developed. Quanti-

ties Wy and Wg are the outer potential of the metal and the semiconductor, respectively. For
instance, in a situation where @y, > @g, charge is transferred from the semiconductor to the metal.

Electrons transferred to the metal are associated with the interface atoms, while the more
extended region in the semiconductor that is depleted of electrons is characterized by a bending of

the valence and conduction bands [83, 84]. The Schottky barrier, ®gp, at the interface is given by

Dy = (D — D)/ e (2.35)

It could be shown that for strongly ionic semiconductors, the barrier height will be equal or
proportional to the work function difference [83, 84], just as indicated by Eq. (2.35). It was also
shown that the ideal Schottky theory can be used to describe a metal-TiO, contact [85]. Experi-

mentally, the barrier height in contacts of TiO, with metals such as Pd, Pt, or Au in air was found

to be equal to the work function difference [86].
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2.2.2 Strong metal-support interactions

In more recent years, the concept of strong metal-support interactions (SMSI) was intro-
duced by Tauster et al [77, 87]. It was observed that Group VIII-metal particles supported on tita-

nia and other reducible oxides lose their ability to chemisorb H, and CO when they are subjected

to reduction at temperatures higher than 773 K. A number of models have been proposed to
explain the mechanism of this phenomenon, which include formation of intermetallic bonds with
localized charge transfer from the reduced titania support to the metal crystallites [88, 89].
Another model is diffusion of a suboxide species to the surface of the metal crystallites, rendering
them partially inaccessible to chemisorption and catalytic action [76, 90]. A model involving geo-
metric decoration has been shown by many investigators to be most often responsible for the

SMSI state. Direct experimental evidence for the occurrence of metal decoration by TiO, species

has been provided by HREM and XPS [91-93]. In some cases, electronic effects may also be

playing an important role in the phenomenon [93, 94]. Certain similarities with the M/TiO, cata-
lytic system, but also significant differences are observed for the M/CeO, system [95].

Recently an alternative interpretation of metal-support interactions was proposed [5, 85,

96] (Section 2.2.3).

2.2.3 Electrochemical promotion and metal-support interactions

Recent experiments in our laboratory have provided evidence that electrochemical promo-
tion and metal-support interactions are phenomena which are functionally identical, and differ
only operationally [96].

For studies of the relation between EPOC and MSI, it was proposed to prepare mixed IrO,-
TiO, catalysts consisting of micro and nanoparticles of IrO, (as an active phase) and TiO, (as an
inert support) in intimate contact. A series of catalyst films of varying composition was prepared
in which the IrO, loading was kept constant (130 ug/cmz) [96].

A decrease in the effect of electrochemical promotion with increasing TiO, content is

clearly manifest in Fig. 2.13, which shows plots of the open-circuit (/ = 0) and electrochemically
promoted (I = 200 pA) steady-state catalytic rates against film composition. It is worth noting

that:
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1. pure TiO, ( x 1r0,~ 0) is catalytically inactive;
2. pure IrO, (x ro, = 1) has a moderate catalytic activity;

3. addition of TiO, to the IrO, catalyst causes a pronounced increase in catalytic rate;

20

r/108 mol O s
[y
[—)

X,,02[1r0,/(Ir0,+Ti0,)] / mol %

FIGURE 2.13. Effect of composition of the Ir0,-TiO,/YSZ catalyst films on the rate of C,H, oxidation

under open-circuit (open circles) and electrochemical promotion (full circles) conditions. Triangles indicate the
corresponding rate enhancement ratio () value. Applied anodic current: 7 = 200 pA during 60 min. Feed

composition: P ,, = 0.15 kPa, P, =20 kPa. T =380 °C.

for the promotional (metal-support interaction) rate enhancement ratio pygy defined as:

L (2.36)

Ty

Puysr =

where r,, is the unpromoted catalytic rate per unit mass of the active catalyst, values of up to 13

were obtained for x o, = 0.5;
4. electrochemical promotion of the pure IrO, catalyst (x 1o, = 1) leads to a pronounced

electrochemical promotion with p-values of up to 12;

5. EPOC of the IrO,-TiO, catalyst is negligible, with p-values below two.
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Observations 3 and 5 strongly suggest that for the TiO,-IrO, catalyst, the same type of pro-
moting mechanism is operative as for the electrochemically promoted IrO, catalyst. One may

consider the IrO,-TiO, metal-support interactions as a remote-control mechanism [97] or as a
“wireless”-type NEMCA configuration [42, 98] where TiO, continuously provides promoting 0%

species to the IrO, catalyst surface and gaseous O, continuously replenishes spent O in the
TiO,.
The same reaction of ethylene oxidation was investigated over Rh nanoparticles dispersed

on pure and doped TiO, and other porous supports [96]. It was established that under conditions

under which the change in work function of the catalyst is the same, regardless of the means by
which the alteration in the work function is achieved, the influence of electrochemical promotion
on the kinetic parameters of the model reaction is identical to the influence of metal-support inter-
actions [96].

These results indicate that at least under certain conditions, the mechanism of metal-sup-
port interactions may be identical to that of electrochemical promotion, ie, the charge exchanged
between the metal particles and the support material owing to the difference in electrochemical
potentials between the two solids may consist of oxygen ions, just as in cases of electrochemical
promotion.

The concept of electronic-type metal-support interactions is still valid: the thermodynamic
driving force for charge transport is due to equilibration of the Fermi levels of the two solids in
contact. This is true for the electrochemically promoted catalysts and for the dispersed metal par-
ticles on an ion-conducting support. This interpretation of metal-support interactions involving
oxygen ion backspillover from the support to the metal crystallites is shown schematically in Fig.
2.14. In the same figure, the concept of electrochemical promotion induced by application of a
current or potential is also ilustrated. The difference between electrochemical promotion and
metal-support interactions is the driving force for the transport of oxygen ions from the carrier to
the metal particles.

At the three-phase boundary (metal-support-gas), the following charge-transfer equilib-

rium is established:

0,(2) +4 e (M) S 2 0%(S) (2.37)
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where M denotes the metal particles and S denotes the support. Then the electrochemical poten-

tials of the electrons, L., oxygen ions, L ol and gaseous oxygen, Mo, are related as follows

[96]:

By (S) = 2ue(M) +(1/2)ng (2) (2.38)
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FIGURE 2.14. (A) Electrochemical promotion, (B) Metal-support interactions. Alternative approach
to metal-support interactions involving backspillover of oxygen ions from the TiO, carrier to the metal

nanoparticles. The locations of the classical double layers formed at the metal-support interface and of the
effective double layers formed at the metal-gas interface are shown. The energy diagrams (bottom)

schematically indicate the Fermi level, Ex (or electrochemical potential, ;Le, of electrons), the chemical

potential of oxygen, and the electrochemical potential of O, (from Ref. [96]).

If one assumes that the oxygen ions are mobile on the metal surface and do not rapidly des-
orb nor participate in fast catalytic reactions, then the equilibrium described by Eq. (2.37) is also

established at the catalyst surface, in which case

Hor (M) = 2pe(M) +(1/2)pg, (g) (2.39)
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Thus, in the metal-support system the thermodynamic driving force for 0% backspillover

from the support to the metal surface is the difference in electrochemical potentials of the oxygen

ions, p o~ (S)—pn 02" (M) [5, 54]. Alternatively, the Fermi levels of the two solids in contact are

equalized by transport of charged carriers, such as oxygen ions. This could occur simultaneously
with the transport of electrons or positive holes, depending on the relative values of electronic and

ionic conductivities of the semiconducting support.

2.2.4 Solid electrolytes

Solid electrolyte should have high ionic conductivity and low electronic conductivity.
Known electrolyte materials mainly differ in the nature of their conductivity, either having pure
ionic or mixed ionic-electronic conductivity. The preparation, properties, and some applications
of solid electrolytes have been discussed in a number of books [99-101] and reviews [102, 103].
The major commercial application of solid electrolytes is in gas sensors [104, 105] and solid-
oxide fuel cells [106, 107]. Solid electrolytes play an increasingly important role in heterogeneous
catalysis, both as nanodispersed catalyst carriers and as supports of thick or thin, electrochemi-

cally promoted films [4, 5, 18-20, 85]. The lowest acceptable ionic conductivity of a solid electro-

lyte in practical fuel cell applications is 0.1 to 1 ohm lem™!. This places severe restrictions on the

choice of materials and operating temperatures. For catalytic (promotional) and sensor applica-

tions, however, much lower conductivities (10* ohm™'em™) usually are sufficient. This implies
that a great variety of solid electrolytes can be used over a very wide temperature range. In pub-

lished electrochemical promotion studies, the following solid electrolytes were used:
(1) Yttria-stabilized-zirconia (YSZ), an 0% conductor at temperatures higher than 280 °C.
(ii) B”-Al,O, and Na;Zr,Si,PO,, (NASICON), which are Na" conductors at temperatures
between 180 °C and 400 °C.

(111) CsHSOy, Ca Zr 9In ;O5_, and Nafion, which are proton conductors at temperatures
between 150 and 25 °C, respectively.
(iv) CaF,, a F” conductor at temperatures between 550 and 700 °C.

(v) Mixed ionic-electronic conductors such as TiO, and CeO,.
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Other solid electrolytes were also reported [5].
In this section, a short description is provided of some important properties of YSZ and

TiO, oxide materials that are of interest within the scope of the present thesis.

2.2.4.1 Properties of yttria-stabilized-zirconia

The majority defects in pure ZrO, are oxygen vacancies VO and electrons e, both at very
low concentrations. Lower-valent oxides such as Y,05 or CaO when added to ZrO, raise its oxy-

gen vacancy concentration, and thus lead to a much higher ionic conductivity.

For ZrO, doped with Y,O3, the oxide conductivity is plotted schematically as a function of
the oxygen partial pressure in Fig. 2.15.

The “partial pressure window”, that is, the range of partial pressures over which a com-
pound is an ionic conductor, is relatively wide for the stabilized zirconias, covering about 20 to 30
orders of magnitude around the minimum of electronic conductivity.

The cubic fluorite structure is one of the most important crystal structures in the field of

ionically conducting oxides. It is the structure of the high-temperature form of ZrO, and of the so-
called stabilized zirconias. At room temperature, ZrO, has a deformed structure derived from the
fluorite (CaF,) structure. Pure ZrO, when cooled down from high temperatures undergoes several

phase transitions accompanied by relatively large volume changes.
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FIGURE 2.15. Electron, hole, and ion conductivities in yttria-stabilized zirconia [108] .

By doping ZrO, with lower-valent ions such as calcium or yttrium, the cubic structure is
stabilized and remains viable down to room temperature. Some properties of ZrO, + 8 % Y,03

are given in Table 2.1.

TABLE 2.1. The main properties of yttria-stabilized-zirconia (ZrO, + 8 % Y,03)

Property Value

Melting point, °C 2680
Density, g cm™ 5.9
Conductivity (1000 °C), ohm™'m™! 12.0
Thermal conductivity, Wem™ 'K 0.02

Standard enthalpy, kJ/mol (25 °C) 1097.5
Standard entropy, J/mol.K (25 °C) 50.4
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2.2.4.2 Properties of titanium dioxide

Nanocristalline titanium dioxide has been investigated extensively in recent years because
of its uses in photocatalysis [109, 110], photovoltaics [111, 112], catalysis [76, 77, 85, 87]. Titania
is an important support material in catalysis. It has been studied in the context of metal-support
interactions, and more particularly of strong metal-support interactions (SMSI). In addition to its
importance as a metal support material, TiO, is a highly valued material in sensor technology
[104, 113-115], which is due to its predominantly n-type semiconductivity and concomitant,
marked variation in electronic conductivity with the chemical potential of oxygen. The Pt/TiO,
interface, and particularly its electrical properties, have been studied in detail for sensor applica-
tions using a variety of surface spectroscopic techniques [104, 113-115].

Titania exists in a number of crystalline forms, the most important ones being anatase and

rutile. Some physical properties of sintered titania are summarised in Table 2.2 [116].

TABLE 2.2. The physical and mechanical properties of titania

Property Value
Density, g cm™ 4
Resistivity (25 °C), ohm'cm 10'2
Resistivity (700 °C), ohm'cm 2.5x10*
Dielectric Constant (1 MHz) 85
Thermal Conductivity (25 °C), 11.7
Wm K

One important materials property of TiO, is mixed conduction, ie, in addition to n-type
semiconductivity at low Po, values and p-type semiconductivity at high Po, values, it also exhib-
its some ionic conductivity due to the migration of O%" ions or vacancies [103]. Figure 2.16 shows
that the relative importance of 1onic conductivity can be high at intermediate or high Po, values,

while at low Po, the n-type semiconductivity is predominant [103].
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FIGURE 2.16. Effect of oxygen partial pressure on the electrical conductivity of mixed-conducting
MO, oxides, and the relative contributions of n- and p-type semiconductivity and of ionic conductivity.

Literature reports on the electrical properties of TiO, are not free of speculation and con-

flicting conclusions concerning the contribution of ionic conductivity to the overall conduction
process [117-122].

It has been generally assumed that the electrical properties of TiO, are determined by the

electronic conduction while the ionic component assumes negligibly small values. Popov et a/

[117] reported that below 1273 K, undoped TiO, is mainly an ionic semiconductor. On the other
hand, Cronemeyer [118] argued that the electrical conductivity is determined by the transport of
electronic charge carriers while the contribution of the ionic component is negligible. Also, Bau-
mard and Tani [119] claimed that the contribution of the ionic component at 1273 K is limited to
0.1 % of the total conductivity value. Carpentier et al [120] concluded that TiO, at 1000 °C under
Po, = 10° Pa exhibits mixed conductivity with an ionic component smaller than 5 %. Singheiser
and Auer [121] reported that the ionic component plays a significant role in conduction in reduced
TiO, (10714 - 1071° Pa) at 1125-1255 K; however, they did not specify the absolute value of this
component. Nowotny et a/ [122] have evaluated the ionic conductivity component in undoped

TiO, within the #n-p transition region over the temperature range from 985 to 1387 K and at Po, of

1 to 10° Pa. It was found that the ionic transport number for TiO, at the n-p transition is approxi-
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mately 0.5. Another indirect confirmation concerning an ionic component of TiO, conductivity
was reported by Pliangos ef a/ [16] who studied the Pt/TiO, system in electrochemical promotion
experiments at 773 K. These authors have shown by work function and XPS measurements in
UHV that under oxidizing conditions, TiO, partly behaves as a solid electrolyte due to 0% con-

duction, and can be electropromoted. Under reducing conditions in UHV, the n-type conductivity

of TiO, is predominant, and hence the Pt-TiO, contact is totally ohmic. Under these conditions

electrochemistry is inoperative.

It is well known that TiO, conductivity depends on the oxidation state of Ti, and the series
Ti0,-Ti,03-TiO-Ti is an interesting oxide system in which the progressive transition from insula-
tor to metal is accomplished by reduction [116]. In fact, TiO, is readily reduced by hydrogen at

relatively moderate temperatures (T > 400 °C). TiO, is a degenerate semiconductor with a very

high carrier concentration, and the high electrical resistivity of TiO, (10lO ohm'cm) dramatically

decreases upon partial reduction, see Fig. 2.17 [116, 123, 124].
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FIGURE 2.17. Conductivity of TiO as a function of x [116].
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It was seen that available reports offer a variety of conflicting views on the transport mech-

anism in TiO,, which so far remains unresolved. Opinion is unanimous, however, that TiO, con-
ductivity depends on the extent of nonstoichiometry and the defect concentrations in TiO,, which

in turn are functions of the temperature and of oxygen partial pressure.

2.3 Electrode reactions at gas/metal/YSZ interfaces

In reactions at gas electrodes, the reactants exist in three different phases: the uncharged
reactants are associated with a gas phase, ions as charged reactants are present as a solid electro-
lyte, and the electrons are associated with a metal. The geometric line representing the three-
phase boundary has zero width, hence some of the steps of the electrode reaction have to take
place at the two-phase boundaries, and for practical purposes one can speak about an extension of

the three-phase boundary towards two-phase boundaries (Fig. 2.18).

L5

Electrolyte

FIGURE 2.18. Schematic representation of the three-phase boundary metal/electrolyte/gas.

An electrode process involving a gas phase can thus proceed at different surface bounda-
ries: metal-electrolyte (ME); electrolyte-gas (EG); and metal-gas (MG) [99, 100].

1. Electrochemical reactions at the metal-electrolyte (ME) phase boundary. The ME sur-
face boundary is the most favorable place for the electrochemical step of a process. This boundary

is an unlimited sink or source for electrons, and the electrochemical reaction basically may occur
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over the entire surface of the electrolyte, which serves to decrease the electrode’s polarization and
contact resistance.

The higher the diffusion rate of electrochemically active species and the smaller the rate of
discharge process, the longer will be the distance over which the reaction is spread out along the
ME boundary from the three-phase boundary (MEG). Electrochemically active species are sup-
plied to the boundary of electrolyte and metal or withdrawn in the three-phase boundary through
the EG and MG surfaces. At these boundaries, active species are exchanged with a gas phase
through adsorption and desorption processes. This process scheme can be realized on an anode as
well as on a cathode.

It must be asked whether gas atoms can diffuse into the interface region between electrode
and electrolyte and, if so, whether the diffusivity is the same as that measured for a gas over the
free and clean surface of a metal crystal. It appears reasonable to expect that, as long as there is no
strong chemical bonding between the metal electrode and the electrolyte, gas atoms should have
no difficulty in diffusing along the interface, and do so with a diffusivity that is similar (at least in
order of magnitude) to that at the free surface [125].

2. Electrochemical reactions at the electrolyte-gas (EG) surface boundary. For an electro-
chemical reaction to occur at the EG interface, diffusion of electrons along the boundary is
required. The electrochemically active species can be supplied, either directly from the gas phase
or from an adsorbed layer at the MG boundary. Typically, solid electrolytes have very low elec-
tronic conductivity, and thus a very low electronic surface conductivity. Therefore, this process is
hampered by a lack of electrons at the EG interface.

3. Electrochemical reactions at the metal-gas (MG) surface boundary. For an electrode
reaction to occur at the MG interface, ions must be supplied to it by diffusion. This implies an
extension of the reaction zone toward the gas-exposed electrode surface. Mechanisms of this type
have often been described in the literature on electrochemical promotion [5]. This extension of
the reaction zone means that an effective double layer is developed along the gas-exposed elec-
trode surface. Once this effective double layer is formed, the reaction can take place at the metal-

gas interface.
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2.3.1 Oxygen electrode O,, M/YSZ

Solid-electrolyte electrochemical cells are widely used as high-temperature oxygen sen-
sors, as solid-oxide fuel cells and, as shown before, in electrochemical promotion experiments.
Interest in these devices has motivated a large number of investigations into the kinetics and

mechanism of the most common electrochemical reaction, viz, oxygen oxidation/reduction at O,,

M/solid electrolyte interfaces. The overall reaction in an O,, M/YSZ cell can be written as:

1/20yg +2¢ 5 O (2.40)

or, using Kroger-Vink notation, as:
1120y +2€ + V5 S Oy (2.41)

where V; and O," are a doubly charged oxygen vacancy and an oxygen atom, respectively, both
located at a normal oxygen site in the electrolyte.

A variety of kinetic studies have been performed over the last three decades, and many
kinetic models have been proposed in the literature to explain the mechanism of this electrode

reaction at O,, M/solid electrolyte interfaces between Pt, Au, Ag, and Pd as the metal and YSZ

and doped ceria as the electrolyte [99, 100, 125-135]. The geometric complexity of the various
metal electrodes complicates the kinetics of the oxygen reactions, and to date no consensus has
emerged as to the details of the reaction mechanism.

One of the systems most thoroughly studied in solid-state electrochemistry is the O,/Pt/
solid-electrolyte electrochemical cell. It is generally accepted that oxygen reduction at Pt occurs
in several steps of which any one may be rate determining:

(1) Gas-phase diffusion from the bulk gas into a Pt pore (Eq. (2.42)) as well as gas-phase
diffusion within the open Pt pore system (Eq. (2.43)):

OZ(g) s OZ(Pt-pores) (2.42)

O2(Pt-p0res,1): O2(Pt-p0res,2) (2-43)

Gas-phase diffusion has been suggested to be rate-limiting in references [136, 137].

(i1) Oxygen may then dissociatively adsorb on the electrode:

45



Chapter 2 Review of relevant basic work (bibliography)

OZ(Pt-pores) S2 O(MG) (2.44)

Dissociative adsorption is known to be the common mode of adsorption for oxygen on most tran-
sition metals at high temperatures [138], and was suggested to contribute to the rate-determining
step in reference [139].

(iii) The adsorbed oxygen atoms may diffuse to a three-phase boundary O g

OmEG) = O(ERs) (2.46)

and, further, along the electrode/electrolyte interface (“laterally”) to an electrochemical reaction

site (Oggrg)- Surface diffusion of atomic oxygen has been suggested as being rate-determining in

[131, 137, 140], lateral diffusion has been suggested as being rate-determining in [99, 125, 129].
At the electrochemical reaction site (ERS), adsorbed oxygen atoms pick up charge and

enter the electrolyte:

O(ers) T2 € 5 O (2.47)

Equation (2.47) represents an overall charge transfer reaction that may itself consist of sev-
eral elementary reactions. It represents a cathodic current in the forward direction, and an anodic
current in the reverse direction.

Disagreement exists as to the location of the ERS; they might be located in the three-phase
boundary (MEG) or in the more extensive two-phase boundary (ME). Two distinct models have
in fact been proposed for the electrode reaction, one which places the ERS at the three-phase
boundary MEG, and one that places the ERS into the two-dimensional interface between the elec-
trode and the electrolyte. They are shown schematically in Fig. 2.19 as models I and II, respec-

tively [132].
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I1

Electrode

Electrolyte Ib l Ha

Electrolyte

FIGURE 2.19. Schematic of the oxygen exchange reaction mechanism. Ia and b: the charge-transfer
reaction at (in) the electrode-electrolyte interface. Ila and b: the charge transfer reaction at the three-phase
boundary (MEG). The arrows are drawn so as to correspond to the cathodic reaction.

For the supply of oxygen to the electrode-electrolyte interface, two diffusive steps have
been proposed. In mechanism Ia, oxygen atoms are transported by bulk diffusion through the
metal electrode. This process can occur in the case of electrode metals in which oxygen is soluble
(for instance, silver). Given the low solubility and diffusivity of oxygen in bulk Pt, Rh, Pd, and
Au, the applicability of this mechanism is strongly limited. In mechanism Ib, oxygen atoms are
supplied by surface diffusion through the tpb into the electrode-electrolyte interface [125, 130,
131].

In the kinetic models of type II, it is assumed that the reduction and incorporation of oxy-
gen occur at the tpb. Here again, two diffusive steps have been proposed, which are shown in Fig.
2.19 as mechanisms Ila and IIb. In mechanism Ila, oxygen diffuses through a gas phase boundary
layer or through pores of the electrode. In mechanism IIb, it is assumed that oxygen is supplied to
the tpb by surface diffusion of dissociatively adsorbed oxygen [130, 131].

In oxygen electrode reactions taking place in the two-phase region, oxygen atoms must dif-
fuse laterally inward along the metal-electrolyte interface from the three-phase region. This is
particularly true for Pt, Au, etc. since the solubility and diffusivity of oxygen in the bulk metals

are extremely small. The concentration of oxygen at (in) the ME interface will then depend on the

47



Chapter 2 Review of relevant basic work (bibliography)

interfacial diffusion rate as well as on the local charge transfer rate. The ratio of these two rates
can be modified by varying the particle size of the electrode.

Along these lines, Wang and Nowick [125] proposed a model to describe the electrode
process at thick Ag and Au electrodes and thin Pt electrodes (foil) interfaced with doped ceria
electrolyte, where the reaction occurs in the two-phase region consuming oxygen arriving by dif-
fusion along the electrode from the three-phase region. They assumed that the electrode/electro-
lyte interface has a simple rectangular geometry (Fig. 2.20 A)

According to Nguyen et al [128], the electrode/electrolyte interface of a porous Au elec-
trode sitting on YSZ has a more complex structure (Fig. 2.20 B). In their model, a simplified pore

structure with cylindrical geometry is considered.

A B
ELECTRODE
S REACTICN
AREA -
IRFSENESNNEENN, lh
-L 0 L
ELECTROLYTE

FIGURE 2.20. Representation of electrode/electrolyte interfaces. A: Schematic diagram of an electrode
particle of simple rectangular geometry on an electrolyte [125]. B: Simplified pore geometry (R is the radius of
the electrode pore) [128].

Different electrode morphologies should give rise to different overall polarization behav-
ior. At porous electrodes of small particle size, the electrode reaction predomenantly proceeds at
the three-phase boundary (MEG), while at compact and thick electrodes it occurs at (in) the ME
boundary [125-127]

Information about the mechanism of an electrode process, and thus about the rate-deter-
mining step, can be derived from a knowledge of the relationship between the exchange current,

1, at the metal/electrolyte interface and the oxygen partial pressure. It was established experimen-

tally [125-127, 133, 141] that quite generally:
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Iooo(POZ)m (2.48)
This equation follows for Langmuir-type adsorption of oxygen at the electrode surface:

0o = KoPo, /(1+KoPp,) (2.49)

where 0, is the oxygen coverage. It can be shown [125-127] that:

1/2
Iy~ [0(1-64)] (2.50)
or, equivalently:
1/4 1/2
Iy~KoPg, /(1+KoPg) (2.51)

Depending on whether atomic or molecular oxygen is involved in the rds, m is related to the trans-

fer coefficients of the cathodic (o) and anodic (a,) process through the following relations:

o

= 2—(0ca o) (2.52)

m

for atomic oxygen and

o

m = m (253)

for molecular oxygen, where o in the denominator will be, either o, or a., depending on which
exponential term does not vanish.

The relationship between oxygen partial pressure and /, depends on whether electrons are
transferred in the rate-determining step to atomic oxygen or molecular oxygen. Thus, for a purely
charge-transfer-limited reaction (when the coefficients a,, = o, = 1), the m-values are 1/4 and 1/2
for atomic and molecular oxygen, respectively. The competition between mass transport and
charge transfer leads to “apparent” transfer coefficients different from unity, and also to a differ-

ent oxygen partial-pressure dependence of the equilibrium exchange current density. When

atomic oxygen is the diffusing species, it changes from Iooo(P02)1/4 to Iooo(P02)3/8, but with
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molecular oxygen as the diffusing species, it changes from Iooo(P02)1/2 to Iooo(Poz)S/8 [133,
141].

Wang and Nowick have studied the exchange current as a function of Po,, and could show
that at the Pt electrode, oxygen for the charge transfer process is supplied from oxygen atoms

adsorbed on the Pt surface where a Langmuir isoterm is obeyed. The proportionality of /; oo
Pozl/ 4 was found for the Pt electrode when the process occurred under charge-transfer control.
The rate of charge transfer can switch from a P02'1/ 4 dependence at high surface coverage (0) and

low temperature to a P02+1/ 4 dependence at small © and high temperature. The same authors

found for an electrode process controlled by interfacial diffusion of adsorbed oxygen atoms from

the gas-exposed metal surface to the electrochemical reaction sites that the proportionality of 7,

o Po,>8 is applicable [125-127].

2.4 Aim of the work

Considering prior work as outlined in Sections 2.1 through 2.3, it was decided that in the
present work, the investigations should for a first time be targeted at the electrochemical modifi-
cation of catalytic activity and at metal-support interactions in the instance of highly dispersed
(about 10 %) nanofilm rhodium catalysts (film thickness 40 nm). As supports for this catalyst, a

pure ionic conductor (8 % Y,0O5-stabilized ZrO,) and a mixed ionic-electronic conductor (TiO,)
were used, the latter support being a highly dispersed (80 %) layer of TiO, (4 um) deposited on
YSZ (TiO,/YSZ). Successful electrochemical promotion of such a highly dispersed catalyst hav-
ing low metal loadings would be a most valuable achievement from theoretical and practical

points of view, since one of the factors holding back a commercial utilization of EPOC is the low

metal-catalyst dispersion (typically 1073 to 107) typically found in the thick porous films (0.2 - 10
pum) used in all prior electrochemical promotion studies [5]. With such a catalyst design, which is
similar to that of catalytic systems exhibiting effects of metal-support interactions, parallel inves-

tigations of EPOC and MSI phenomena can be performed.
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CHAPTER 3 Experimental

In this chapter the experimental setup and protocols used for preparing the-
catalyst electrodes and the electrochemical cells used in this work are pre-
sented. The most important experimental techniques are listed but details
concerning each technique will be provided at the beginning of each chapter

reporting experimental results.

3.1 Electrochemical cells

3.1.1 Single-pellet cells

Two single-pellet cell configurations have been used in the present work. One of the config-
urations is the cell presented in Figure 3.1, where the rhodium catalyst used as the working elec-
trode was deposited on one side of a pellet of yttria-stabilized zirconia (YSZ 8 mol%, Technox 802
from Dynamic Ceramic), while the Au counterelectrode and reference electrodes were deposited

on the other side (Fig. 3.1) [1].
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FIGURE 3.1. Schematic representation of a single-pellet cell for steady-state polarization
measurements and electrochemical promotion studies.
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FIGURE 3.2. Polarization mode of the electrochemical cell shown in Figure 3.1.

Such three-electrode cells were used for electrochemical measurements, for example
steady-state polarization experiments. The same type of cell was used for catalytic measurements
and experiments under conditions of electrochemical promotion.

The cell configuration used for impedance measurements is shown in Fig. 3.3, where two

Rh electrodes (S =0.18 cmz) were deposited on one side, a counterelectrode was deposited on the

other side of the YSZ pellet. A schematic representation of the polarization mode is shown in Fig.
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Electrochemical cells

3.4. Alternative current was applied between two Rh electrodes, one of them serving as the work-
ing electrode and the other as the auxiliary electrode. Direct polarization of the working electrode

was accomplished by using a gold counterelectrode.
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FIGURE 3.3. Schematic representation of a single-pellet cell for impedance spectroscopy studies.
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FIGURE 3.4. Polarization mode of the electrochemical cell shown in Figure 3.3.
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3.1.2 Ring-shaped cells

Ring-shaped electrochemical cells were used in the partial methane oxidation experiments,
and are shown schematically in Fig. 3.5 [2, 3]. The catalyst film was deposited on the inner sur-
face using the procedure described in section 3.2.3, while the gold reference electrode was depos-
ited on the outer surface of a ring (OD 20 mm, ID 17 mm, height 10 mm) of yttria-stabilized

zirconia (YSZ 8 mol%, Technox 802 from Dynamic Ceramic), which provided a geometrical cat-

alyst surface area of about 5 cm?.

YSZ

Rh catalyst

VWR

gold

FIGURE 3.5. Schematic representation of the ring-type electrochemical cell for partial methane
oxidation studies.

3.2 Electrode preparation

The following catalyst electrodes were investigated: (a) a sputtered Rh catalyst electrode

on YSZ and TiO,/YSZ supports, (b) a Rh catalyst electrode prepared with commercial paste.

3.2.1 YSZ pretreatment

Prior to Rh and TiO, deposition, the YSZ plates were pretreated by sandblasting in order to
increase the roughness of the surface and, hence, the adhesion of Rh and TiO, to YSZ. The

increase in support roughness was accompanied by changes in surface morphology, as will be

shown below by SEM. From the point of view of electrochemistry, any increase in roughness will
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Electrode preparation

influence the surface of contact between catalyst and support, and with it the length of the three-
phase boundary.

The surface roughness was estimated using a UBM profilometer (Hommel Tester T800,
Hommelwerke GmbH, Schwenningen, Germany).

Figure 3.6 shows the surface roughness of YSZ before sandblasting and after 20 seconds of

this treatment (the pressure of sandblasting was 2 kg/mz).

non-treated surface A

FIGURE 3.6. Profile of YSZ surface. A) untreated surface, B) after 20 s of sandblasting at 2 kg/mz.

The surface roughness parameter is given by R,, which is the arithmetic average of the

absolute values of all points of the profile:

> ) (3.1)

The roughness parameters were compared between samples at which the roughness was

measured over equal lengths (3 cm) and at the same scan density. It can be seen from Fig. 3.6 that
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20 s of sandblasting lead to a twofold increase in surface roughness. The roughness parameters,

R,, are 0.82 pm and 2.1 um for the untreated and the sandblasted surface, respectively.

After the sandblasting procedure, the support was carefully cleaned in order to avoid the
presence of impurities on the support surface that would interfere with film growth. The cleaning
procedure was the following:

1. The support was cleaned for 10 min in acetone in an ultrasonic bath (1200, Branson);

2. After sonication, the support was rinsed for 10 min with demineralized water.

3. Then the support was immersed into 2-propanol and cleaned for 30 min in the ultrasonic

bath.

3.2.2 Preparation of Rh catalyst electrodes by sputtering

The technique of sputtering is often used to deposit thin films. Deposition by sputtering
offers many unique characteristics as compared to other thin-film deposition methods. These
characteristics include a very simple control of thickness of the deposited film and a good adhe-
sion to the support due to the high energy of sputtered atoms. When a solid is heated to a suffi-
ciently high temperature, it is possible for individual atoms to acquire enough energy to escape
from the surface. This effect is known as evaporation. Sputtering is similar to evaporation, though
energy is transferred to the solid, not by heating but by bombardment of the solid via collisions.
As it is more convenient to accelerate ions, sputtering normally is obtained by ion bombardment
[4]. The pressure inside the deposition chamber has to be as low as possible in order to avoid the
back-diffusion of sputtered atoms and collisions between the ions and the gas during the accelera-
tion phase. The growth process will influence the morphological characteristics of the thin film.
These depend, not only on the parameters of the sputtering process but also on the surface rough-
ness of the support and on the nature of the material deposited.

The sputtering was performed in Prof. F. Lévy’s laboratory (Laboratoire de physique des
couches minces, EPFL) by H. Jotterand; their contribution is gratefully acknowledged.

After cleaning, the support was introduced into the sputtering chamber that was filled with
pure argon. Then rhodium (Rh 99.8, Lesker) was deposited onto the substrate (YSZ support) at 50
°C. The sputtering conditions were the following: direct-current (dc) mode with a discharge of

305V, argon pressure 0.5 Pa. Under these conditions the deposition rate was 0.25 nm/s. The film
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Electrode preparation

thickness was measured by calibration with smooth silicon samples processed simultaneously.
The thickness of the sputter-deposited rhodium film was 40 nm.

The Rh/TiO,/YSZ samples were prepared by the same method of deposition but on YSZ

supports previously covered with a thin film of TiO, (see below, section 3.2.4)

The geometric surface area of the rhodium catalyst was 0.5 cm?.

The surface area and dispersion of the metal in the Rh film catalysts was estimated with the
transient galvanostatic catalytic rate response technique [5]. This is based on measuring the time,
1, required for the rate increase to reach 63 % of its final steady-state value in galvanostatic elec-

tropromotion experiments. It is well established that t, which expresses the time required to form

a monolayer of 0% on the catalytically active gas-exposed catalyst electrode surface, is given by:

2FN
I

T~

(3.2)

where Ng is the surface area (in mol) of the gas-exposed catalyst electrode, and / is the applied
current. From this expression, and taking into account that (see Chapter 8) t is approximately 1
min for / = 50 pA, one can estimate that Ng = 1.6 x 108 mol.

The catalyst dispersion is defined as:

D¢ = (number of catalyst surface atoms/total number of catalyst atoms) x 100 (3.3)

Assuming 10 % porosity for the Rh film, one finds that the 40-nm film having a geometric surface

area of 0.5 cm? contains 2 x 10”7 mol Rh. These numbers yield an estimate for the metal’s disper-
sion of 8 % (£3 %).

The counterelectrode and the reference electrode consisted of porous gold deposited onto
the YSZ by thermal decomposition of a gold paste (Gwent C70219R4); the calcining temperature
was 550 °C. It should be noted that the Au reference electrode is a pseudoreference electrode,
since it is exposed to a gas of varying composition. It has been shown [5] that Au/YSZ is a satis-

factory pseudoreference electrode in oxygen atmosphere.

3.2.3 Preparation of Rh catalyst electrodes using commercial paste

Two types of catalyst electrode were prepared: Rh/YSZ and Rh/TiO,/YSZ.
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Rh/YSZ: prepared by depositing 30 uL/cm2 of Rh paste (Engelhard Rh8826; 10 % Rh)
diluted three times (by mass) with THF on the YSZ support. Three consecutive layers were
deposited. Each layer was fired at 400 °C/10 min; the final heat treatment occurred at 550 °C/1

hour (estimated loading: 0.54 mg Rh /em?).
Rh/Ti0,/YSZ: This differed from the Rh/YSZ catalyst, only in that the YSZ support was

covered with a thin film of TiO, (see section 3.2.4)

A gold film serving as the counterelectrode was deposited onto the outer surface of the

YSZ ring (Fig. 3.5) using gold paste (Gwent C70219R4); the deposition temperature was 550 °C.

3.2.4 Preparation of the TiO, layer

A micropipette was used to deposit 2.5 uL of a slurry of 20 % TiO, (1 g TiO, Degussa P25

in 20 mL EtOH : HyO =1 : 1) on YSZ of 0.6 cm? surface area, which was then evaporated for 10

min at 60 °C and heat-treated for 30 min at 450 °C in air. The loading of the TiO, layer was 1 mg/

cm?. The apparent density of the TiO, was 2 g/cm3 , the estimated layer thickness was about 4 ym.
For preparation of TiO, with a thickness 20 pm and 40 pm the ammount of a slurry was deposited

5 and 10 times higher than for 4 um, subsecuently. Following by the same procedure of evapora-
tion and heat treatment.

For preparation of the ring-type cells (Fig. 3.5), the same slurry of 20 % TiO, was applied
onto the inner surface of the YSZ ring. Several layers were applied until reaching the desired
loading (1.7 mg TiOz/cmz).

The thicknesses were estimated with a KLA-Tencor Profile, Model P15 profilometer.

3.3 Catalyst characterization

3.4. Scanning electron microscopy (SEM)

The measurements were carried out with a scanning electron microscope (JSM-6300F,

JEOL).
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The thin (40 nm) Rh films sputtered on YSZ and TiO,/YSZ were analyzed twice, first as

prepared and again after 200 hours spent working under reaction conditions.

3.5. Atomic force microscopy

Atomic force microscopic (AFM) studies were carried out in air under ambient conditions
(25 °C) using an Atomic Force Microscope (Topometrix Model Explorer). Topographic (3D,
height) images were recorded in the tapping mode using an etched silicon probe. The scan area
was 20 um x 20 um, the image contained 300%300 data points.

For the acquisition of topographical information, a probe tip traverses the surface and
senses the force of interaction between itself and the investigated surface. The measurements

were performed with the naked YSZ support, with a YSZ surface covered by a thin layer of TiO,
(4 um), and with the Rh/YSZ and Rh/TiO,/YSZ samples having a Rh film thickness of 40 nm.

3.6. X-ray photoelectron spectroscopy (XPS)

The measurements were carried out with an XPS system (PHI 5500 ESCA, Perkin Elmer)
using the Ka radiation of Mg. The energy was varied between 0 eV and 1100 eV.
The 40-nm Rh films sputtered on YSZ and TiO,/YSZ were investigated twice, first after

reduction (H,/400 °C/1 h) and again after oxidation (O,/400 °C/1 h).

Deconvolution of the XPS spectra and element quantification were performed using the

CasaXPS program (Version 2.1.34).

3.7. Electrochemical measurements

The following electrochemical methods have been used in the present work: steady-state
polarization measurements and impedance spectroscopy.

Steady-state polarization measurements have been performed with a computer-controlled
Autolab PGstat30 in a single-pellet cell (Fig. 3.1, polarization mode as shown in Fig. 3.2) using
40-nm Rh working electrodes deposited on YSZ and on TiO,/YSZ. The temperature was varied

from 450 °C to 600 °C; the oxygen partial pressure from 0.5 kPa to 20 kPa. The gas flow rate was
kept constant at 200 mL/min.
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Current-potential curves in the low catalyst potential window between -0.025 V and
0.025V were recorded at stationary currents.

Impedance measurements were performed with an Autolab PGstat30 using Frequency
Response Analyser software (version 4.9). Measurements were made at the equilibrium potential
and under polarization (0 to 0.2 V), always sweeping from high to low frequencies over the range
from 50 kHz to 0.1 Hz. The three-clectrode single-pellet cell configuration was used for the
impedance measurements (Fig. 3.3). Impedance measurements at Rh electrodes at the equilibrium

potential were performed between two Rh electrodes having equal geometric surface areas (S =

0.18 cmz). In this case the total measured impedance is given by:
Z, = 2p TRy (3.4)

where Z, is the total impedance of the electrochemical cell;
Zgy, 1s the impedance of one Rh electrode; and
R, is the electrolyte resistance.

In this way one can obtain very precise values of impedance of the Rh electrode alone, and
investigate the electrode process only including the reactions occurring at the Rh electrode.
The temperature dependence was investigated over the range of 7 from 450 to 600 °C. The

impedance measurements were always made at constant oxygen partial pressure (Po, = 0.5 kPa)

and proceeding in the direction from lower to higher temperature.

3.7.1 Kinetic measurements

The kinetic measurements were made with the single-pellet cell configuration for ethylene
oxidation and with the ring-type cell for the experiments concerning partial CH, oxidation. These
studies were performed under open-circuit and electrochemical promotion conditions at Rh/YSZ
and Rh/TiO,/YSZ catalysts.

The experimental setup used in these studies consisted of a gas flow system (F/201C and
E-5514-FA, Bronkhost) (Fig. 3.7). Reactants and products were continuously monitored using on-
line infrared (NDIR) analyzers (Ultramat 5E-2R for CoH, and CO,; Siemens). Gases O, and H,
were analyzed with an off-line gas chromatograph (GC-84, Shimadzu, detector TCD, column

packed with molecular sieves 13X).
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An atmospheric-pressure single-chamber quartz reactor (30 cm3) was used. The gas flow
rate was typically 200 mL/min STP, the temperature range investigated was 350 to 600 °C. The
temperature in the reactor was measured with a K-type (NiCr-Ni) thermocouple placed close to
the catalyst surface. Reactants were Carbagas certified standards of CHy (99.95%) and O,
(99.95%) supplied as 20-% mixtures; and C,H, (99.95%) as a 12.5-% or 1-% mixture in He
(99.996%) constituting the balance.

Electrochemical promotion measurements were carried out by applying a constant current
between the working and counterelectrode (galvanostatic operation) using a scanning potentiostat
(Model 362, EG&G Princeton Applied Research). For on-line acquisition of current, potential,

and outlet gas concentration data the LabTech Note Book system was used.

GH, 0, He
g E% FRCs
v i
O O GP
""" O g [©
O O
A 4 A 4
GC NDIR
0,,GH, 0,

FIGURE 3.7. Schematic representation of the experimental setup. FRCs: flow rate controllers; R:
reactor; T: temperature controller; G/P: galvanostat-potentiostat; GC: gas chromatograph; NDIR: non-
dispersive infrared analyzer.
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CHAPTER 4 Characterization of Rh catalyst

electrodes

In this chapter the characterization of sputtered Rh catalyst electrodes on

YSZ (Rh/YSZ) and on thin layers of TiO, deposited on YSZ supports (Rh/
TiO,/YSZ) is presented. Several types of analysis were performed with the

aim of investigating the morphological properties (SEM, AFM) and chemi-
cal surface composition (XPS) of the Rh catalysts. Both Rh/YSZ and Rh/

TiO,/YSZ have a nanoparticle structure that remains stable over a period of

200 hours when the catalyst electrodes are exposed to working conditions.

The Rh film interfaced with TiO, has a higher surface area and catalyst dis-
persion than Rh/YSZ. It was found that TiO, is able to keep Rh in a more

highly reduced state, probably due to strong electronic metal-support inter-

actions between Rh and TiO,.

4.1 Introduction

In the present PhD work, Rh catalysts supported on YSZ and TiO,/YSZ were investigated.

Due to a strong public interest in environmental problems and to more stringent automobile

exhaust standards, Rh catalysts have attracted much attention during recent years. At present, Rh
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is a major constituent of the three-way catalysts (TWC) used for the catalytic treatment of motor
vehicle exhaust gases. Rhodium catalysts have also been examined for a possible use in the
reforming reaction of methane with carbon dioxide to carbon monoxide and hydrogen. This reac-
tion is a very attractive route for the production of energy and chemicals [1-3].

The Rh catalysts offer many advantages, such as a high activity in NO, reduction, low NH;

formation, and high resistance against poisoning [4, 5]. The major disadvantages of rhodium cata-
lysts are their high price and their ease of deactivation in excess oxygen. For this reason it is
highly desirable to design more efficient catalysts which are promoted and work at lower load-
ings.

Rhodium is a noble metal; it belongs to group VIII. Relative to other group-VIII metals,
rhodium behaves quite differently, because it can more easily form surface oxides, and its oxida-
tion state dramatically influences its catalytic activity [6]. In an overall oxidizing environment,

the surface of rthodium-based catalysts is populated primarily by Rh,O5 (the most common rho-

dium oxide), while exposure to an overall reducing gas stream predominantly yields metallic rho-
dium at the surface [6, 7]. Reversible changes in oxidation state occur in response to a change in
stoichiometry of the gaseous environment at temperatures between 200 and 500 °C. In the
reduced state, rhodium-based catalysts were found to be much more active catalytically than in
the oxidized state.

The Rh/TiO, system is one of the systems exhibiting effects of strong metal-support inter-
actions (SMSI), where catalytic and selective properties of the catalyst are significantly altered by
its reduction by H, at elevated temperatures (T > 350 °C) (Chapter 2, section 2.2). Studies of this

system by several surface techniques such as XPS, XAES, and HREM were reported [8, 9].
It is the aim of the present chapter to study the morphological and surface properties of the

Rh catalyst films interfaced with YSZ and TiO,/YSZ supports by SEM, AFM, and XPS tech-

niques. More particularly, it will be attempted to elucidate the changes in morphology between as-

prepared and “spent” catalysts as well as the changes in the XPS spectra of Rh/YSZ and Rh/TiO,
accompanying the transition between two distinct states: 1) after heating in H,/400 °C/1 h, and 2)
after oxidation in O,/400 °C/1 h. According to literature data, the former state would correspond
to metallic thodium, and in the case of Rh/TiO, to SMSI, while the latter state would correspond

to Rh oxide lacking SMSI.
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4.2 Scanning electron microscopy (SEM)

The morphology and surface properties of the Rh/YSZ and Rh/TiO,/YSZ catalysts have

been studied by scanning electron microscopy (SEM).

Prior to catalyst electrode deposition, the morphology of the bare YSZ solid electrolyte
was investigated. The SEM analysis is able to provide important information about surface topog-
raphy, crystal size, and surface roughness. Figure 4.1 A shows SEM photographs of an as-pre-
pared (sandblasted for 20 seconds) YSZ surface prior to Rh film deposition. Each image
subsequently recorded for the Rh catalysts was first compared with Fig. 4.1 A in order to differen-
tiate the characteristics of the catalyst itself. It can be seen that the YSZ surface is amorphous and
very rough. The estimated surface roughness is about 2 um, in good accord with the profilometric
data reported in the Experimental part (Chapter 3, section 3.2.1).

Figure 4.1 B shows the same surface of the yttria-stabilized zirconia sample, but now cov-

ered with a TiO, layer. The estimated thickness of the TiO, layer is about 4 pm. One can see that
TiO, covers the YSZ substrate forming a continuous layer. This layer is highly porous and con-

sists of individual nanosize particles and particle agglomerates.

FIGURE 4.1. SEM images of the YSZ surface (A) and of a TiO, layer deposited on the YSZ surface
(B). Thickness of TiO,: 4 um.
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4.2.1 SEM of Rh/YSZ catalysts

Figure 4.2 A shows scanning electron microscopy images of freshly sputtered Rh film cat-
alysts on YSZ. The images of the Rh deposits do not look conspicuously different from those of
the bare YSZ, they reflect the topography of YSZ. It is interesting to note that the layer formed is
quite porous, and at higher magnification (Fig. 4.2 B) individual crystals and holes with a size of
20 to 200 nm can be distinguished on the Rh surface. The size of holes exceeds that of the crys-
tals, and the YSZ support can be discerned through these holes. This demonstrates the high dis-
persion of the Rh layer, and at the same time its continuity was confirmed by electrochemical
characterization of the Rh/YSZ system (Chapters 5 and 6).

The same sample of Rh/YSZ was analysed by SEM after its exposure to working condi-

tions (T > 300 °C, C,H,4 + O, gas mixture, polarization; for details see Chapter 8) over a period of

200 hours. The corresponding images are shown in Figs. 4.2 C, D. Figure 4.2 C shows a photo-
graph similar to Fig. 4.2 A taken at lower magnification. After 200 hours of work the layer of Rh
is still present on the surface, but large holes and cracks have appeared. The image recorded at
higher magnification gives information about the morphology of the Rh film itself. It can be seen
that it changes dramatically under working conditions: it becomes amorphous, and the size of the
holes decreases. This may be related to effects of sintering occurring at high temperature, and in

part to the effects of electrochemical polarization.
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FIGURE 4.2. SEM images of Rh/YSZ catalyst freshly deposited (A, B) and spent (C, D) under
reactive conditions during a period of 200 hours (T > 300 °C, C,H4 + O, gas mixtures, polarization).

4.2.2 SEM of Rh/TiO,/YSZ catalysts

The SEM images of freshly prepared Rh(40 nm)/TiO,/YSZ catalysts are shown in Figure
4.3 A, B at low and high magnification, respectively. It is seen first of all that the Rh film structure
is completely different from that of Rh deposited on YSZ. The Rh film again replicates the mor-
phology of the substrate, which now is titania. At low magnification, the image is similar to that
recorded at the bare support (Fig. 4.1 B). The porous nanostructure of the TiO, support remains
unchanged, since the Rh film is thin. At high magnification nanoparticle-size agglomerates and
holes are readily distinguished on the catalyst surface. The SEM images recorded at the Rh/TiO,/

YSZ catalyst after its exposure to working conditions (see Chapter 8) during a period of 200 hours

75



Chapter 4 Characterization of Rh catalyst electrodes

are shown in Figs. 4.3 C, D. Here the Rh catalysts exhibit a morphology very similar to that of a
freshly deposited catalyst (Figs. 4.3 A, B).

The structure has become more compact, but in general it was scarcely altered after cata-
lyst utilization under working conditions. The SEM images of as-prepared and “spent” samples
generally indicate that the adhesion of Rh to the support is quite good, and that the layer remains

continuous even if some morphological modifications occur during utilization.

. st
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FIGURE 4.3. SEM images of Rh/TiO,/YSZ catalyst freshly deposited (A, B) and spent (C, D)
under reactive conditions during a period of 200 hours (T > 300 °C, C,H; + O, gas mixtures,

polarization).

4.3 Atomic Force Microscopy

The surface topography of bare YSZ and of YSZ covered with a thin (4 pm) layer of TiO,

was investigated by Atomic force microscopy. Figures 4.4 A, B show 3D images of the YSZ and
TiO,/YSZ surfaces.
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824.16 nm

9 pm

0 pm

9 pm
683.52 nm

0 nm

9 pm

FIGURE 4.4. AFM images of the YSZ (A) and TiO,/YSZ (B) surfaces.

As expected, the surface morphology of the TiO,/YSZ sample is very different from that of
the YSZ sample. The surface of YSZ is smooth, while TiO, exhibits a microstructured topogra-
phy. The relief of YSZ is clearly seen beneath the titania layer, since TiO, layer thickness is of the
same order of magnitude as YSZ roughness. These results are in a good agreement with the SEM
images.

For the aims of the present work, it will be very important to know whether the YSZ sub-

strate is entirely covered by the thin oxide layer or not, since for the behaviour of the catalyst, the
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Rh/support interface is of key importance for the kinetics of electrochemical and catalytic proc-

esses. Complete coverage of the YSZ surface by TiO, is solidly confirmed, both by SEM and by

AFM, implying that a good direct contact between Rh and YSZ cannot exist.
Topographic images of the sputtered Rh catalyst electrodes (40 nm film thickness) on YSZ
and on TiO,/YSZ are presented in Figs. 4.5 A, B.

564.16 nm

0 nm

9 pm

386.4 nm
/0 nm

9 um

FIGURE 4.5. AFM images of the Rh/YSZ (A) and Rh/TiO,/YSZ (B) surface. Thickness of the Rh film:
40 nm; thickness of TiO,: 4 pm.
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4.4 X-ray photoelectron spectroscopy (XPS)

Using X-ray photoelectron spectroscopy one can quantify the atomic composition of sur-
faces. This analysis was performed on the same catalysts as the SEM and AFM analyses, namely
Rh/YSZ and Rh/TiO,/YSZ; the thickness of the Rh film was 40 nm, that of TiO, was 4 um. The
samples were analysed after treatment in oxygen (20 kPa O,/400 °C/1 hour) and after reduction in
hydrogen (H,/400 °C/1 hour). In XPS analysis, particular interest was paid to the oxidation state

of thodium and to the amounts of oxygen present at the surface due either to oxide formation and/

or to oxygen adsorption. In the analyses of the Rh/TiO,/YSZ samples, attention was focused on

the presence of Ti at the rhodium surface after oxidation/reduction procedures.

Prior to starting quantification of the atomic composition, survey spectra were recorded.
An example is presented in Fig. 4.6. for an as-prepared Rh film deposited on YSZ. This is a spec-
trum recorded with a wide binding energy window. Similar surveys were obtained for the Rh

films deposited on TiO,/YSZ.
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FIGURE 4.6. XPS survey spectrum for Rh film catalyst deposited on YSZ.

The elements expected on the surface of the rhodium catalysts deposited on YSZ supports

and exposed to the gas are the following:
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- Rhodium;

- Oxygen due to oxide formation or to oxygen adsorption from the air or to backspillover of
oxygen from the support;

- Carbon, from CO, adsorbed from air;

- Zirconium and yttrium from the YSZ support.

The elements expected on the surface of the rhodium catalysts deposited on TiO,/YSZ sup-

port are the same as those on Rh/YSZ, but they also include Ti from the titania interlayer support.

None of the samples analysed by XPS revealed traces of zirconium or yttrium at the rho-
dium catalyst surface exposed to the gas. It is worth noting that no trace of the titanium was found
in the XPS survey spectrum for as-prepared Rh supported on TiO,. These results indicate that as-
prepared Rh films are uniform and do not have microcracks or holes through which the TiO, or
YSZ surfaces are visible.

After recording the survey spectra, further analyses were performed within the narrow
binding energy ranges of the atoms of interest. For each element one has at least one specific ana-
lytical region (in terms of electron binding energies). These binding energies yield important
information as to whether and how the chosen atom is bonded to other atoms. The carbon peak
was used as an internal standard to correct for any shift in binding energies that could occur,

mainly due to surface charging during the XPS measurements.

4.4.1 XPS spectra of Rh 3d5/, and 3d;3),

Figure 4.7 compares the samples in their reduced form. Two major peaks are present in

each spectrum in this region of binding energies: the 3ds,, peak (between 307 and 308 eV) and the
3d;), peak (between 312 and 315 eV). For each of the narrow spectra, the atomic abundance at the

catalyst surface was determined by peak deconvolution. According to the XPS data base [10] the

3ds), electrons of metallic rhodium should be found at 307.2 eV, the 3ds), electrons of rhodium
oxide at 308.1 eV. For Rh/TiO,/YSZ, the position of the maximum of the 3ds,, peak was shifted

by 0.2 eV toward lower binding energies (307.0 eV), while for Rh/YSZ this peak was shifted by
about 1 eV towards higher binding energies. This means that Rh supported on YSZ is in more
highly oxidized state than in Rh/TiO,. Another feature that can be analyzed in the spectra is the

width of the peaks. It is well known that for metals, the XPS peaks are narrow, for oxides they are
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much broader. It can be seen from Fig. 4.7 that each peak in the spectra can be deconvoluted into
two peaks. Narrow, high-intensity peaks are found at lower binding energies, while broader, low-
intensity peaks are found at higher binding energies, the former corresponding to Rh metal and
the latter to Rh oxide. This indicates that even after reduction, the surface of rhodium is partially
covered by oxygen species; their quantity is higher on the Rh/YSZ samples. Deconvolution of the
peaks yields the ratio between metallic and oxidized surface species in the Rh film. For Rh/YSZ,
this ratio was Rh : Rh, O, =72 : 28 %, for RW/TiO»/YSZ it was Rh : Rh,Oy, = 80 : 20 %.
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FIGURE 4.7. XPS spectra recorded in the rhodium window at reduced (H,/400 °C/1 h) Rh catalysts
supported on YSZ and TiO,/YSZ. Black lines correspond to the experimental spectra, gray lines to the
deconvoluted spectra.

Additional information about particle size and dispersion can be drawn from the XPS spec-
tra. Smaller particles with high dispersion would give narrower peaks with a higher intensity. Nar-

rower peaks with slightly higher intensity (3ds;,, and 3ds3,,) were obtained for the Rh catalyst
supported on TiO,/YSZ. This sample has high dispersion and a smaller particle size than Rh/

YSZ. This is in good agreement with the SEM images, which reveal higher dispersion for Rh/
TiO, than for Rh on YSZ (Figs. 4.2 and 4.3). In additional to particle size, effects of the support

may be relevant to keeping Rh in a reduced state. It is well known that TiO, is a reducible oxide,
1.e., it is readily reduced to TiO,_, a process leading to changes in oxide conductivity and to shifts

in Fermi level of the electrons in TiO,. Varying the Fermi level of the electrons in the support will
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alter the surface properties of Rh, in accordance with metal-semiconductor boundary-layer theory
(Chapter 2, section 2.2.1).
After an oxidizing treatment (20 kPa O,/400 °C/1 hour), the same samples display a less

intense peak for the 3ds5,; and 3ds, electrons, and these peaks are split (Fig. 4.8). The new part of
the peak corresponds to Rh,O5. For the Rh/YSZ sample, the peak of 3ds, is shifted to binding
energies higher than 307.2 eV (Rh metal). The new parts of the 3ds,, and 3d5/, peaks are less
intense than the peaks of reduced Rh.

For Rh/TiO,, the peak of the 3ds,, electrons was found at binding energies corresponding
to Rh metal (307.2 eV). From spectra deconvolution, the ratio Rh : Rh,O3 was extracted and
found as: Rh : Rh,O5 =45 : 55 % for Rh/YSZ, and Rh : Rh,O5 =55 : 48 % for Rh/TiO,/YSZ.

The spectra obtained after further reduction of both catalysts were identical with those of

the reduced catalysts (Fig. 4.7), demonstrating reversibility of the redox system.

307.2 eV
RI/YSZ 307.2 ¢V RW/TIO2/YSZ

31000 | Rh 3d5/2/\ 31000 - Rh 3ds

|

£ 21000 - Rh 3ds3 ‘ 2 21000 A
@]

Rh 3d32

11000 -

\ 11000 -
1000 ‘ ‘ 1000 ; ‘ ——

320 315 310 305 320 315 310 305
Binding energy, eV Binding energy, eV

FIGURE 4.8. XPS spectra recorded in the rhodium window at the oxidized (20 kPa O,/400 °C/1 h) Rh
catalysts supported on YSZ and TiO,/YSZ. Black lines correspond to the experimental spectra, gray lines to
the deconvolution data.
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4.4.2 XPS spectra of O 1s

Figure 4.9 shows the Ols spectra of Rh/YSZ and Rh/TiO,/YSZ samples in their reduced
state (H,/400 °C/1 hour). The binding energy of 530.4 eV corresponds to strongly bonded oxygen
(in the form of Rh,05). Neither of the two samples yields evidence for strongly bonded oxygen.
This means that oxygen present on the Rh surface after reduction (Fig. 4.7) is weakly bonded oxy-
gen originating, either from air (during transfer of the samples from the reactor to the XPS vac-
uum chamber) or from the YSZ or TiO, support. Strongly bonded oxygen in the form of Rh,0O;
oxide is not present on the Rh surface after reduction. Moreover, two kinds of weakly bonded
oxygen species are detected on the Rh surface, one at a binding energy of 531 eV and the other at
532.8 eV. The first one may be oxygen from the solid electrolyte, the second one probably is air

oxygen bonded to carbon.
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FIGURE 4.9. XPS spectra recorded in the oxygen window at reduced (H,/400 °C/1 h) Rh catalysts
supported on YSZ and TiO,/YSZ. Black lines correspond to the experimental spectra, gray lines to the
deconvoluted spectra.

The amount of oxygen present on the Rh surface changes strongly upon oxidation (1 h/O,/
400 °C) (Fig. 4.10) and is indicative of Rh,O5 formation. Weakly bonded oxygen remains on the

surface but produces a less intense peak than found for the reduced Rh surface.
The XPS analyses were used to quantify the atomic surface compositions of the rhodium-

based catalysts supported on YSZ and TiO,/YSZ. The atomic abundance of the two catalysts was
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determined twice: first after reduction, then after oxidation. The atomic concentrations of the
main elements are presented in Table 4.1. The atomic abundances of yttrium and zirconium on the
catalyst surface were negligibly small, therefore, they are not displayed in Table 4.1. After reduc-
tion, both catalysts have high rhodium surface concentrations and a low oxygen surface concen-
tration. It is interesting to note that after reduction, a small quantity of Ti was observed on the Rh

surface supported on TiO,. A plausible explanation would be that TiO, suboxide migrates to the

Rh surface simultaneously with O from the TiO, support. It is well known that Rh/TiO, is one

of the metal/oxide systems exhibiting the effect of strong metal-support interactions (SMSI) [11 ,
12] (Chapter 2, section 2.2.2).
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FIGURE 4.10. XPS spectra recorded in the oxygen window at oxidized (20 kPa O,/400 °C/1 h) Rh
catalysts supported on YSZ and TiO,/YSZ. Black lines correspond to the experimental spectra, gray lines to
the deconvoluted spectra.

TABLE 4.1. XPS atomic abundance in % for Rh/YSZ and Rh/TiO,/YSZ catalysts

XPS peak RWYSZ RWYSZ RWTiO,/YSZ | RWTiO,/YSZ
Hy/400 °C/Th | 0y/400°C/Th | H,/400°C/1h | 0,/400°C/1 h
O Is 3.02 19.27 2.61 17.73
Rh 3d 91.75 76.76 93.52 79.44
Cls 5.23 3.97 2.97 2.83
Ti 2p 0.00 0.00 0.91 0.00
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One interpretation of SMSI effects is oxides covering the metal clusters, which is also
known as “decoration model”, where the catalyst surface is being encapsulated by partially
reduced TiO, from the titanium dioxide support. However, the amount of TiO, that is found is not

large enough to serve as a basis for explaining the SMSI effect. Obviously, in the system Rh/TiO,/
YSZ the presence of Ti at the Rh surface probably is a result of the electronic influence exerted by
the support (TiO,) on the rhodium catalyst, and the two interpretations of the SMSI effect, elec-
tronic or decoration effects, may yield a plausible explanation. Specifically, treatment in hydrogen

at elevated temperature leads to TiO, reduction, and thus to changes in its work function. The

change in TiO, work function affects the Rh work function, requiring the transfer of charge in

form of either O or TiO, from TiO, to Rh.

After oxidation, the amount of rhodium decreases while that of oxygen increases, suggest-

ing Rh oxide formation. No trace of Ti was observed at the oxidized Rh surface.

4.5 Conclusions

It was seen from SEM and AFM analyses that TiO, forms a nanostructured layer totally
covering the YSZ substrate. The thin sputtered layers of Rh catalyst on YSZ and TiO, are contin-
uous and reproduce the support’s morphology. For both the Rh/YSZ and the Rh/TiO,/YSZ sys-

tem, the catalyst films show a nanoparticle-size grain structure. Rh supported on titania is rather
porous, exhibiting a higher dispersion and surface area than Rh on YSZ. After exposure of the
systems to working conditions (high temperature, current/potential application, gas mixture) for a
period of 200 hour, the catalyst films exhibit different behaviour. Thus, the morphology of the Rh/
YSZ catalyst changes dramatically under working conditions: it becomes amorphous, and the size

of the holes decreases. While, the Rh/TiO,/YSZ catalyst film exhibits good stability and adhesion

to the substrate surface. The catalyst-film structure is scarcely altered after utilization.

According to XPS analyses, the oxidation state of the Rh surface may change considerably
by exposure to oxidizing or reducing gas compositions. These changes were found to be com-
pletely reversible for the samples investigated. Both after reduction and after oxidation, Rh sup-

ported on TiO, was found to be in a more highly reduced state than Rh on YSZ. The Rh/TiO,/

YSZ sample after reducing treatment contains a larger amount of weakly bonded oxygen, which

can be attributed to oxygen “backspillover” from the TiO,. This oxygen may migrate in the form
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of TiO,, since after reduction some quantity of Ti was found on the Rh surface but disappeared

after oxidation of the catalyst. The driving force for this migration is the difference in the work

functions of Rh and TiO,, especially after reducing treatment leading to electronic-type SMSI.
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CHAPTER 5 Electrochemical characterization of

the Rh catalysts: Polarization measurements

In the present chapter, the first studies ever conducted are reported, of the
kinetics of the oxygen couple 02/02' at Rh thin-film electrodes interfaced
with the pure 1onic conductor, YSZ (ZrO, + Y,05 solid oxide electrolyte),
and with the mixed electronic-ionic conductor, TiO, supported on YSZ.

These studies were performed over a range of oxygen partial pressures from
0.5 to 20 kPa at temperatures of 450 to 600 °C. The exchange current densi-

ties determined at different temperatures and oxygen partial pressures (Po,)

provide important information about the kinetics and mechanism of the O,/

0% electrode reaction at the interface. At Rh/YSZ, the exchange current
densities are less than half those at Rh/TiO,(4 um)/YSZ, and decrease fur-
ther with increasing titania thickness. At the Rh electrode supported on
YSZ, an activation energy of 126 kJ/mol was estimated for the oxygen evo-
lution and oxygen reduction reaction close to equilibrium. At Rh/TiO,/YSZ,
the activation energy decreases with increasing TiO, layer thickness, and
has values of 132.5, 101.4, and 83.4 kJ/mol for layer thicknesses of 4, 20,
and 40 um. On the basis of the polarization measurements, a mechanism of

the oxygen evolution and oxygen reduction was proposed.
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5.1 Introduction

Electrochemical cells with solid oxide electrolytes have attracted much attention for use in
high temperature fuel cells [1] and sensor technology [2, 3]. The O* conductors such as Y,03-
stabilized ZrO, (YSZ) play an increasingly important role in heterogeneous catalysis, both as

nanodispersed catalyst carriers and as supports of thick or thin, electrochemically promoted films

[4-8]. Interest in these devices has been the motivation for a large number of investigations on the
kinetics and mechanism of the reduction and oxidation of oxygen (the 02/02' couple), which is a

very fundamental electrochemical reaction:

120y +2¢ 5 0% (5.1)

or, using Kroger-Vink notation:
1/2 OZ(g) +2e + Vé s Oox (52)

where V5 and O, are a doubly charged oxygen vacancy and an oxygen atom, respectively, occur-
ring at normal oxygen sites in the electrolyte.

Oxygen exchange is a three-phase reaction between oxygen in the gas phase, electrons in
the electrode, and oxygen vacancies in the electrolyte. In solid electrolyte cells, the electrodes
typically are thin and porous, conductive metal films adhering to the smooth electrolyte surface.
These metal electrodes have complex geometric and physical properties complicating the kinetics
of the oxygen reaction. To date no consensus has in fact been reached as to details of the reaction

mechanism and location of the electrochemical reaction sites in the system O,/metal/electrolyte

(see Chapter 2, section 2.3).

No investigations at Rh electrodes were found in the literature. The present chapter reports
the first studies ever conducted of the kinetics of the oxygen couple 02/02 at Rh thin-film elec-
trodes interfaced with the pure ionic conductor, YSZ (ZrO, + Y,05 solid oxide electrolyte), and
with the mixed electronic-ionic conductor, TiO, supported on YSZ. These studies were per-

formed over a range of oxygen partial pressures from 0.5 to 20 kPa at temperatures of 450 to 600

°C. The exchange current densities, i, and the influence of different parameters on i, were inves-

tigated for both systems (Rh/YSZ and Rh/TiO,/YSZ). On the basis of these data, an attempt was
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made to identify the mechanism of the process of Eq. (5.1) at rhodium film electrodes interfaced

with YSZ and TiO,/YSZ.

5.2 Results

5.2.1 Basic relations relevant to the work

The simplest possible electrode process is one where species A and B engage in a one-elec-

tron transfer or exchange at the interface without being involved in any other chemical step:

A+e 5B (5.3)

The Butler-Volmer equation can be written for a one-step, one-electron process as [9]:

i = FSK[CL(0, e “M— Cy(0, e~ ™M (5.4)

where o and 1—a are the transfer coefficients; F is the Faraday constant; /= F/RT; K9 is the stand-

ard rate constant; C, and Cg are the concentrations of the reactants and products, respectively; 7

is the overpotential; and S is the electrode’s surface area.

The oxygen exchange reaction (formulated above as an overall reaction Eq. (5.1)) is a mul-
tistep reaction. In chemical kinetic studies, one often can simplify the prediction and analysis of
behavior by recognizing that a single step of a process is much more sluggish than all the others,
and hence controls the rate of the overall reaction. If the process is an electrode process, this rate-
determining step (rds) can be a heterogeneous electron transfer reaction. In developing a kinetic
equation for a process consisting of several steps, one may consider that an overall process in

which A and B are coupled by an overall multielectron process [9]:

A+ne SB (5.5)

proceeds by a mechanism having the following general character:

A+nr’e 5 A’ (net result of steps preceding the rds)

A’ +e 5 B’ (rds) (5.6)
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R’ + n”’e” S B (net result of steps following the rds)
where 7, the total number of electrons, may be written as n” + n”” + 1 = n. This equation remains
valid when either or both of n’ or n” are zero.

The current- potential characteristic for a multistep reaction can then be written as

i = nFSkly [CA(0, e *™M = Cp(0, et ~ ™ (5.7)

where £° 4 and a apply to the rds. This relation is obtained from Eq. (5.4) written for the rds, and

multiplied by n, because each net conversion of A to B results in the flow, not just of one electron
but of n electrons across the interface.

The Butler-Volmer equation is of special interest in two limiting cases. At overpotentials
much lower than R7/F (low-field approximation) both exponential terms in the Butler-Volmer

equation can be linearized, and Eq. (5.7) becomes:

i = io(’f—;) (5.8)

The second limiting case is that found at very high overpotentials (7 >> RT/F), where the

high-field approximation of the Butler-Volmer equation is obtained:

. . n
Ini = lnzo+a(7£:)n (5.9

where a is the transfer coefficient of either the cathodic or the anodic process, depending on
which exponential term does not vanish. According to Eq. (5.9) (the Tafel equation), the apparent
values of the exchange current density and the corresponding charge transfer coefficient can be
obtained from the slope and intercept of the linear relationship between In i and 7.

Polarization measurements have been performed at Rh/YSZ and Rh/TiO,/YSZ electrodes

in the low-polarization region, where the low-field approximation of the Butler-Volmer equation
is valid. At high overpotentials, precise measurements are difficult due to a significant contribu-
tion of ohmic resistance of the solid electrolyte to the current-potential characteristics. Therefore,

most of the polarization measurements in Rh/YSZ and Rh/TiO,/YSZ electrochemical cells were

made in the region of low overpotentials, where the influence of the ohmic resistance is negligi-

ble. These measurements were carried out at different 7 and Po,, and used to estimate the
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exchange current density, the electron transfer resistance, and the apparent activation energy. On

the basis of the polarization results, a mechanism was proposed for the oxygen exchange process.

5.2.2 Low-field polarization of the O,(g), Rh/YSZ interface

Figure 5.1 shows typical current-potential relations presented as plots of the current density
against the electrode potential (potential of the working electrode, W, referred to the potential of
the reference electrode, R, denoted hereafter as Uypg). The polarization characteristics were
measured over a narrow range of potentials within which the resulting i-Uyy relation is linear.
The slope of the straight-line plots increases with temperature, which implies a decrease of the
electron transfer resistance. According to the linear low-field approximation (Eq. (5.8)) of the
Butler-Volmer equation, the interfacial resistance, Rf, and the exchange current density, i, can be

calculated from the slopes of the straight lines that fit the experimental data of Fig. 5.1.
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FIGURE 5.1. Stationary current-potential curves recorded at Rh/YSZ with Po, = 0.5 kPa, T = 450 -
600 °C.
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The values found for Rp and i are presented in Table 5.1. The exchange current density

was calculated with respect to the electrode’s geometric surface area. It increases with tempera-

ture, as expected, which implies an increase in reaction rate of the electrode process.

TABLE 5.1. Charge transfer resistance and exchange current density at Rh/YSZ obtained in the
low-field approximation of the Butler-Volmer equation, Eq. (5.8)

T,°C RE, kohm/cm?* i, nA/em?
450° 448.6 0.28
500 94.93 1.40
550 35.72 3.96
600 14.09 10.67

*geometric surface area of the electrode

Figure 5.2 shows an Arrhenius plot of the exchange current density extracted from the low-
field approximation. The apparent activation energy calculated from the slopes of the plots was

126 kJ/mol. Similar values of E, were found in the literature for Pt and Au electrodes [10] under

charge transfer control of the process Eq (5.1). The apparent activation energy was much lower

when the process was limited by mass transport [10].

5 - E.= 126 kJ/mol
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FIGURE 5.2. Arrhenius plot of the exchange currents for Rh/YSZ, Po, = 0.5 kPa.
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The effect of oxygen partial pressure on the polarization behavior of Rh/YSZ electrodes at

a constant temperature of 7'= 600 °C is shown in Fig. 5.3. The slope of the plots increases with

increasing oxygen partial pressure. For the cathodic process of oxygen reduction, such a relation

between oxygen partial pressure and charge transfer resistance can be expected. It indicates once

more that oxygen is electrochemically active and participates in an electrode process.

The values of §, at different oxygen partial pressures extracted from low-polarization

experiments using Equation (5.8) are presented in Table 5.2.
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FIGURE 5.3. Stationary current-potential curves of Rh/YSZ at different oxygen partial pressures. T =

600 °C.
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TABLE 5.2. Oxygen pressure dependence of the exchange current density at Rh/YSZ obtained in the low-
field approximation of the Butler-Volmer equation (Eq. (5.8))

Po,, kPa io, nA/em?
0.5 10.67
16.42
18.87
22.10
10 27.51
20 34.20

*geometric surface area of the electrode

A log iy-log Po, plot for the Rh/YSZ system under isothermal conditions is given in Fig.

5.4. It appears that i is proportional to Po,” (Chapter 2, section 2.3) and, by linear regression, the

exponent m was found to be 0.32. The value of m can provide important information about the
mechanism of the electrode process at the given temperature and oxygen partial pressure. Thus, if
the process is controlled by charge transfer to/from oxygen atoms, an exponent of 0.25 should be
observed (Chapter 2, section 2.3.1). For a process that is controlled by interfacial diffusion of
atomic oxygen, an exponent of 0.375 was proposed in the literature [11]. The observed value of

0.32 possibly represents a combination of the two processes.
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FIGURE 5.4. Plots of log i, against log Po, for the Rh electrode on YSZ at T = 600 °C.

5.2.3 Low field polarization of the O,(g), Rh/TiO,/YSZ interface

In this part of the present work the oxygen electrode reaction was investigated in a Rh/
Ti0,/YSZ electrochemical cell. This cell is very similar to that used in the Rh/YSZ system, ie,
cell geometry, thickness of the Rh electrode (40 nm), and the properties of the YSZ solid electro-
lyte remain unchanged, the main difference being the presence of a thin TiO, layer between the
electrode and the YSZ electrolyte. This highly porous layer completely covers the YSZ surface in
such a way that the porous Rh electrode is in contact exclusively with TiO,. The morphological
and chemical characterization of the Rh/TiO,/YSZ cell has been reported in Chapter 1, section
24.2

Titania (TiO,) is well known as an important support material, both from a practical and
from a fundamental point of view. It has been studied extensively in the context of metal-support
interactions, and in particular that of strong metal-support interactions (SMSI) [12, 13]. In addi-

tion to its importance as a support material for metals, TiO, is a very significant material in sensor
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technology [2] due to its predominantly n-type semiconductivity and concomitant variation in
electronic conductivity with oxygen pressure. One important materials property is the mixed con-

duction found in TiO,, ie, in addition to n-type semiconductivity at low Po, values and p-type
semiconductivity at high Po, values, it also exhibits some ionic conductivity due to the migration
of O ions or vacancies [14]. Recent investigations of electrochemical promotion of catalysis
(EPOC) on Pt catalysts using TiO, supports have shown that at moderate temperatures and oxy-
gen partial pressures, TiO, has some ionic conductivity and can act as a solid electrolyte [15].
Therefore, studies of polarizability of the metal/TiO, interface and of the electrode proc-

esses at it are of great interest from both a theoretical and a practical point of view.

5.2.3.1 Effect of TiO, thickness

As mentioned above, TiO, was applied as a thin layer between YSZ and the Rh catalyst.
The thickness of the TiO, interlayer was chosen large enough to obtain a continuous TiO, film. In

this case YSZ serves as a support and does not affect electrode properties such as morphology and
catalyst dispersion, nor probably the mechanism of the electrode process. Several thicknesses of

TiO, were investigated: 2, 4, 20, and 40 um. In the case of 2 um, the TiO, film was not continu-

ous allowing direct contact to exist between the YSZ surface and Rh.
Figure 5.5 shows typical current-potential plots obtained for the low-polarization region of

the Rh electrode (40 nm) on TiO, interlayers of different thickness supported by YSZ. The partial

pressure of oxygen was maintained constant while varying the temperature. The electrode poten-
tial varies linearly with the applied current, and Eq. (5.8) can be used to determine the exchange
current density.

Values of i, and the corresponding apparent activation energies for three cells with differ-
ent TiO, thicknesses are given in Table 5.3. Higher temperatures lead to decreasing electron trans-
fer resistance and increasing exchange current density for all Rh/TiO,/YSZ cells investigated,
similar to the Rh/YSZ cell. However, the effect of TiO, thickness on i, is noteworthy. Larger
TiO, thicknesses lead to a considerable decrease in exchange current density. Since the experi-
mental conditions and electrode material have remained constant, this decrease in i might be

related to transport limitations in the titania.
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FIGURE 5.5. Stationary current-potential curves recorded at Rh on TiO,/YSZ at Po,=0.5kPaand T =
450 to 600 °C. Different thicknesses of TiO,: A) 4 pm; B) 20 um; C) 40 pm.
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TABLE 5.3. Exchange current densities determined for a Rh film electrode (40 nm) on TiO, (different
thicknesses)/YSZ solid electrolyte in the low-field approximation of the Butler-Volmer equation (Eq. (5.8))

. 4 um TiO, 20 um TiO, 40 pm TiO,

Lo i, nA/ecm? i, nA/em? i, nA/em?
450° 0.083 0.056 0.054
500 0.87 0.135 0.098
550 1.79 0.327 0.181
600 4.18 1.07 0.653
E,, kJ/mol 132.5 101.4 83.4

*geometric surface area of the electrode

The Rh/TiO,/YSZ system is much more complex than the Rh/YSZ system and, depending
on TiO, conductivity, the electron transfer process can take place at different interfaces. Three
main possibilities may exist depending on the type of TiO, conductivity:

1. The electronic conductivity of TiO, layer predominates (TiO,, where x <2, x # 1.5 and
x # 1.65, Chapter 2, Fig. 2.17). Titania serves as an electrode similar to rhodium, and charge
transfer occurs at the O,, TiO,/YSZ interface. Titania supplies electrons, YSZ supplies oxygen
ions. In this case, one would expect no influence of TiO, thickness on the exchange current den-
sity. Decreasing i, with increasing TiO, thickness clearly indicates that under working conditions
the conductivity of TiO, is not purely electronic.

2. The ionic conductivity of TiO, predominates (TiO,, where x = 2; 1.5; 1.65, Chapter 2,
Fig. 2.17). Titania serves as an electrolyte similar to YSZ, and charge transfer occurs at the O,,
Rh/TiO, interface. In this case, no influence of TiO, thickness on the exchange current density
should be expected. Under working conditions, the likelihood of having pure ionic conduction in
Ti0O, is rather low.

3. TiO, is a mixed electronic-ionic conductor (02' conductivity in addition to electronic

conductivity). In this case titania will also be able to play the role of a solid electrolyte by supply-

ing oxygen ions, and the oxygen exchange process may take place at the O,, Rh/TiO, interface,

similar to the Rh/YSZ interface.
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Under the working conditions adopted in the present work, the ionic conductivity of TiO,
is rather low [14], and this may be one of the reasons why the exchange current density decreases
with increasing TiO, thickness. Hence, in the anodic process O ions supplied from YSZ will be
able to cross the TiO, layer and reach the reaction zone situated at the O,, Rh/TiO, interface.

Evidence in favor of the third case is the finding that the general polarization behavior of

the Rh electrode is similar for Rh/YSZ and Rh/TiO,/YSZ electrochemical cells, the only differ-
ence being in the rate of the electrode process (quantified by the i value), which may be due to
the low ionic conductivity of TiO,. Besides, it has been shown by Pliangos et a/ [15] while study-
ing electrochemical promotion of ethylene oxidation over Pt catalysts supported on TiO, that tita-

nia can act as a supplier of oxygen ions (backspillover) to the Pt catalyst. The conclusion of ionic
character of the conductivity of titania is also supported by the efficient electrochemical promo-
tion of ethylene oxidation in the Rh/TiO,/YSZ system (see below in Chapter 8).

At first sight, the difference between the values of i at the Rh/YSZ (Table 5.1) and Rh/
TiO, (Table 5.3) interfaces is insignificant but it worth remembering that the exchange current
densities refer, not to real but to geometric surface areas of the electrode. According to scanning
electron microscopic analysis (Figs. 4.2 - 4.3, Chapter 4), the surface areas of Rh catalysts sup-
ported on TiO, are higher than those of Rh on YSZ, which implies that the real exchange current
densities are much lower.

Figure 5.6 shows plots of the exchange current densities against the reciprocal temperature
for three catalysts with 40-nm Rh catalysts. These Arrhenius plots have different slopes, and the
highest apparent activation energy, E,, obtained for Rh/TiO,(4 um) is close to E, at Rh/YSZ. The
lowest apparent activation energy obtained for Rh/TiO,(40 um) suggests a change in reaction

mechanism, and specifically a change in the rate-determining step. Obviously, the reaction

becomes mass-transfer controlled.
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FIGURE 5.6. Arrhenius plot of exchange current ensity against reciprocal temperature for Rh/TiO,/
YSZ, Poy = 0.5 kPa and T = 600 °C.

On the basis of the effect of TiO, thickness on the steady-state polarization behavior, and
more particularly on i; and on the apparent activation energy, a value of 4 xm was selected for the
thickness of TiO, in the further electrochemical characterization (impedance measurements, see
Chapter 6) and catalytic studies of Rh/TiO,/YSZ (see Chapters 7 and 8).

The TiO, layers having a thickness of 4 um are thick enough to completely cover the YSZ

surface and form a continuous porous layer of titanium oxide (see Chapter 4). At Rh interfaced

with TiO, (4 um thickness), the exchange current density is less than half that at Rh/YSZ.

5.2.3.2 Effect of oxygen partial pressure

The effect of oxygen partial pressure on the electrode process was studied using steady-
state polarization measurements performed at a constant temperature of T = 600 °C. Typical

results obtained at low values of polarization are given in Fig. 5.7. Higher Po, lead to a larger

slope of I-Uyp plots, as in Rh/YSZ electrochemical cells. Again, the exchange current densities
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calculated with Eq. 5.8 are lower than at the Rh/YSZ catalyst (Table 5.4). This indicates that the
electrode kinetics of oxygen reduction and oxygen evolution (02/02' couple) at the Rh electrode

in contact with TiO, is slower than at Rh/YSZ.
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FIGURE 5.7. Stationary current-potential curves of Rh/TiO,/YSZ at different oxygen partial
pressures, T =600 °C.

TABLE 5.4. Oxygen pressure dependence of the exchange current density at a Rh electrode on TiO,/YSZ
solid electrolyte calculated with the low-field approximation of the Butler-Volmer equation

Poj, kPa i, nA/cm?
0.5 4.18
2 8.14
5 11.11
10 13.93
20 17.22
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Over the range of Po, investigated, the relationship between oxygen partial pressure and
exchange current density (Fig. 5.8) at constant temperature yields an exponent, m = 0,31 that is
similar to the value obtained for Rh/YSZ. This indicates that the electrode process is not purely
charge-transfer-controlled and may include some control by the mass-transfer step of atomic oxy-

gen.
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FIGURE 5.8. Dependence of i, on Po, at the Rh electrode on TiO,/YSZ at T = 600 °C.

5.2.4 High-field polarization of the O,(g), Rh/YSZ and O,(g), Rh/TiO,/YSZ
interfaces

With the aim of obtaining additional information about the electrode process at the Rh/
solid electrolyte interface, steady-state polarization measurements were performed at high over-
potentials. The / - 7 measurements with strong cathodic and anodic polarization were performed

over a broad range of overpotentials, -0.75 V to 0.75 V, at Rh/YSZ (Fig. 5.9, A) and at Rh/TiO,/

YSZ (Fig. 5.9, B) at constant temperature and several oxygen partial pressures.
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FIGURE 5.9. I-77 curves recorded at Rh/YSZ (A) and Rh/TiO,/YSZ (B) at different oxygen partial
pressures and T =600 °C

Contrary to the case of low polarization, at high potentials the contribution of the ohmic
component to the current-potential dependence is significant. The ohmic drop correction was
introduced by using the electrolyte resistance (R,)). This parameter was found from impedance

measurements at the given temperature and gas composition. These results will be reported in

Chapter 6.
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Much higher current flow in the Rh/YSZ than in the Rh/Ti0,/YSZ cell, which is similar to

the results obtained at low polarisation. The anodic and cathodic processes are no longer symmet-
rical under strong polarization. At a given absolute value of the applied potential difference, at
both electrodes much higher anodic than cathodic currents are recorded, which shows the asym-

metry of the electrode processes. This asymmetry is higher for the Rh/TiO,/YSZ electrode, and is
certainly related to the TiO, interlayer. For example, cathodic oxygen reduction requires an over-

potential of almost -0.4 V, while oxygen evolution needs only 0.1 V.
Another interesting feature observed for both electrodes is that the anodic process is

slightly Po,-dependent, and this only at low overpotentials where the anodic current increases
with increasing Po,. The cathodic process at Rh/YSZ and Rh/TiO,/YSZ strongly depends on the
oxygen partial pressure, especially at high overpotentials. At Po, = 0.5 kPa the cathodic currents
at both electrodes exhibit a limiting value, /j;,,,. This limiting current disappears with increasing
Po, at Rh/YSZ, while at Rh/TiO,/YSZ, values of };,, that increase with increasing Po, are seen

over the full range of oxygen partial pressures.

5.3 Discussion

The general polarization behavior of the Rh/YSZ and Rh/TiO,/YSZ catalysts is the same.

The observed effects of applied potential, temperature, and oxygen partial pressure are similar for

the Rh/YSZ and Rh/TiO,/YSZ systems. The main difference resides in the rate of the electrode

process in the two cells, as given by the exchange current densities. The exchange current densi-

ties at the Rh/TiO, interface are less than half (for the case of 4 um thick titania layers; the difter-
ence is even more pronounced at large TiO, thicknesses) those at Rh/YSZ, indicating a significant
polarizability of the Rh/TiO, interface. It is likely that despite its low ionic conductivity [14, 15],

Ti0, acts as a solid electrolyte [16].

The exponents found for the relationship between iy and Po,” clearly indicate that atomic

rather than molecular oxygen is involved in the electrode process. Thus, m was found to have val-
ues between 1/4 (rds is charge transfer) and 3/8 (rds is interfacial diffusion of atomic oxygen to
the electrochemical reaction sites) [11], the actual rds depending on the operating conditions such

as applied potential and oxygen partial pressure. Values of m between 1/2 and 5/8 would be
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expected for the relationship between the exchange current density and oxygen partial pressure
[17, 18] if molecular oxygen was involved in the charge transfer process and in diffusion. The

exponents, m, obtained for Rh/YSZ and Rh/TiO,/YSZ also show that oxygen may dissociatively

adsorb on the electrode surface. The overall electrode process contains a charge transfer step and
a diffusion step competing as the slow steps.

The polarization behavior observed at Rh electrodes interfaced with YSZ and TiO,/YSZ
indicates that the mechanisms that are possible for the anodic and cathodic processes are different.
This becomes particularly obvious at high overpotentials (Fig. 5.9) where asymmetry appears.
This implies that the rate-determining step is not the same for the anodic and cathodic process.
The anodic process of oxygen evolution is independent of oxygen partial pressure, as should be
expected. The cathodic process depends on Po, and, as indicated by /};,,, includes a slow diffusion
stage. Several authors have reported a similar polarization dependence and similar limiting
cathodic currents [19, 20].

According to the experimental results obtained at low and high polarization and after an

analysis of literature data, the equilibrium processes of cathodic oxygen reduction and anodic
oxygen evolution (0,/O%") at Rh electrodes, both interfaced with YSZ and with TiO,, may be

described by the same reaction scheme. The reaction mechanisms at cathode and anode include
different rate determining steps.

The mechanism of the cathodic process can be written as follows:

0, S 2 Oy fast step (5.10)
O o) _ diffusion O ixs) slow step (5.11)
Ors) T2¢ — 0>~ fast step (5.12)

In the cathodic processs the first step is a fast step of dissociative oxygen adsorption on the
gas-exposed Rh surface (Eq. (5.10)). The next step (Eq. (5.11)) is atomic oxygen diffusion to the
electrochemical reaction sites (ERS). The third step (Eq. (5.12)) is a two-electron transfer process.

It is worth noting that the mechanism (5.10) - (5.12) was many times described in the liter-

ature for O, reduction at Pt electrodes (see Chapter 1, section 3) [10, 11, 19, 21-26].

The mechanism of the anodic process can be represented as follows:
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0" —2¢ —Ogps) slow step (5.13)

2 O(ERS) s 02(G) fast Step (514)

The first step is the electrochemical step of oxygen formation at the electrochemical reac-
tion sites (Eq. (1.13)), the second step is its desorption in molecular form to the gas phase (Eq.
(5.14)).

It is worth emphasizing that in mechanisms (5.10) - (5.12) and (5.13), (5.14) the nature of
the rate-determining step of the cathodic and anodic process will considerably depend on several
factors, and first of all on the electrode potential and also on oxygen partial pressure. The above
mechanisms are able to describe the cathodic and anodic processes under certain conditions,
namely in the region of low electrode polarization (close to equilibrium) and in an excess of gase-
ous oxygen.

The location of the electrochemical reaction sites for the cathodic and anodic processes is
not trivial. In the literature no consensus exists as to the location of the ERS; to a large extent, it
depends on the geometry of the electrode, the shape of the gas/metal/electrolyte contact and also
on the electrode and electrolyte materials. In both processes, the electrochemical step may occur
at the three-phase boundary or at the two-phase metal/electrolyte boundary. If there is no strong
chemical bonding between rhodium and the electrolyte or/and formation of a new phase is inhib-
ited, oxygen will diffuse along the interface. In the cathodic reaction, if the surface diffusion rate
of atomic oxygen is slower than the rate of charge transfer, current will flow predominantly close
to the three-phase boundary (MEG). In this case the central area of the electrode initially becomes
blocking. The relationship between the rates of mass transfer and charge transfer will be deter-

mining for the spread of the three-phase boundary across the two-phase boundary (ME). The

anodic process can take place at the ME boundary. This interface is fully accessible to 0% from
the solid electrolyte and to electrons from the metal. Because it requires oxygen exchange with a
gas phase, the electrochemical reaction will occur predominantly at the MEG boundary or in its
close vicinity. Therefore, the location of the electrochemical reaction sites merits further investi-
gations.

In order to confirm and validate the oxygen exchange mechanism proposed, impedance

spectroscopic analysis will be performed and reported in Chapter 6.
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5.4 Conclusions

In the present chapter, the electrochemical characterization of Rh electrodes in the systems
with yttria-stabilized zirconia solid electrolyte and with titanium dioxide was performed using the
steady-state polarization technique. The following conclusions may be drawn from the results
presented above:

1. Both the Rh/YSZ and the Rh/TiO,/YSZ interfaces are polarizable, and reproducible
polarization results were obtained in the present chapter. The general features of the kinetic pro-
cess of oxygen reduction/oxidation at the Rh catalyst electrode are similar for Rh/YSZ and Rh/
TiO,/YSZ electrochemical cells. The electrode kinetics depends on applied potential, working

temperature, and oxygen partial pressure.
2. The exchange current densities provide important information about the rate of the O,/
0% electrode reaction at the interface. The exchange current densities at Rh/TiO, (4 pm) are less

than half those at Rh/YSZ, and decrease further with increasing titania thickness.

3. The thickness of TiO, strongly influences the exchange current density of the reaction.
Increasing TiO, thickness leads to decreasing i,. The observed dependence of i, on TiO, thick-
ness shows that under working conditions, the conductivity of titania is not purely electronic. It
was suggested that at the given oxygen atmospheres and temperatures, the conductivity of TiO, is
mixed ionic-electronic with a strong ionic constituent. For further investigations, a layer thickness
of TiO, of 4 ym was chosen at which the ohmic contribution is the lowest.

4. At high values of polarization of Rh/YSZ and Rh/TiO,/YSZ, the cathodic and anodic
curves are not symmetrical. It was found that the anodic process of oxygen evolution is independ-
ent of oxygen partial pressure, while the cathodic process depends on Po, and shows [;;,, at low
oxygen partial pressures.

5. A mechanism was proposed for the oxygen exchange process (02/02'). The processes of
cathodic oxygen reduction and anodic oxygen evolution are not symmetrical. The cathodic pro-
cess consists of three steps: dissociative adsorption of oxygen at the gas-exposed Rh surface,
atomic oxygen diffusion to the electrochemical reaction sites, and two-electron transfer reaction
at the electrochemical reaction sites. The cathodic process is limited by interfacial diffusion of

oxygen atoms from the gas-exposed metal surface to the ERS. The anodic process includes two

steps: a two-electron transfer reaction, which is the rds, and oxygen desorption to the gas phase.
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CHAPTER 6 Electrochemical characterization of

Rh catalysts: Impedance measurements

On the basis of the oxygen exchange mechanism, an impedance model was
set up for the Rh/oxygen electrode in contact with a solid electrolyte. Elec-

trochemical impedance spectra were recorded at T =450 - 600 °C and Po, =

0.5 kPa at open circuit and under polarization in order to confirm the imped-
ance model for the processes occurring at Rh electrodes interfaced with

YSZ and TiO,/YSZ. Good agreement was found to exist between the model

(theory) and experiments (the impedance spectra). This agreement consti-
tutes support for validity of the reaction mechanism proposed in the preced-
ing chapter. The validity of the mechanism was confirmed in an indirect

way by the values obtained for the exchange current density, i, since the

values obtained from the impedance measurements are very close to those
obtained from low-field polarization experiments.

Impedance data recorded under polarization provide information as to the
origin of electrochemical promotion. Under positive polarization the
adsorption capacitance of the Rh/YSZ electrode increases dramatically,
which is understood as reflecting the creation of an effective double layer

across the entire gas-exposed electrode surface. The second semicircle
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appearing in the impedance spectra of the Rh/TiO,/YSZ electrode indi-

cates that the system has additional complexity.

6.1 Introduction

The technique where the cell’s or electrode’s impedance is studied as a function of fre-
quency of the ac signal source is called electrochemical impedance spectroscopy (EIS) [1]. The
equivalent resistance and capacitance values can be interpreted theoretically in terms of interfa-
cial phenomena. The mean (dc) potential of the working electrode is the equilibrium potential
determined by the ratio of oxidized and reduced forms of the redox couple. This technique is very
precise, and is frequently used in electrochemistry to evaluate heterogeneous charge-transfer
parameters and study double-layer structure.

The impedance, Z, is a kind of generalized resistance that links voltage £ and current / in

phasor notation:

E=1Z (6.1)

where E is the phasor of the electrode potential, and / is the phasor of applied current.
This equation is a generalized Ohm’s law. It is convenient to represent phasors in complex

notation. Components along the ordinate are regarded as imaginary, and are multiplied by

j = =1, while components along the abscissa are regarded as real. In this case, Ohm’s law can

be represented as

where Zg,, and Zy,,, are the real and imaginary parts of impedance. For example: Zg, = R and 7},

= l/oC.

Interesting information can be derived from the variation of impedance with frequency,
which can be displayed in different ways. In one of the common representations, the Nyquist
plots, values of Z;,,, are displayed as functions of Zg, for different values of . The plot that is
obtained for a parallel R-C circuit is shown in Fig. 6.1. The first intersection of the semicircle with

the abscissa gives the electrolyte resistance (Ry;), the second intersection gives the sum of electro-
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lyte resistance and charge-transfer resistance (R, + Rg). The capacitance of the electric double
layer (Cy4;) can be computed from Z and the frequency value at the top of the semicircle.

In a general sense, an electrochemical cell when excited or perturbed by a sinusoidal volt-
age signal will behave as an impedance. It should be possible then to represent its behavior by an
equivalent circuit of resistors and capacitors that pass a current having the same amplitude and
phase angle as the real cell subjected to the same excitation. A very simple circuit known as the
Randles equivalent circuit which corresponds to the impedance spectrum of Fig. 6.1 is shown in
Fig. 6.2. All current passes through the solution resistance, thus R, is present as a series element.
The parallel elements of impedance represent the total current through the working interface as

the sum of distinct contributions from a faradaic process, iy, and from double-layer charging, i, at

the working electrode. The counterelectrode in the cell would contribute similar impedance ele-
ments in series, but their values are made negligibly small by experimental design, so that the

working electrode alone can be studied.

o= I/RFCdl

A\ 4

Ra RetRy

FIGURE 6.1. Niquist plot for a parallel RC circuit: impedance components at different frequencies f(®
=2mp.
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Ca
| |
R |
1
L Ze
—]

FIGURE 6.2. Equivalent circuit of a very simple electrochemical cell: the Randles circuit.

The double-layer capacitance is regarded as a pure capacitance represented in the circuit by
a capacitor of capacitance Cy;. The faradaic process is represented by an impedance, Zg. In one of
the representations, this impedance is separated into a pure resistance due to charge transfer, Rp,
and a general impedance called Warburg impedance, Zy, which is related to the mass-transfer
resistance. In contrast to R, and Cy which are nearly ideal (frequency-independent) circuit ele-
ments, the faradaic impedance usually changes with frequency.

The circuit considered here is based on the simplest electrode process. Many other circuits
have been devised, for example, those including circuit components for adsorption of electroreac-
tants, multistep charge transfer, or homogeneous chemistry. It is important to understand that
equivalent circuits drawn for electrochemical cells are not unique. Moreover, it is only in the sim-
pler cases that one can identify all individual circuit elements with processes that occur in the
electrochemical cell. Still, impedance studies do provide a wealth of interesting information if

interpreted with the necessary chemical and physical intuition.

6.1.1 AC Impedance spectroscopy in solid-state cells

The technique of electrochemical impedance spectroscopy (EIS) is one of the most com-
monly used techniques in electrochemistry, both aqueous and solid. Many studies in solid-state
electrochemistry performed by impedance spectroscopy were undertaken with the aim of identi-
fying the reaction kinetics and the process mechanisms.

The impedance spectrum obtained for the solid-electrolyte electrochemical cell:
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O,, Pt/(Zr0,)0.91-(Y,05)0.09/Pt, O,
is rather more complex than the spectra commonly seen in aqueous systems, since here the contri-
bution of impedance of the solid electrolyte to the total cell impedance is significant (Fig. 6.3).
Three semicircles are recognized in the Nyquist plot. They are identified by studying the effects
produced when varying experimental parameters [2]:

a. geometrical factors of the sample;

b. composition of the solid electrolyte: nature and concentration of oxygen dopants;

c. microstructure of the electrolyte;

d. nature and texture of the electrode material: metal or semiconductor;

€. oxygen partial pressure;

f. current density.

Thus, the first semicircle of Fig. 6.3 was found to represent the bulk properties of the solid

electrolyte, in particular the conductivity. R; represents the intergrain resistance.
The second semicircle represents the effect of the grain boundaries. The value (R, - Ry)

corresponds to the contribution of the grain contacts to the total electrolyte resistance.
The third semicircle represents the electrode phenomena that in addition to the faradaic
processes may include adsorption-desorption processes as well as mass-transfer processes; here

R, is an overall electrolyte resistance and Rj is a resistance attributable to the electrochemical

process (faradaic resistance).

ZxOy.91-Y2030.09)
T=490°C

g 1 Po,= 10" bar

-

. 510°

N

105 100
102
102
| | |
0 1 Rl 2 RZ 3 R3
Z’, kOhm

FIGURE 6.3. Complex impedance spectrum of the cell Pt/'YSZ/Pt. Numbers on the semicircles are the
excitation frequencies, f, in Hz.
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The presence and shape of the three semicircles strongly depend on working temperature
and cell configuration. The first two semicircular arcs correspond to parallel R-C circuit elements,
while the third one is more complex. When the electrode process contains slow diffusion steps, a
diffusion impedance will have to be added to the charge-transfer impedance. An adsorption proc-
ess would contribute to the double-layer capacitance with an additional adsorption capacitance.
Different equivalent circuits can be found in the literature depending on the rate-determining step

(rds).

6.1.2 Ac impedance spectroscopy in electrochemical promotion of catalysis

Recently, impedance spectroscopy was used to investigate the origin of electrochemical

promotion at a Pd catalyst electrode deposited on YSZ and exposed to CH,/O, and C,H4/O, gas

mixtures [3]. Other systems studied were Au, Pt, Rh electrodes interfaced with YSZ in different

gas mixtures (pure O, and H, and C,H4-O, mixtures).

Figure 6.4 shows complex impedance spectra (Nyquist plots) recorded for the CHy, O,, Pd/

YSZ system. The impedance in the frequency range above 10* Hz was found to represent the
impedance of the bulk electrolyte and grain boundaries. Three distinct features of the impedance
spectra were discussed by the authors. (7) In the range of high frequencies (higher than 300 Hz),
part of a small depressed semicircle is observed at absolute values of overpotential lower than 0.6
V. (ii) At frequencies lower than 300 Hz, the main feature under open-circuit conditions is an
inclined straight line, which can be considered as part of a depressed semicircle. In fact, when
raising the applied dc potential difference to high positive or negative values a depressed semicir-
cle (semicircle 2) clearly develops. This semicircle becomes smaller with increasing and decreas-
ing polarization (overpotential), indicating that it reflects processes at the Pd/YSZ interface. (iii)
At high positive overpotentials (higher than 0.6 V) a third depressed semicircle (semicircle 3)

appears in the lowest frequencies range.
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40 _
[o— ecpoazvy ] o
12w D6V 10k ,'.. 1Hz
g |—o— 2V C. -
30+ < ‘
= é 65kHz ‘I-_. Jrﬁlp ! B
= i 0.8H4
- D '
< 20
] 2V
g 0.6V
: Q. C.
Ll
10 0.6V
v
e,
),
0! , *0.1Hz -

REAL(Z) , kOhm

FIGURE 6.4. Complex impedance spectra (Nyquist plots) for the C,Hy, O,, Pd/YSZ system at different
Pd catalyst potentials. Conditions: 7= 400 °C, P, =1.9 kPa, P ; =2.6 kPa.

C most likely corresponds to a tpb covered with PdO, while C, corresponds to a tpb cov-
ered with reduced Pd. The third semicircle is interpreted as a “backspillover oxygen semicircle”.
It only appears when positive values of Uypg are imposed, ie, when O jons are supplied to the
catalyst surface.

For a more detailed analysis of the impedance spectra, each of the above semicircles was
fitted to a single resistor—capacitor combination, and the corresponding capacitance values were
determined.

From the values of C5 and C, shown in Table 6.1, it can be seen that C3 on an average is
2500 times higher than C,. Interestingly, the ratio C5/C, nicely compares with the ratio NG/thb
(equal to 3570) of the catalyst’s tpb exposed surface (measured via surface titration: N= 3 x 107
mol Pd) and the “surface” corresponding to the gas—metal—electrolyte three-phase boundary (tpb:
Nipp= 8.4 x 10" mol Pd). Impedance spectroscopy thus allows one to estimate the three-phase-

boundary length via:
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N, C
b — 3 (6.3)
Ng G,
From the total mass of the Pd electrode (0.3 mg) and its surface area, one has:
(Lop/27pg)
b = ———— (6.4)

NAV

where rpg = 1.8 A is the atomic radius of Pd, N Av 18 Avogadro’s number, and /gy, is the three-

phase-boundary length computed via

Ly, = mS/d (6.5)

where d is the average catalyst crystallite size, and S is the geometric surface area of the catalyst

electrode (§=0.6 cmz).

TABLE 6.1. Ratios C3/C, for methane and ethylene oxidation at Pd/YSZ (for comparison, Ng/Ny,y, =
3570)

Methane oxidation Ethylene oxidation
Uwr, V C5/Cy Uwr, V C5/Cy
1 2700 1.1 710
1.1 3190 1.4 920
1.23 2570 1.75 890
1.37 2060
1.5 1810

These observations provide strong indications that the appearance of the depressed semi-
circle in the low-frequency range at high positive overpotentials is related to a process of charge
separation extending all over the catalyst surface, which can be identified as a backspillover of
charged species, in agreement with the model proposed to explain the origin of the effect of elec-
trochemical promotion [4, 5]. This type of behavior was also observed for ethylene oxidation at

the same catalyst, for which the C5/C; ratios are shown in Table 6.1.

In very recent work [6], the impedance of Au/YSZ, Pt/YSZ, and Rh/YSZ has been studied

in different gas mixtures and under electrochemical promotion conditions. For an interpretation of
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the experimental results, the authors used several electrical equivalent circuits, such as
R(RQ)(RQ), R(RC), and RG, where R is a resistance either of the solid electrolyte or electrode
process, Q is a constant phase element, and G is a Gerischer impedance [7]. Under special condi-
tions for a CEC (chemical-electrochemical-chemical)-type reaction [8], the complex expression

reduces to a rather simple impedance relation:

Z

7 = =
@~ e

Here k represents the effective transfer rate of the chemical reaction. The form of this impedance

(6.6)

dispersion is somewhat similar in shape to a finite-length Warburg impedance.

Although EIS provides important information about the properties of the system, it is usu-
ally more difficult than in the steady-state polarization measurements to obtain expressions
describing the frequency-dependent behavior in terms of a physicochemical description. There-
fore, in impedance spectroscopy an identification of the process kinetics may be procured, either
by starting from experimental data, reducing them to an electrical equivalent circuit, and then
deriving a reaction mechanism, or by proceeding in the reverse order, viz, by first assuming a
reaction mechanism, then designing the corresponding theoretical equivalent circuit, and finally
proceed to an experimental confirmation by means of impedance measurements.

The present chapter has two main goals: (i) experimentally substantiating the kinetic
scheme proposed in the previous chapter for the oxygen exchange reaction on Rh electrodes in
contact with YSZ and TiO,/YSZ (section 3.1: Impedance measurements at equilibrium potential),
(i1) confirming the often suggested mechanism of electrochemical promotion via impedance
measurements in the O,, Rh/YSZ and O,, Rh/TiO,/YSZ systems (section 6.3.2: Impedance meas-
urements under polarisation). The approach to this task was divided into the following stages:

1. design of a theoretical impedance model for the 02'/02 process and of a theoretical
equivalent circuit for this process;

2. definition of an equivalent circuit that would correspond to the experimental data over a
broad range of frequencies, and calculation of its parameters;

3. comparison of the expression for the impedance in terms of the equivalent circuit from

(2) with that derived for the theoretical model from (1).
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6.2 Theory

6.2.1 Theoretical impedance model for the O,, Rh/electrolyte system
at equilibrium

Consider the Rh electrode interfaced with YSZ or TiO,/YSZ under open-circuit conditions
in an O, atmosphere. In such a system at equilibrium, two processes are taking place: cathodic

reduction of oxygen (Egs. (5.10) to (5.12), Chapter 5) and anodic oxidation of oxygen ions (Egs.
(5.13) and (5.14), Chapter 5). It will be assumed that the electrochemical reaction sites (ERS) for
cathodic and anodic processes are different. Impedance models can then be developed independ-
ently for each process, and similar to the impedance model proposed for the lithium electrode by
Kuznetsov and co-workers [9].

Consider first the cathodic process of O, reduction:

0, 5 2 Oyyg) (6.7)
O(MG) L) O(ERS) (6'8)
O s, +2¢” —<>0% (6.9)

where MG stands for metal/gas; V; is the rate of atomic oxygen interfacial diffusion from MG to
ERS boundaries; and i is the rate of electrochemical reduction of oxygen. Oxygen dissociatively

adsorbs at the MG interface with a rate of adsorption B.
Assuming that the steps of oxygen adsorption and electron transfer are fast steps, then
interfacial diffusion of atomic oxygen will be the rate-limiting step.

The charge density on the Rh electrode depends on electrode potential (U) and on the quan-

tity of adsorbed Omc) on the metal surface (I') [10]:

qg=qU.I) (6.10)

Then the derivative of the complete differential of electrode charge density with respect to

time is equal to the charging current passing through the electrode [11]:
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_dgq _ 2qdU, dqdr

gt oUdt ordt (6.11)

i

Taking advantage of the method of complex amplitudes [11-13], one then can write for the

phasor (complex current amplitude) of the charging current (3i..):

ddqg . 0 N : .
= d_tq = joLsU+joLsT = joa,d8U+job 8T (6.12)

oi oU or

where 0U is the phasor of electrode potential; oI is the phasor of adsorption; the coefficients a; =

99 _
U and b,

9
or

The relation between adsorbed Oy, O, in the gas phase, and electrode potential is

given by the adsorption isotherm:

I'=I(CU) (6.13)

where C is the concentration of oxygen in the gas phase.

The balance of adsorbed oxygen atoms is determined by the magnitude of the diffusion

flux:
ar__y (6.14)
dt
Applying the method of complex amplitudes to (6.14) one can make the transition to phase
variables:

‘% = i0dl = -3V, (6.15)

For the phasor of adsorption, the equation can be written as:

or or
él“:wéU+%5C:azéU+k2§C (6.16)

The phasor of the diffusion flux is related to the phasor of the bulk concentration by the equation:

5V, = (1+j)o'*/D/25C (6.17)
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where D is the coefficient of atomic oxygen diffusion.

The faradaic current (ig.) is determined by oxygen diffusion, and for the phasor of current

in the case of semi-infinite diffusion one obtains:

8i, = F8V, = F(1+j)o'>JD/26C = (1+j)0'*k;8C (6.18)

Y

For the balance of adsorbed species at the Rh surface, one has:

F% = joFT =6, (6.19)

The total cathodic current consists of a charging current and a faradaic current:
ic = i tig (6.20)

The phasor of the total cathodic current flowing at the two-phase boundary is given by the sum of

phasors of the charging current and the current of the faradaic process:

Big = 8iy, + Big, (6.21)

C

For the anodic process of oxygen formation occurring at the equilibrium potential at Rh

electrodes in contact with YSZ or TiO,/YSZ, one can write (see Chapter 6):

0% —2e” —4— O s, (6.22)

where i, 1s the rate of electrochemical oxidation of oxygen ions.

In the anodic process, the rate-determining step is an electron-transfer step (Eq. (6.22)).

Therefore, the relations for the magnitude of the phasors are:

. . Oq

8. = jo—LtsU 6.24

o =JOT (6.24)
oi

i, = —=6U (6.25)
oU
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8,=8,+d, (6.26)

For the phasor of total current of the equilibrium process, one can write:

Si = Si. + 6i, (6.27)

0% /0,
The complex conductivity of the oxygen electrode in the system with solid electrolyte is
described by the following relation:

v G0, (6.28)

oUu
Insofar as the phasors of the anodic and cathodic current are mutually independent, the
complex conductivity of an electrode can be represented as a sum of cathodic and anodic conduc-

tivities, which are determined separately from each other:

O, j
0* /0, _&_‘_@:YC_,_YA (6.29)

Y= =
ou oU oU

It is easy to find the expression for the admittance of the anodic process:

. aq aifa . -1
Y, = jo——+—=joC, +R 6.30
1=y T oy T/ e T (630)

where Cy, is the double-layer capacitance of the anode.

An electric equivalent circuit for the admittance of the anodic process Eq. (6.30) can be
formulated as the parallel combination of a double-layer capacitance and a resistance of the elec-
trochemical reaction.

For the purposes of obtaining the solution for the cathodic process, it will be preferable to
write the sets of Egs. (6.12), (6.16), (6.18), (6.19) and (6.21) in a matrix form [11-13] (see

Annex):

SU-M=L-N (6.31)

where M is a matrix vector composed of the coefficients at dU, the transposed matrix M being:

M = |0 jwa, 0 ay 0| (6.32)
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N is a matrix column composed of the left-hand sides of Equations (6.12), (6.16), (6.18), (6.19)

and (6.21), the transposed matrix N being:

N = [8ic 8ig, 8ifdT 3] (6.33)

and L is a square matrix of fifth order:

-1 1 1 0 0
0 -1 0 job, 0
0 0 -1 0 (1+))0" ks (6.34)
0 0 0 -1 k,
0 0 -1 joF o

Now the admittance of the cathodic process can be represented as follows:

y O _AL (6.35)
C
U AL

where AL is the determinant of matrix L; A’L is the determinant of a matrix obtained by substitut-
ing the first column in matrix L by the matrix vector M.

The equetion 6.31 can be represented as:

0 111 0 0 i
joa, 0 -1 0 job, 0 5i.

SUL 0 | =10 0-1 0 (1+)o k|si, (6.36)
a 000 -1 k, 5T
L0 o 0 -1 joF 0 JL8C
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111 0 0 ) )
1 0 job 0

0 -1 0 job, 0 1051 o
_ 0 -1 0 (1+)o %kl _
AL=10 0 -1 0 (1+j)o' ks =1 (L+po "k

00 -1 ky
000 -l ky 0 -1 joF 0
0 0 -1 joF 0
1/2
-1 0 (1+j)o Tk - L 1/2
— =1 ) -1 0 (I+o ks = joFk +(1+j)1/2k (6.37)
0 -1 k2 ) 2 3
JoF 0 -1 k2
-1 joF 0

The determinant of a matrix (6.34) obtained by substituting the first column in matrix L by

the matrix vector M is:

0 1 1 0 0 0 e .
—Jjma ()
joa, -1 0 job, 0 704 I8
. 1/2
_— _ 0o -1 0 (1+ k
AL=) 0 0-1 0 (1+j)o ks = (1)) k) _
—a, 0 -1 k
—ay, 0 0 -1 k, 2 2
0 -1 joF 0
L0 0 -1 joF o | *t /@ —
001 0 o |
. 1/2
10 (1+ k
0 -1 0 (1+)o" k| _ . (I+p)o "k
- Ao (| k, -
-a, 0 -1 k,
, 1 joF 0
0 -1 joF o
0 jwb, 0 1 0 0 .
"Wl 0 (1+)e k| T2|-1 0 (1+)e' %k, 21@01'(1)LM 02}+

-1 joF 0 —1 joF 0

. 1/2 .
+(goa)- (-n| O Dok +(—a2)~(1+j)m”2k{0 fmbl%

| k, -1 joF
. 1 0 . . N 1/2
+ayjolF 12 = joajoFk, +joa,(1+j)o " "ky+
—1 (1+))o "k
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+ay(1+))o *kjob, + ayjoF(1+j ok = joa,(joFk,+ (1 +)o' k) +

+ay(1+))o *(kjob, +joFk;) (6.38)
The expression for input conductivity of the cathodic process:

L Bie AL joa(joFky+(1+ )0 k) +ay(1+ )P (kyjob, +joFk;)
SU AL joFk,+(1+)) %k,

As a result, one has the expression for input conductivity (admittance) of the cathodic proc-

€SS:

. 3/2
(j Do a2k3.(b1 :th) = joCy +— Tl 1 N 32 (6.39)
jok,F +(+ jo k, (joC,)" +(1- o™~ A4

Y. = jwa, +

where Cy. is the double-layer capacitance at the cathode;

Fk,

C, =——— is the adsorption capacitance;
a,k, (b, + F)

A= m is the constant of Warburg impedance.

The electric equivalent circuit for admittance of the cathodic process Eq. (6.39) consists of
the cathode’s double-layer capacitance Cy, combined in parallel with a series combination of
adsorption capacitance C, and Warburg impedance Zy,.

Therefore, the admittance (impedance) of the rhodium/oxygen electrode in the system with

solid electrolyte can be represented as follows:

1. B} N T
V= = oG+ G+ R +((aC,) " + (= o a)” (6.40)

An electric equivalent circuit for the admittance (6.40) that includes the resistance of the
electrolyte is presented in Fig. 6.5. It follows from Eq. (6.40) that due to the assumption of inde-
pendent cathodic and anodic processes, only the double-layer capacitance cannot be divided into
cathodic and anodic components. The other elements of the equivalent circuit corresponding to
the parallel processes (Egs. (6.7) to (6.9)) and (Egs. (6.23) and (6.13)) can be determined experi-

mentally.
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The equivalent circuit derived theoretically (Fig. 6.5) for the Rh/oxygen electrode is known
from the literature [14, 15], and was first proposed by Povorov et al for describing the corrosion
of the lithium electrode in a lithium battery [15, 16]. Recently the same equivalent circuit has
been derived theoretically, again for a lithium electrode, by Kuznetsov et al [9]. The authors have
shown that this model is able to describe the corrosion processes of a lithium electrode when these
occur at spatially separated surfaces.

For a comparison and confirmation of the theoretical equivalent circuit presented in Fig.
6.5 in terms of a circuit that corresponds to experimental results, the set of experimental data was

fitted using a frequency response analysis (FRA) program (version 4.9, see Chapter 3).

Ca
| |
| |
Rel RF
— 1 1
C. Zw

_\/\/_

FIGURE 6.5. Theoretical electric equivalent circuit for admittance of the Rh electrode interfaced with
solid electrolyte in oxygen atmosphere.

6.3 Results and discussion

6.3.1 Impedance measurements at equilibrium potential

Typical experimental impedance spectra obtained for Rh electrodes interfaced with YSZ

and TiO,/YSZ solid electrolytes at open circuit, constant oxygen partial pressure (Po, = 0.5 kPa),

and constant temperature (7' = 450 °C) are shown in Figure 6.6. For both electrochemical cells,
these spectra consist of two semicircles: one at high frequencies (50 kHz - 2 kHz), which is a sem-
icircle centered on the real axis, and the other at low frequencies (1 kHz - 0.1 kHz) having its

center shifted below the real axis. The high-frequency semicircle is attributed to the bulk proper-
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ties of the solid electrolyte [2, 17]. It changes when varying the working temperature, since the
conductivity of the solid electrolyte changes with temperature but remains constant when apply-
ing a polarizing potential. The first semicircular arc corresponds to parallel R-C circuit elements,
R being related to the electrolyte’s resistance and C representing the geometric capacitance of the
samples [2]. The second semicircle is related to the electrode process.

It is interesting to analyse the first semicircular arc, since it provides information about the
properties of the solid electrolyte. There is a considerable difference in sizes of the first semicircle

between the Rh/YSZ and Rh/TiO,/YSZ system, and consequently in parameters R. This differ-
ence arises from the diverse nature of the YSZ and TiO, supports, and can be rationalized in terms

of differences in grain size and grain boundary resistance between the two solids.
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FIGURE 6.6. Experimental impedance spectra for Rh/YSZ and Rh/TiO,/YSZ electrochemical cells
(symbols) and theoretical spectra obtained with the R-C parallel elements for the first semicircle (50 kHz - 2

kHz) and the equivalent circuit (Fig. 6.5) for the second semicircle (gray line) in PO2 = 0.5 kPa at T=450 °C.

Figure 6.7 shows the experimental impedance spectra (symbols) and impedance spectra

(solid lines) simulated with the theoretical equivalent circuit (Fig. 6.5), for a Rh electrode inter-

faced with YSZ solid electrolyte over the temperature range from 450 to 600 °C at a constant oxy-

gen partial pressure of 0.5 kPa.
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again be represented by parallel R-C elements. One can see how the spectra change with tempera-
ture within a constant domain of frequencies (50 kHz - 0.1 Hz), reflecting an increase in rate of
the electrode process with temperature. It is interesting to note that the semicircle of the electrode
process can only be observed at temperatures > 400 °C. The first semicircle almost disappears at
600 °C. The results of simulation obtained when employing the equivalent circuit (Fig. 6.5) are in
very good agreement with experimental data obtained in the Rh/YSZ system, and the reproduci-

bility is satisfactory. The parameters extracted for the electric equivalent circuit for admittance of

Here the simulations obtained for the first semicircular arc are not shown; this arc can

the Rh electrode in oxygen at different temperatures are listed in Table 6.2.

TABLE 6.2. Parameters of the electric equivalent circuit for admittance of the Rh electrode

interfaced with YSZ in 0.5 kPa of oxygen

T, °C R} Car» Ry, C,, Zy,
kohm/cm?" pF/cmz* kohm/cm?" pF/cmz* kohm/cm?"

450 106.0 1.57 814.3 130.1 2.94

500 37.4 1.0 146.4 133.0 1.58

550 18.1 1.2 67.2 143.4 0.83

600 11.4 1.39 21.5 130.8 0.72

E,, kJ/mol 78.0 2.7 130 1.1 51.5

*geometric surface area of the electrode
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As in the Rh/YSZ system (Po, = 0.5 kPa), impedance measurements were also performed

at different temperatures (T = 500 - 600 °C) in the Rh/TiO,/YSZ electrochemical cell. Typical

experimental spectra (symbols) and simulated results (solid lines) are shown for the Rh/TiO,/

YSZ electrode in Fig. 6.8. The spectra change with temperature.
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FIGURE 6.8. Experimental impedance spectra (symbols) and theoretical spectra obtained with the
equivalent circuit (Fig. 6.5) (solid lines) for a Rh electrode on a TiO,/YSZ support. P0, = 0.5 kPa, T = 450 -

600 °C.
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The theoretical results that were obtained with the equivalent circuit (Fig. 6.5) are in satis-
factory agreement with the experimental spectra. The parameters of the electric equivalent circuit

(Fig. 6.5) for admittance of the Rh electrode interfaced with TiO, are shown in Table 6.3.

TABLE 6.3. Parameters of the electric equivalent circuit for admittance of the Rh electrode

interfaced with TiO,/YSZ in 0.5 kPa oxygen

T, °C Re), Cqr» Rg, Cys Zy,
kohm/cm? uF/ cm? kohm/cm? uF/ cm? kohm/cm?
450 55.41 2.78 1200.4 123.6 80
500 22.40 2.49 447.38 125.3 31.3
550 10.93 2.22 167.14 122.8 14.4
600 5.22 231 35.45 130.5 9.35
E,, kJ/mol 82.3 6.6 127.0 1.5 76.1

The following observations were made when analyzing and comparing the impedance

parameters of the two electrochemical cells Rh/YSZ and Rh/Ti0,/YSZ:
Total electrolyte resistance R, - determined as the intersection of the high frequency part

of the second semicircle with real axis. It decreases with increasing temperature in both systems.

The total resistance of Rh/TiO,/YSZ is smaller than that of Rh/YSZ. The apparent activation
energies of the electrolyte resistance are 78.0 kJ/mol and 82.3 kJ/mol for Rh/YSZ and Rh/TiO,/
YSZ, respectively (Tables 6.2 and 6.3).

Double-layer capacitance Cy; - related to the electric double layer at the Rh electrode. The
values of Cy; at Rh/TiO, are higher by a factor of two than those at Rh/YSZ. No distinct tempera-
ture dependence could be observed; it appears that Cy; remains rather constant while the tempera-

ture increases.

Charge transfer resistance Rp - decreases with increasing temperature at both electrodes,
Rh/YSZ and Rh/Ti0,, which implies increasing reaction rates of the anodic process. The value of
Ry obtained by fitting of the experimental data is almost twice larger for Rh/TiO, than for Rh/

YSZ, while the activation energies are quite similar at the two electrodes (Tables 6.2 and 6.3).

Both the charge transfer resistance and the activation energy results are in good agreement with
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values derived from polarization measurements at Rh electrodes interfaced with YSZ and TiO,

(Chapter 5). On the basis of this parameter, the exchange current densities will be evaluated
below.

Adsorption capacitance C, - at the equilibrium potential, it largely corresponds to the proc-
ess (Eq. (6.7)) of dissociative oxygen adsorption at the gas-exposed Rh electrode surface. An

adsorption capacitance may also be created by 0% species from the solid electrolyte adsorbing at
the gas-exposed catalyst surface, where they are equilibrated electrostatically by their mirror
charges in the metal. These oxygen ions at the surface are in equilibrium with oxygen ions in the

solid electrolyte (see Chapter 2, Fig. 2.4). At both electrodes, the C, values derived are much
higher than the values of double-layer capacitance. At the same time, when comparing the C, val-
ues themselves it is clear that they are almost identical in the Rh/YSZ and Rh/TiO, systems. It

also appears that the adsorption capacitance is independent of temperature over the range from
450 to 600 °C.

Mass-transfer resistance Zy, (Warburg impedance) - in the model described above, this

quantity is related to the process that is limited by interfacial diffusion of atomic oxygen from the
gas-exposed surface area to the electrochemical reaction sites where the charge-transfer process
takes place. As expected, this parameter decreases with increasing temperature. The difference
between the two electrodes is significant. The high Warburg impedance found for Rh/TiO, may
be related to the low ionic conductivity of titania. The activation energies of the Warburg imped-
ance are shown in Tables 6.2 and 6.3.

From the description of faradaic impedance [1, 11, 12], it is clear that measurements are
made while the working electrodes are at equilibrium at the mean dc potential. Since the ampli-
tude of the sinusoidal perturbation is small, one can use the linearized i-7 characteristics to

describe the electrical response to the departure from equilibrium caused by this perturbation:

_ RT
F nkFi,

(6.41)

so that it is easy to evaluate the exchange current densities i, from impedance spectra. The
charge-transfer resistance (Tables 6.2 and 6.3, fourth columns) was used to calculate iy. The i,
values obtained for the Rh/YSZ and Rh/TiO,/YSZ systems are given in Table 6.4. It can be seen

that the exchange current densities are lower for Rh interfaced with TiO, at all temperatures
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investigated. There is good agreement with the values calculated from steady-state polarization
measurements using the low-field approximation of the Butler-Volmer equation (Table 5.1, Chap-

ter 5).

TABLE 6.4. Exchange current densities at the Rh electrode on YSZ and TiO,/YSZ evaluated from
the impedance measurements at an oxygen partial pressure of 0.5 kPa

. Rh/YSZ RW/TiO,/YSZ
L°C io, ;VLA/cm2 io, p,tA/cm2
450° 0.18 0.13
500 1.08 0.37
550 2.50 1.06
600 8.33 5.30

The charge transfer resistance, Rf, evaluated from experimental spectra at the equilibrium
potential for Rh/YSZ is lower than that for Rh/TiO,/YSZ. This is in agreement with the steady-
state polarization measurements, and shows that Rh/TiO,/Y SZ is much more polarizable than Rh/
YSZ. The exchange current densities extracted from impedance spectroscopy are similar to the i,
obtained from steady-state polarization measurements. Arrhenius plots of exchange current densi-
ties evaluated, both from the impedance measurements and from the i-Uypg curves in the low-
field approximation of the Butler-Volmer equation are shown for Rh/YSZ and Rh/TiO,/YSZ elec-
trodes in Fig. 6.9. It is seen that the agreement between values obtained with the two techniques is
satisfactory. The exchange current densities are always much smaller at the Rh/TiO, interface.
This is in good accord with the results of electrochemical promotion in the Rh/YSZ and Rh/TiO,/
YSZ systems, where at the same applied current a much higher potential was observed for Rh on

TiO, than for Rh on YSZ (see Chapter 5).

The results obtained in the present chapter are in good agreement with the theoretical
model proposed, and also with the steady-state polarization measurements described in the pre-
ceding chapter (Chapter 5). This means that at the equilibrium potential, the cathodic and anodic
process occur in parallel at Rh/YSZ and Rh/TiO,/YSZ, and may be described by the schemes of

Egs. (6.7 - 6.9) and (6.22, 6.23). The cathodic process is limited by a mass-transfer process con-
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sisting of interfacial diffusion of atomic oxygen to electrochemically reactive sites, the anodic

process is limited by the charge-transfer step.

Inio, 10 A/em’

® RW/Ti0,/YSZ, Ea= 127 kJ/mol
2 o RWTiO,/YSZ, Ea= 133 kJ/mol o
A RNWYSZ, Ea= 130 kJ/mol

A RhW/YSZ, Ea= 126 kJ/mol

-4 \ \

1.1 1.2 1.3 1.4
1/T,10° K

FIGURE 6.9. Arrhenius plots of the exchange current densities calculated for Rh/YSZ (A: impedance
measurements; A: low-field approximation) and Rh/TiO,/YSZ (®: impedance measurements; Q: low-field

approximation). Oxygen partial pressure: 0.5 kPa.

6.3.2 Impedance measurements under polarization

Useful information about the kinetics of the electrode process and about the characteristics
of the system itself can be gained from impedance measurements under polarization. It is clear
that at overpotentials of |n| > 10 mV, only either the anodic or the cathodic process will take place
at the Rh electrode. Consequently, the theoretical equivalent circuit (Fig. 6.5) then corresponds,

either to oxygen ion oxidation or to oxygen reduction.

Under positive polarization in the system Rh/solid electrolyte, the process of backspillover
occurs in addition to oxygen evolution (Egs. (6.22) and (6.23)). This mechanism is well known,
and plays an important role in the electrochemical promotion of catalysis [18]. According to the
theory of electrochemical promotion, applied positive potentials lead to the oxidation of oxygen

ions at the three-phase boundary, and also to some charge injection into the metal surface exposed
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to the gas phase. This positive charge appearing on the surface will cause migration of oxygen
ions from the YSZ and formation of an overall neutral double layer at the metal/gas interface, an
“effective electrochemical double layer”. This mechanism includes a charge-transfer step, a mass-
transfer step, and the formation of two double layers. Therefore, the equivalent circuit of Fig. 6.5
can be used for describing the Rh/solid electrolyte systems under positive polarization.

a) Charge transfer leading to the formation of atomic oxygen at the Rh-YSZ-O, interface,
its recombination, and its desorption to the gas phase (Eqgs. (6.22) and (6.23)), this step corre-
sponds to the charge-transfer resistance (Rf) (Fig. 6.5);

b) diffusion of 0% from YSZ to the gas-exposed metal surface, a process that may be
described by a Warburg impedance (Zy);

c¢) oxygen ion adsorption on the gas-exposed metal surface and formation of a double layer
between metal and gas phase, this step may be described by an adsorption capacitance (C,).

The steps b) and c) correspond to the backspillover mechanism [18].

Under negative polarisation the reduction of oxygen will include the following steps, simi-

lar to the situation at the equilibrium potential:
a) dissociative adsorption of atomic oxygen at the gas-exposed Rh surface, a process that

may be described by an adsorption capacitance (C,) (Fig. 6.5);

b) diffusion of oxygen atoms to the three-phase boundary (MEG) and further to the two-
phase boundary Rh/solid electrolyte, a process that may be described by a Warburg impedance
(Zw);

c) charge transfer at the Rh/YSZ interface, a process that may be described by a charge-

transfer resistance (R).

In both the anodic and the cathodic process, the electric double layer at the metal/solid-

electrolyte interface is described by a double-layer capacitance Cy;.

Figure 6.10 shows experimental impedance spectra recorded under anodic and under

cathodic polarization at a Rh electrode interfaced with YSZ, from which the electrolyte resistance

that remains constant at any given temperature, and amounts to 11.4 kohm/cm? at 600 °C, has
already been subtracted. The experimental spectra coincide with spectra following from the theo-
retical model and the theoretical equivalent circuit (Fig. 6.5) (solid lines in Figs. 6.10 A, B). Note
that impedance measurements under polarization were carried out at different temperatures

between 450 and 600 °C. For each temperature, good agreement between the experimental and
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theoretical results was found, which implies that both the anodic and the cathodic process on Rh/

YSZ is readily described by the equivalent circuit proposed.
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FIGURE 6.10. Impedance spectra obtained for a Rh electrode interfaced with YSZ at 7= 600 °C, Po, =

0.5 kPa at different positive (A) and negative (B) catalyst potentials. Symbols correspond to experiment, lines
to theoretical prediction.

The parameters of impedance of the Rh electrode interfaced with YSZ that were calculated
by using the theoretical equivalent circuit (Fig. 6.5) are summarized in Fig. 6.11. They are shown
as functions of applied potential.

The parameters of the experimental electric equivalent circuits for admittance of the Rh
electrode at different potentials are in good agreement with the mechanisms suggested to be valid
under anodic and cathodic polarization (Fig. 6.11). It is interesting to comment on the behavior of
double-layer and adsorption capacitance of the Rh electrode (Fig. 6.11, B). The double-layer
capacitance slightly decreases with increasing positive and negative potential, while the adsorp-
tion capacitance significantly increases with increasing positive, and remains constant with
increasing negative polarization.

In the work of Vayenas and co-workers [3, 18] exploring the origins of electrochemical
promotion, the EIS technique had provided evidence for the formation of an “effective double

layer” across the entire gas-exposed electrode surface (section 6.1.2). The capacitance of this
metal/gas double layer was found to be much higher (order of magnitude: 200 puF/cm?; in the

present work, values between 100 and 300 ;,LF/Cm2 were found) than that of the metal/solid-elec-
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trolyte double layer (0.1 - 10 uF/cm

cm? were found).
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3]; in the present work, Cy; values between 0.4 and 2 pF/
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The values of both capacitances are known to be related to the gas-exposed electrode sur-

face area, Ng, and to the “surface area” of the three-phase boundary, Ny, by Eq. (6.3). For the

case of Rh/YSZ, it can be written as:

N, C
_tpb _ —di 42
N, . (6.42)

This relation [18] allows one to calculate the tpb length on the basis of impedance measure-

ments. Typical values of Ny, are of the order of 10-10719 mol metal/cm? electrolyte, ie, typically

by a factor of 10% to 103 smaller than Ng The parameter Ny, expresses the number of moles of
electrode metal in contact, both with the solid electrolyte and with the gas phase. More commonly
the length of the tpb is normalized with respect to surface area, S, of the electrolyte. This normal-
ized tpb length, denoted Ny, , s Nyp/S, its values are given in Table 6.5 for RW/YSZ catalyst as a
function of applied potential. These values correspond to a “length”, /,,p,, of several km per cm? of

solid electrolyte.

TABLE 6.5. Normalized tpb lengths, Ny, ,, in the Rh/YSZ system as a function of the applied
potential; 7= 600 °C, Po, = 0.5 kPa

Uwr, V Nipb,ns 10719 mol Rh/cm?

-0.15 6.118
-0.10 5.99
-0.05 6.57
0.00 6.7

0.025 5.7

0.05 3.42
0.10 33

0.15 3.08
0.20 3.06
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Increasing potential leads to increasing mass-transfer resistance. This is understandable,
since positive polarization enhances the electrode’s charge density and necessitates more negative
charges neutralizing this charge. Negative polarization remains without influence on the Warburg
impedance, which confirms limitation of the process by mass transfer.

A schematic representation of the state of the Rh/YSZ and Rh/O, interfaces at open circuit
and under positive polarization is shown in Fig. 6.12. Under these conditions the catalyst surface
is populated by two types of oxygen: oxygen adsorbed from the gas phase Oy (Eq. (6.7), not
shown in Fig. 6.12) and backspillover oxygen from the solid electrolyte (O%"). The amount of O
on the catalyst surface will depend on the applied potential. At this point the question arises how

O?" can leave the catalyst surface. It can be suggested that 0% is slowly oxidized to atomic oxy-

gen which can leave the surface after its recombination to molecular oxygen.

Classical double layer “Effective double layer”

e e e el e = e = e
0> 0* 0* 0* 0* O* 0> 0* 0* 0> O*
YSZ YSZ
A B

FIGURE 6.12. Schematic representations of the state of the Rh/YSZ and Rh/O, interfaces and of the
corresponding capacitances. A: open-circuit conditions; B: positive polarization.

Impedance spectra recorded with the Rh/TiO,/YSZ electrochemical cell under positive and

negative polarization from which again the electrolyte resistance has already been eliminated are
shown in Fig. 6.13. This figure only shows experimental spectra. An application of theory to this
electrode was difficult, insofar as an extra semicircle here appears in the high-frequency region.

Positive potentials lead to a dramatic decrease in size of the spectrum over the entire frequency
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range. This is mainly attributed to a decrease in charge-transfer resistance, similar to what is seen

at the Rh/YSZ electrode.
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FIGURE 6.13. Impedance spectra of the Rh electrode interfaced with TiO,/YSZ at T = 600 °C, Po, =
0.5 kPa at different positive (A) and negative (B) catalyst potentials.

Negative polarization leads to changes in shape of the spectra, only in the high-frequency region.
The spectra no longer have the shape of a simple semicircle centered below the real axis, as was
the case at open circuit in the present system, and at open and closed circuit in the Rh/YSZ sys-
tem.

The good agreement between theoretical model and experiment that was observed for the

Rh catalyst electrode interfaced with YSZ does not exist in the case of Rh/TiO,/YSZ. At open cir-

cuit theory and experiment coincide, but at closed circuit theory is unable to describe the real
process. This implies that the system becomes more complex when a potential is applied. The

mixed ionic-electronic conductivity of TiO, which could be modified by current flow/applied

potential leading to changes in electrode mechanism would appear plausible as an explanation.
Another explanation would be the spread of the three-phase boundary across the electrolyte/gas
interface (EG) that had already been mentioned earlier. According to literature data, if a solid
electrolyte possesses both ionic and electronic conductivity, the electrochemical process can take
place, not only at the metal/electrolyte boundary but also at the electrolyte/gas interface. A third

explanation for appearance of the second, potential-dependent semicircle is related to the backsp-
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illover of ionic oxygen species. Such a behavior had already been observed in the Pd/YSZ system

(see section 6.1.2) at high positive Uypg [3]. The concentration of backspillover oxygen at the Rh
surface interfaced with TiO,/YSZ is much higher than its concentration at Rh/YSZ. This explana-

tion is consistent, too, with the observation that electrochemical promotion of ethylene oxidation

is more efficient in the Rh/TiO,/YSZ system than in the Rh/YSZ system (see later in Chapter 8).

The effect of polarization on the Rh/TiO,/YSZ system will merit further detailed examination.

6.4 Conclusions

In the present chapter an impedance model of the Rh/oxygen electrode in contact with solid
electrolytes has been designed. The model is based on steady-state polarization data that had been
discussed in the preceding chapter (Chapter 5).

1. The impedance model set up for the oxygen exchange processes at Rh electrodes inter-

faced with YSZ and TiO,/YSZ was confronted with experimental results. For this purpose, elec-

trochemical impedance spectra were recorded at T =450 - 600 °C in Po, = 0.5 kPa at open circuit

and under polarization. Experimental results for the equilibrium process 02'/02 at Rh/YSZ and
Rh/TiO,/YSZ are in good accord with theoretical impedance representations of the reaction

mechanism.

2. At the equilibrium potential, two processes take place: oxygen evolution and oxygen
reduction. In the cathodic process, dissociative adsorption at the gas-exposed metal surface, inter-
facial diffusion of atomic oxygen, and a two-electron transfer step are considered. The rate-limit-
ing step is interfacial diffusion of atomic oxygen from the metal/gas (MG) interface to the
electrochemically reactive sites. In the anodic process, the first stage is a two-electron transfer
step, which is followed by oxygen recombination and desorption to the gas phase. The rate-deter-
mining step is charge transfer itself.

3. From both the impedance and the steady-state polarization results, it is clear that the
exchange current densities are much lower at Rh/TiO,/YSZ than at Rh/YSZ, which implies
higher polarizability of the former system. In general, the behavior of the two systems is quite
similar, and at the equilibrium potential and/or in the low-polarization region, they can be

described by the same reaction mechanism.
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4. The equivalent circuit proposed is also applicable to the processes of oxygen evolution
and oxygen reduction in the Rh/YSZ system under polarization. Under anodic polarization the
reaction mechanism may in addition to the charge-transfer step include migration of oxygen ions
and formation of an “effective double layer” at the gas-exposed metal surface. This is manifest
from high values of capacitance (>100 uF/cmz), which increase with increasing positive Uyrp.
Under polarization, the impedance of the Rh/TiO,/YSZ electrode becomes more complex than
that of Rh/YSZ, and requires further investigations. The conclusions drawn from the impedance
analysis under positive polarization are well supported by those obtained by Vayenas and co-

workers [3].
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CHAPTER 7 Promotion of Rh catalysts: Open-

circuit ethylene oxidation

Ethylene oxidation on Rh catalysts exhibits a sudden transition from a
region of high to a region of low reaction rates as the oxygen partial
pressure increases above a certain critical value. This sudden transition is
accompanied by the formation of a rhodium surface oxide that is responsi-
ble for deactivation of the catalyst. A model explaining this macroscopic
deactivation of Rh catalysts was proposed and illustrated with results

obtained at Rh(40 nm)/YSZ and Rh(40 nm)/TiO,/YSZ catalysts. The Rh/

YSZ catalysts have a finite catalytic activity towards ethylene oxidation,

only in reducing feed compositions, while on Rh/TiO,/YSZ catalysts high
reaction rates of C,H, oxidation can be maintained over a wide range of
oxygen partial pressures. Deactivated Rh/TiO,/YSZ catalysts are readily

reactivated by changing the gas composition from oxidizing to reducing,
while deactivated Rh/YSZ catalysts remain inactive under the same condi-
tions. The greater ease of modification of the catalytic activity observed for

Rh on an interlayer of TiO, correlates with a greater ease of reduction of

this Rh surface oxide to metallic rhodium. The phenomenon may be inter-
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preted, either by strong electronic-type metal-support interactions or by

a self-driven wireless electrochemical promotion mechanism.

7.1 Introduction

The oxidation of ethylene to CO, on rhodium-based catalysts has been extensively investi-

gated in the instance of Rh dispersed on different supports as well as of polycrystalline Rh films
interfaced with ZrO, (8 mol% Y,03) solid electrolyte [1-4]. It was demonstrated that the catalytic

performance of the rhodium catalysts depends on their oxidation state [3-6], thodium metal being
much more active than rhodium oxide. Detailed investigations of the catalytic activity of Rh in its
different oxidation states were performed in the group of electrochemical engineering at EPFL, by
I. Bolzonella, in the instance of propylene combustion under open-circuit and electrochemical
promotion conditions [7]. It was demonstrated that this reaction strongly depends on the oxidation
state of Rh, and it was possible to distinguish three domains of catalyst operation in terms of the
reaction rates, 7, as functions of oxygen partial pressures, P. The domain of low reaction rates cor-
responds to catalyst surfaces in the oxide form. The second domain where the catalyst surface is
between its oxidized and reduced state was called a transition domain. The third domain begins
where the abrupt increase in reaction rate occurs. In this domain the rhodium catalyst surface is
completely reduced. On the basis of these observations, a reaction model was proposed [7], and
this model is described in detail in Chapter 2, section 2.3 of the present thesis. This model nicely
explains the mechanism of propylene or ethylene oxidation on Rh catalysts, and it also explains
the reasons for the dramatic decrease or increase in reaction rate. However, it does not define a
mechanism for surface deactivation nor any parameters that would be responsible for it. Moreo-
ver, the model is unable to explain the hysteresis of reaction rates very often observed at the Rh
catalysts.

In this chapter, first a simple phenomenological model describing and qualitatively dis-
cussing the sudden transition of the Rh catalyst from high to low activity will be presented [§]. By
“phenomenological”, it is intended to say that the model does not account for details of the micro-
scopic processes occurring in the system, it merely describes the process globally and in a generic
manner. Despite this restriction, the model is able to establish a link between the sudden transition
from high to low reaction rates and the growth of a new surface structure. As an interesting conse-

quence, the predicted hysteresis in the -P characteristics is discussed.
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The model will then be illustrated and tested using experimental results for ethylene oxida-

tion on Rh/YSZ and Rh/TiO,/YSZ catalysts. It will be shown that the catalytic activity and stabil-
ity of Rh can be dramatically enhanced by interfacing it with a layer of TiO, deposited on the

YSZ solid electrolyte used as support.

7.2 Theory

7.2.1 Generic model for a macroscopic deactivation of surface processes

During the oxidation of propylene [7] or ethylene [3, 4], rhodium catalysts exhibit the fol-

lowing behavior: the reaction rate » smoothly increases as a function of the external control

parameter P until this reaches a critical value P at which point the reaction rate suddenly drops
and goes toward zero with increasing P (Fig. 7.1). This drop marks the transition between ranges
of high and low reaction rates. Thus, such systems exhibit what may be considered a generalized
phase transition. In the oxidation of C,H, on rhodium catalysts, the reaction rate r is the rate of
production of CO,, the external control parameter is the partial pressure of O, in the feed gas
stream.

In parallel with the sudden drop in reaction rate 7, the growth of a surface structure Z(p) not
present prior to this transition is observed. The growth of this surface structure is responsible for
the abrupt decrease in reaction rate » with increasing oxygen partial pressure P. The mechanism of
formation of this structure is a microscopic one, whereas the deactivation effect is macroscopic.
Apart from the example of ethylene oxidation, a broad sample of systems are known which
exhibit surface processes resulting in a sudden transition from high to low reaction rates as a func-
tion of external parameters. Typical examples are certain electrolytic processes, several systems

in heterogeneous catalysis (oxidation of CO and C,H,4 on Pt) [9], cases of electrochemical promo-

tion of catalysis [10], and metal passivation [11].

149



Chapter 7 Promotion of Rh catalysts: Open-circuit ethylene oxidation

r Q)

FIGURE 7.1. Generic r-P characteristics.

Definition of the model
Consider a surface on which a number L of sites exist. Each of these sites can be in one of
two states: activated or nonactivated. The transformation between these two states is a micro-

scopic process symbolized by the following reaction equation:

M M (7.1)

where M is a nonactivated site and M* is an activated site.
An activated site will contribute to the reaction rate » by producing a product C from a

reactant R, and then return to the nonactivated state:

R+M' —- M +C (7.2)

The product C is supposed to leave the surface, and to interact no longer with the process
considered. Transformation (7.2) can take place, only if the activated site M* does not belong to
the structure X(p) deactivating the surface. In the following, sites belonging to the structure X(p)

will be called deactivated sites. The fraction p of activated sites changes as a function of time ¢:
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P ka-p-kp-klp-P(p)] (7.3)

By introducing t = kyt as the product of time ¢ and reaction rate constant k5, (1.3) can be rewritten

as:

%ZE(I—p)—?_lp—[p—P(p)] (7.4)

where k; = k,/k, and ko, = k_,/k, . The discussion can then be reduced to two parameters.

Macroscopic deactivation

The emergence and growth of the deactivating surface structure Z(p) is specific to the sys-
tem considered. Very often a reaction (7.2) becomes more and more hindered by the presence of
increasing numbers of nearest neighbors among the active sites M*. The exact form of Z(p) will
depend on the nature of the bond between the nearest neighbors. In order to keep the discussion
sufficiently general, it is proposed to identify this macroscopic structure with the infinite cluster

as defined in percolation theory [12]. Under these assumptions, fraction p varies with 7 as:

dp ~ ~
C=k-p)=kp=Fn(p) (7.5)
where n, is the normalized cluster number defined as:

N
n, = lime—H]i””m (7.6)

A cluster is defined as a group of neighboring occupied sites, and s is the cluster size (given as the
number of sites belonging to the cluster). In the following, the infinite cluster will be used as a
prototype for the deactivating structure X(p).

Starting from Equation (7.5), the r-p characteristics can be determined. Considering (7.2),

the reaction rate r is given by:

r=k,) sn (p) (7.7)
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The r — k| and r — k_; characteristics

By definition, the » — k| characteristics express the stationary » flux as a function of k.

Stationary solutions are directly calculated by combining (7.5) and (7.7), and adding p = 0. For

a discussion, these solutions can be represented graphically as shown in Figure 7.2, A. Depending

on the parameters k; (i=1, -1), either one stable solution or one unstable and two stable solutions

exist for r(1~cl) . Which of the stable solutions is reached by the system will depend on the initial

conditions and, therefore, on its history. The system is said to exhibit bistable behavior. It follows
that the » — INcl characteristics exhibit hysteresis between a forward and reverse scan of l~cl , as
shown in Fig. 7.2, B. Forward scan means that the system starts with l~q =0 and p(0) = 0, then ;ﬂ
is progressively increased. Reverse scan means that the system starts with l~q = o and p(0) =1,
then l~q is progressively decreased until 1;1 —0.The r—k_ | characteristics can be discussed anal-

ogously. Just as in the »— k; characteristics, a hysteresis is present in the »-k_; characteristics

(see Fig. 7.2, C) [8].

7.3 Experimental

A single-pellet cell configuration was used for the kinetic measurements, its detailed
description can be found in Chapter 3, section 3.1, Fig. 3.1. Rhodium catalyst electrodes (thick-
ness 40 nm) were deposited by sputtering. The procedure of catalyst preparation was presented in
Chapter 3, section 3.2. The experimental setup used for ethylene oxidation under open-circuit

conditions was described in detail in Chapter 3, section 3.3.1. The working temperature range was

310 to 400 °C, the ranges of PCzH4 and P02 were 0 to 2.2 kPa. The gas flow rate was 200 mL/

min.
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rlk,

rlk,

FIGURE 7.2. Solutions of Equation (7.5). A: graphical stationary solutions; B: r—k; characteristics;

C:r- I},I characteristics.
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7.4 Results

Figure 7.3 shows the effects of oxygen partial pressure on the rate of C,H, oxidation and

on the catalyst potential, Uy, at constant Pcu, = 2 kPa for the two catalysts under open-circuit

conditions (/ = 0). Both for the Rh/YSZ and for the Rh/TiO,/YSZ catalyst, the catalytic rate first

increases with increasing P02 but then, at a critical partial pressure denoted hereafter as Pgrzn , 1t

decreases sharply. This sudden rate decrease is accompanied by an abrupt increase in the cata-

lyst’s open-circuit potential, and has been shown [3, 4] to be due to Rh,O5 surface oxide forma-
tion. The reaction rate over Rh/TiO,/YSZ is higher than that over Rh/YSZ, an observation which

can be attributed at least in part to the higher surface area of the Rh/TiO,/YSZ catalyst (Chapter

4). It is worth noting that the value of szit found for the Rh/YSZ catalyst is smaller by a factor of

two. This should be due to surface properties of the catalyst rather than to a simple geometric fac-
tor. The catalyst’s open-circuit potential varies between 50 mV and 150 mV for Rh/YSZ, and
between -200 mV and -50 mV for Rh/TiO,/YSZ.

It should be noted that in the case of Rh/YSZ, only freshly prepared catalysts were active
towards ethylene oxidation in the range of working temperatures and C,H, and O, partial pres-
sures employed. Once deactivated in the oxidizing gas composition, the Rh/YSZ catalyst could
not be reactivated by merely changing the gas composition under open-circuit conditions. It will
be shown below that electrochemical promotion of catalysis is effective for reactivating the Rh/
YSZ catalyst (Chapter 8). The behavior of the Rh/TiO,/YSZ catalyst is different: when deacti-
vated in an oxidizing gas composition (excess of O,), this catalyst is readily reactivated by chang-

ing the gas composition back to reducing (excess of C,Hy).
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FIGURE 7.3. Effects of oxygen partial pressure on the open-circuit catalytic rate (A) and on the open-
circuit catalyst potential (B) observed at Rh/YSZ (triangles) and Rh/TiO,/YSZ (circles) catalyst electrodes.

Conditions: T =310 °C, P y =2 kPa.

A typical example of deactivation/activation effects seen at 400 °C at Rh/TiO,/YSZ is
shown in Fig. 7.4 (to be compared with Figure 7.2, B). It illustrates the variation of the C,H, oxi-

dation rate, r, and of the corresponding catalyst potential, Uypg, with oxygen partial pressure at

constant ethylene partial pressure (PC2H4 = 2 kPa). The measurements were made under station-
ary conditions involving a cyclic change of P02 in the feed: starting from a minimum oxygen par-

tial pressure (0 kPa), going up to the maximum value of P02 = 1.5 kPa and then back to the

minimum value (zero). The typical waiting time after changing the inlet composition was 20 to 30

min.
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FIGURE 7.4. Effects of oxygen partial pressure on the open-circuit catalytic rate (A) and on the open-
circuit catalyst potential (B) observed at Rh/TiO,/YSZ catalyst films. Forward run (0 — 1.5 kPa): diamonds;

reverse run (1.5 —> 0 kPa): crosses. Conditions: 7= 400 °C, Pcy, = 2 kPa.

In the forward scan, the catalytic rate first increases with increasing P02 but then, at a crit-

ical partial pressure of 135:” = 0.75 kPa, it decreases sharply. This sudden rate decrease is accom-

panied by an abrupt increase in the catalyst’s open-circuit potential (Fig. 7.4, B), which is due to

superficial Rh,O5 formation [4]. In the reverse scan, an oxygen partial pressure smaller than

f’;;" = 0.5 kPa is required for reactivation of the catalyst.

While increasing oxygen partial pressures favor the transition from activated sites M* to

the formation of a deactivated structure X(p), increasing ethylene partial pressures to the contrary

156



Results

disfavor this transition. The reaction rates and the catalyst’s potential are shown as functions of

the ethylene partial pressure at constant P02 = 0.2 kPa and 310 °C for the Rh/YSZ and Rh/TiO,/

YSZ catalysts in Fig. 7.5. The open-circuit rate remains very low on Rh/YSZ over the entire range

of P02 investigated. The corresponding catalyst potentials also remain positive, and practically

constant. Both observations show that the Rh surface continues to be in the superficial Rh,O5

state [3, 4]. This is consistent with the observation that higher partial pressures of ethylene are

required for reducing this rhodium surface oxide.
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FIGURE 7.5. Effects of ethylene partial pressure on the open-circuit catalytic rate (A) and on the open-
circuit catalyst potential (B) observed at Rh/YSZ (triangles) and Rh/TiO,/YSZ (circles) catalyst electrodes.

Conditions: T =310 °C, P, =0.2 kPa.
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Figure 7.6 shows reaction rates and the corresponding catalyst potentials recorded at Rh/

TiO,/YSZ catalyst in forward and reverse scans of PC2H4 at constant oxygen partial pressure
(P02 = 0.2 kPa) (to be compared with Figure 7.2, C). The measurements were made under station-
ary conditions, as mentioned above, involving a cyclic change of PCzH4 in the feed: starting from
the maximum ethylene pressure (PC2H4 = 2.2 kPa), going down to the minimum value (0 kPa) in
the forward scan, then back from this minimum to the maximum value in the reverse scan. The

critical partial pressures were found to be ]352’;_’,4 = 0.5 kPa and ﬁgﬂ = 0.9 kPa.

It is interesting to note that the hysteresis phenomenon observed during ethylene oxidation

on Rh/TiO,/YSZ is very similar to that observed during partial methane oxidation on Rh/TiO,/
YSZ (these results will be presented in Chapter 9) [13, 14].
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FIGURE 7.6. Effects of ethylene partial pressure on the reaction rate of ethylene oxidation (A) and on
the corresponding catalyst potential (B) observed at Rh/TiO,/YSZ catalyst films. Forward run (2.2 — 0 kPa):

full symbols; reverse run (0 — 2.2 kPa): open symbols. Conditions: 7= 310 °C, Py, = 0.2 kPa.
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7.5 Discussion

According to the model proposed for the macroscopic deactivation of ethylene oxidation,

the Rh surface has different sites (see Eq. (7.1)):

Rh Rh—-0,, (7.8)

where Rh is a nonactivated site while Rh-O, 4 is an activated site that should not belong to the

deactivated structure X(p). This means that activated and nonactivated sites both correspond to the

metallic Rh surface. In the present case the deactivated structure is thodium oxide (Rh,03).

The rate-limiting step of ethylene oxidation can be written according to Eq. (7.2):

C,H,+Rh -0, —2>Rh+1, (7.9)

where [, are intermediates that are converted to final products (CO, and H,O) in a fast step. In
reality, C;Hy 1s also adsorbed on the Rh surface. For simplification of the model, it is assumed
that any C,H4 molecule becoming adsorbed immediately takes part in the process (Eq. (7.9)).

Figure 7.7 is a qualitative representation of the Rh surface, here subdivided into L squares,
during ethylene oxidation and during its deactivation due to growth of a surface structure X(p). As

mentioned above, the deactivated structure is Rh,Oj5, its growth occurring at a critical partial

pressure of oxygen or ethylene. The results obtained nicely correlate with the model proposed. As
predicted by the model, the catalyst exhibits transitions between a deactivated and an activated
surface which occur with hysteresis between the forward and reverse scan of the external parame-
ters (Figs. 7.4 and 7.6). However, the model is only applicable to freshly prepared Rh/YSZ cata-
lysts, since it is only at the beginning of the experiment that Rh/YSZ catalysts display catalytic

activity towards CO, formation, as well as the appropriate activated and nonactivated sites. Dur-

ing an experiment they become deactivated (oxidized), and it is impossible to reactivate them by
merely changing the gas composition.

The behavior of Rh/TiO,/YSZ is completely different, this catalyst when deactivated in an

excess of oxygen is readily reactivated by exposure to a reducing gas composition [8].
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FIGURE 7.7. The Rh catalyst surface subdivided into L squares, during ethylene oxidation according
to the percolation model [12]. Squares containing symbols ® are activated sites (Rh-O,4,); empty squares are

nonactivated sites (Rh). The sites are occupied with a mean occupation probability p. Part A: neighboring
activated sites build clusters ng; Part B: growth of a deactivated surface structure X(p) (Rh,03).

Under the working conditions, the Rh/TiO,/YSZ catalyst can exist in two well-defined
states, one characterized by high reaction rates and low catalyst potentials, the other by low reac-
tion rates and high catalyst potentials. The state of the catalyst depends on the external parameters

Py and P ;; . The region of low reaction rates corresponds to rhodium oxide poisoning the
2 2774

reaction. In the region of high reaction rates the catalyst is in its reduced state. At intermediate gas

compositions the Rh supported on TiO,/YSZ can exist in either of two distinct states: active or

inactive, depending on the gas composition to which the catalyst had been exposed just previ-
ously. The hysteresis in the plots of reaction rate and catalyst potential is related to the formation
and decomposition of thodium surface oxide.

The TiO, interlayer is responsible for the fact that higher values of the catalytic activity
and stability are observed for Rh/TiO,/YSZ, as compared to the values observed for Rh/YSZ. The
effect of TiO, can be explained, either by strong metal-support interactions (SMSI) [15] or by a

model based on the theory of electrochemical promotion of catalysis (EPOC) [10]. Strong metal-
support interactions are, either of an electronic type or of a geometric type, the latter also being

known as the decoration model. In the present case, where the Rh catalyst is not highly dispersed
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but, rather, exists as a film deposited on titania, an electronic effect could be effective only in the
presence of long-range interactions. Possible modifications in electronic structure of a metal by
long-range effects are changes in d-band population, changes in the density of states at the Fermi
level, and a shift of the Fermi level due to the different work functions of metal and support. In the
case of Rh, the first two effects are less important because of the high density of unoccupied d
states above the Fermi level, whereas depending on the nature of the support, Fermi level shifts
may be very important. In fact, the metal-semiconductor boundary-layer theory states that, at
thermodynamic equilibrium, the Fermi energy levels of electrons in the two solids in contact are
equal. Upon contact of two solids having different Fermi levels (work functions), charge must be
transported from one material to the other until the Fermi levels at the interface are equilibrated.
Obviously, the solid having the lower work function gets positively charged, the other gets nega-

tively charged. The work function of stoichiometric, unreduced TiO, is 5.5 eV, that of Rh is 5.1
eV, hence upon contact, negative charge is transported from the Rh catalyst to the TiO, support.
The resulting increase in the catalyst’s work function leads to a lowering of the catalyst-oxygen
bond strength and, consequently, to a decrease in the stability of rhodium oxide. Modifications of
the catalytic activity of Rh on TiO, supports had already been reported for highly dispersed Rh
catalysts [16, 17]. In the present work, similar results have now been obtained for a Rh film cata-
lyst deposited on TiO,. This demonstrates that electronic-type SMSI may be long-range interac-
tions affecting the entire metal catalyst.

An alternative explanation for the effect of the TiO, support on the stability of rhodium
oxide against reduction to metallic Rh is based on the theory of electrochemical promotion of
catalysis (EPOC). In the model of electrochemical promotion, this phenomenon is regarded as
catalysis in the presence of an electrically controlled double layer formed by an ion backspillover
mechanism at the gas-exposed catalyst surface. As in the case of electronic-type SMSI discussed
above, the thermodynamic driving force for electron transport is the difference in Fermi levels of
the two solids in contact. Since TiO, is a semiconductor exhibiting mixed (electron and 0% ion)
conduction, the positive charge built up on Rh by the electronic effect will induce migration of
O ions to the catalyst/support interface, the driving force being the difference in electrochemical
potentials of oxide ions in the two oppositely charged solids. The 0% jons accompanied by their
mirror charges in the metal may then spread out across the entire gas-exposed catalyst surface by

the backspillover mechanism, thus forming an overall neutral electric double layer. This popula-
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tion of the surface with dipoles increases the surface potential, the concomitant increase in work
function affecting the binding strength of chemisorbed species. More precisely, the adsorption
energy of electron donors will increase while that of electron acceptors (eg, atomic O) and also
the stability of the Rh oxide against reduction are lowered.

The close analogy between electrochemical promotion of catalysis (EPOC) and strong
metal-support interactions (SMSI) is obvious, and these two phenomena may in fact be consid-

ered as functionally identical, and only operationally different [1].

7.6 Conclusions

A phenomenological model was presented that is able to explain the macroscopic deactiva-

tion of Rh catalysts during ethylene oxidation. In this model, processes controlled by an external

parameter P, either P02 or PC2H4 , are considered. Macroscopic deactivation occurring at a certain

critical value of P is explained in terms of growth of a structure inhibiting the surface reaction. In

C,H, oxidation at Rh, this structure corresponds to a Rh surface oxide (Rh,0O3); the growth of this

structure is nicely confirmed by the observed values of catalyst potential.

Catalysts Rh/TiO,/YSZ are much more stable against oxidation, and catalytically more
active than Rh/YSZ. This promotion of the C,H, oxidation process on Rh/TiO,/YSZ, which is
much more pronounced than on Rh/YSZ, may be interpreted, either by strong electronic-type
metal-support interactions or by a self-driven wireless electrochemical promotion mechanism. In
both cases, the ultimate cause of promotion resides in different work functions of catalyst and
support. Equilibration of the Fermi levels causes weakening of the Rh-O chemisorptive bond, and

makes reduction of the oxidized surface sites easier.
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CHAPTER 8 Electrochemical promotion of Rh

catalysts: Closed-circuit ethylene oxidation

Electrochemical promotion of catalysis (EPOC) was investigated in the
instance of a model reaction, the oxidation of ethylene on sputtered Rh film
catalysts (40 nm thick) deposited on YSZ and on YSZ covered with a thin
layer of TiO,. It was found that the two catalysts differ in their behavior

under polarization (closed circuit).

Small anodic currents applied to the Rh/YSZ catalyst cause periodic oscilla-
tions of the catalytic rate and potential having a frequency that can be con-
trolled electrochemically. The oscillations of reaction rate are synchronous
with those of catalyst potential, but always in the opposite direction. These
oscillations can be interpreted in terms of the formation and decomposition
of rthodium surface oxide: minimum rates correspond to an oxidized Rh sur-
face (Rh oxide), maximum rates to reduced Rh catalyst (Rh metal). This
phenomenon is fully reversible but can only be observed under closed-cir-
cuit conditions.

Currents applied to Rh/TiO,/YSZ lead to a pronounced nonoscillatory elec-
trochemical promotion of the catalyst. Its catalytic activity for C,H, oxida-

tion can be reversibly enhanced by up to a factor of 80 via an anodic current

or potential applied to the catalyst, the increase in oxidation rates being up
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to 2000 times larger than the rate of supply of O to the Rh catalyst
electrode.
The electrochemical promotion behavior observed at the two catalytic

systems has its origin in an anodically controlled migration (backspillo-

ver) of o* species from YSZ to the Rh/gas interface and in the con-

comitant destabilization of surface Rh,O; formation via repulsive

lateral interactions.

8.1 Introduction

One factor that limits the commercial utilization of electrochemical promotion is the low

degree of metal dispersion (typically 103 to 10 ) found in the thick, porous films (typically 0.2 to
10 um, most often produced by decomposition of a paste) used in practically all prior electro-
chemical promotion studies [1]. Metal dispersion expresses the percentage of metal catalyst or
electrode exposed to the gaseous reactants. For most commercial supported catalysts, degrees of
metal dispersion of 10 to 100 % are required [2]. The low degrees of dispersion typically used in
prior EPOC studies may be acceptable for certain active catalyst phase materials but can be pro-
hibitive for many noble-metal applications [1].

This problem can in many cases be overcome by dispersing the active phase on an elec-
tronically conductive material [1]. In a related approach, an industrial promoted catalyst is inter-
faced with a solid electrolyte. In this case the bulk of the commercial catalyst must be conductive.

The feasibility of this concept was already demonstrated in the synthesis of NH; on Fe-based,

promoted commercial catalysts (BASF S6-10 RED) [3]. This commercial catalyst is electroni-

cally conducting, since it is not supported on an insulating support (such as SiO,, Al,O3), and it

was found that this catalyst film when deposited on the H'-conducting oxide electrolyte

(Cag 9ZrIng 1O5_,) was sufficiently conductive to also act as an electrode of the solid electrolyte
cell. Another case was SO, oxidation on V,05-K,S,07-based catalysts (Haldor-Topsoe VK-58)
[4]. A third approach to the problem is the induction of electrochemical promotion without an

intermediate conductive phase. In this case the active catalyst phase is highly dispersed on a solid

electrolyte. This approach was not yet fully demonstrated.
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A first step toward EPOC with highly dispersed catalysts is the utilization of very thin,
porous metal films deposited by sputtering on a solid electrolyte. In the present chapter, the elec-
trochemical modification of catalytic activity of 40-nm Rh films on solid-electrolyte supports was
investigated for the first time in an oxidation reaction. The electrolytes were YSZ as well as YSZ

covered by a thin layer of TiO, (4 um). Ethylene oxidation served as a model reaction. The use of

similar 40-nm Rh and Pt films for a successful electrochemical promotion of NO reduction in the

presence of propene was reported very recently [5].

8.2 Experimental

The experimental setup, cell configuration, and catalyst electrode preparation used for
studying the electrochemical promotion of ethylene oxidation have been described in detail in

Chapter 3, section 3.2; and section 3.1.1, Figure 3.1. The temperature range was 310 - 400 °C, the

ranges of PC2H4 and P02 were 0 to 2.2 kPa. The gas flow rate was 200 to 500 mL/min.

8.3 Results

8.3.1 Electrochemical promotion of Rh/YSZ catalysts. Oscillatory behavior

It was shown in the preceding chapter that only a freshly prepared Rh catalyst can alternate
between two states: active and inactive. After its exposure to working conditions, the catalyst
becomes deactivated, its reactivation requires a much higher C,H, partial pressure than used dur-
ing the experiments. It has been found, however, that catalyst reactivation is readily achieved by
applying a current or potential, ie, by electrochemical promotion of catalysis (EPOC).

Figure 8.1 shows a galvanostatic transient (constant imposed current) of C,H, oxidation
recorded on a Rh catalyst film deposited on YSZ, together with the corresponding transient of cat-
alyst potential. Application of an anodic current of 50 pA leads to a pronounced rate increase and
to induction of an oscillatory state of C,H, oxidation rate and catalyst potential. The effect is fully
reversible, the catalyst returning to its initial steady state upon interruption of the current. The

oscillations of catalyst potential are synchronous with those of the rate of CO, production, but in

the opposite direction, ie, increasing rates correspond to decreasing catalyst potentials, just as in
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the case of C,H4 and CO oxidation on Pt [6]. The rate enhancement ratio, p, is as high as 52 in the

maximum of C,H, oxidation rate (Fig. 8.1). At the rate maximum, A = 1024, which says that each

0% supplied to the catalyst causes 1024 chemisorbed oxygen atoms to react with C,H, to CO,

and H,O. Note that the catalyst potential remains below 0.9 V during the oscillations.
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FIGURE 8.1. Response of the catalytic rate (Part A) and of catalyst potential (Part B) of the Rh/YSZ
catalyst electrode to an applied anodic current step of +50 pA. T = 350 °C. Gas composition: Py = 0.41 kPa,

P; . =2 kPa. Flow rate: 200 mL/min.
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Figure 8.2, Parts A and B show the effects of oxygen partial pressure, P02 , on the rate of

C,H, oxidation and in the catalyst’s potential at constant PC2H4 and 7 = 350 °C which are pro-

duced while an anodic (positive) current is applied to the catalyst. The open-circuit behavior (/ =

0, Uwr = U°wr) 1s shown for comparison. The open-circuit catalytic rate is rather low due to sur-
face oxide formation. The OCP remains practically unchanged at a value of 0.25 V, implying that

the catalyst continues to exist in the same oxidation state. At intermediate P02 values, the applied
anodic currents induce rate and potential oscillations exhibiting a maximum at P02 = 0.6 kPa,
where the p-value is 52. At high P02 values (oxidized surface), imposed anodic currents have a

very small effect.
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FIGURE 8.2. Effects of P, and of the applied current on the rate of C;H, oxidation on Rh/YSZ and
on the catalyst’s potential. 7 = +50 pA, 7T = 310 °C, Pcon,= 2 kPa. Flow rate: 200 mL/min. Triangles and

diamonds connected by vertical dashed lines show the upper and lower limits of oscillations.
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Effect of the PC2H4/ P02 ratio on the rate and potential oscillations. - A typical example of

rate and catalyst potential oscillations seen at a constant oxygen partial pressure of 0.5 kPa and

different values of PC2H4 (so that different PC2H4/ PO2 ratios are realized) is shown in Fig. 8.3,

Parts A to D. Under open-circuit conditions, the catalyst is in its original, stable steady state
exhibiting a low reaction rate and no oscillations. However, when a current is applied the reaction
rate increases and the system exhibits oscillatory behavior. After an interruption of the current the

catalyst returns to its initial steady state. Higher ethylene partial pressures lead to a higher oscilla-

tion frequency and lower oscillation amplitude. When the ratio PC2H4/ P02 attains a value of

about two, the oscillations die away, and the catalyst attains a stable active state characterized by
a high ethylene oxidation reaction rate (Fig. 8.3, Parts A to D). The oscillations of catalyst poten-
tial are synchronous with those of the reaction rate, but in the opposite direction, ie, increasing
rates correspond to decreasing catalyst potentials, as already shown in Fig. 8.1. It can be seen in
Fig. 8.3 that rate and catalyst potential oscillate between values corresponding to a reduced Rh

surface and values corresponding to an oxidized (surface Rh,O5) Rh surface.
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FIGURE 8.3. Response of the ethylene oxidation rate on Rh(40 nm)/YSZ at T = 390 °C and of the
corresponding catalyst potential to an applied anodic current step of +50 pA. Gas composition: Py,

variable, P, = 0.5 kPa. Flow rate: 200 mL/min. Part A: P¢ y /Py =1.10; Part B: P. , /P, =1.24; Part C:
Pcn,/Po,=151; Part D: P¢ y /P =1.80.

Figure 8.4 shows the rates of C,H, oxidation as a function of the ratio of partial pressures

PC2H4/ P02 gathered from the experimental results reported in Figs. 8.3, Parts A to D. Three

curves can be distinguished in the figure: one that corresponds to the reaction rates under open-
circuit conditions, where the rates are low; and two others that correspond to the upper and lower

limit of oscillating reaction rates of ethylene oxidation observed while applying an anodic current.

The larger the PC2H4/ P02 ratio, the smaller will be the amplitudes of the oscillations. When the

oscillations have died out at a P y /P _ratio of about two, the catalyst attains a high steady-
2774 2
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state activity at closed circuit. Hence, under given working conditions a transition domain where
rate and potential exhibit oscillations can be identified. Within this domain, both of the rhodium

species (Rh and Rh,03) are present on the catalyst at the same time.

A rate enhancement ratio, p, as high as 61 was found for the maximum value of the C,H,

oxidation rate at PC2H4/P02 = 1.10 (Fig. 8.3, Part A and Fig. 8.4, point A), where A = 1398, ie,

each 0% supplied to the catalyst causes 1398 chemisorbed oxygen atoms to react with C,H, to

C02 and Hzo
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r, 10 mol O s
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Pmax = 61
Anmax =1398
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A fAySs®ay

P c2u4/P 02

FIGURE 8.4. The C;H, oxidation rates on Rh/YSZ as functions of the P , /P, ratio under open-

circuit conditions (open symbols) and at closed circuit (/ = 50 pA) (filled symbols) at 7 = 390 °C. Gas
composition: Py, variable, Py, = 0.5 kPa. Flow rate: 200 mL/min. Diamonds and triangles connected by

vertical dashed lines show the upper and lower limits of rate oscillations. Points A - D correspond to the Fig.
8.3, Parts A to D.

The effects of the PC2H4/ P02 ratio on the oscillatory behavior of the Rh catalysts was also

studied at other temperatures: 310, 350, and 420 °C. It was found that the reaction rates always

exhibited oscillations when an anodic current was applied, but at higher temperatures the transi-
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tion domain of the PC2H4/ P02 values within which the reaction rate and catalyst potential will

oscillate becomes narrower.
The oscillations always follow the same trends, namely, increasing ethylene partial pres-
sures lead to increasing oscillation frequency and decreasing oscillation amplitude. The oscilla-

tion frequencies observed under closed-circuit conditions (/ = 50 pA) at different working

temperatures are summarized in Figure 8.5 as functions of the PC2H4/ P02 ratio.
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FIGURE 8.5. Frequencies of the rate and potential oscillations seen when applying an anodic current (/
= +50 pA), as functions of the ratio of partial pressures, Pcyu,/Po,> at different temperatures. Gas

composition: P , variable, P, constant. At 310 °C and 350 °C: P, = 0.2 kPaj at 390 °C and 420 °C: P, =
0.5 kPa.

Effects of temperature and gas flow rate on the rate and potential oscillation. - The effect
of temperature on the oscillation behavior was investigated at constant oxygen and ethylene par-
tial pressures while applying a constant positive current of 50 nA (Fig. 8.6). Note that here, too,
the oscillations of catalyst potential (Uyg) are synchronous with those of reaction rate, but in the
opposite direction, similar to Figs. 8.2 and 8.3. At 350 °C in the region of partial pressures of the

reactant where oscillations occur, the reaction rate oscillates with a high amplitude, while the fre-
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quency of the oscillations is very low (Fig. 8.6). Increasing the temperature at a given gas compo-

sition leads to higher amplitudes and frequencies of the oscillations. This implies that the surface

processes provoking the oscillations are accelerated with increasing temperature.
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FIGURE 8.6. Response of the ethylene oxidation rates on Rh(40 nm)/YSZ at different temperatures to
an applied anodic current step of +50 LA . Gas composition: P, = 2 kPa, Py, = 0.69 kPa. Flow rate: 200 mL/

min.

The effects of gas flow rate on the oscillation behavior of Rh/YSZ catalysts has been inves-

tigated at constant temperature (7 = 350 °C) and gas composition. Higher gas flow rates lead to

catalyst stabilization, that is, decreasing oscillation amplitude and increasing oscillation fre-

quency.
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FIGURE 8.7. Response of the ethylene oxidation rates on Rh(40 nm)/YSZ at different gas flow rates to
an applied anodic current step of +50 nA. Part A: 200 mL/min; Part B: 400 mL/min; Part C: 600 mL/min. Gas
compositions: P y =2 kPa, P, =0.4kPa. T=350°C.
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Figure 8.8 shows the frequencies of the reaction rate oscillations seen at Rh/YSZ catalysts

while applying an anodic current, as functions of gas flow rate and working temperature.
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FIGURE 8.8. The frequencies of the reaction rate oscillations seen when applying an anodic current (/
=+50 nA). Part A: Effect of gas flow rate at constant gas composition: PCZH4 =2 kPa, P02 = 0.4 kPa, T =350

°C. Part B: Effect of temperature at constant gas composition: Pcy, = 2 kPa, Py = 0.69 kPa. Flow rate: 200

mL/min.

8.3.2 Electrochemical promotion of Rh/TiO,/YSZ catalysts

The transient behavior of Rh/TiO,/YSZ catalysts seen at constant gas composition when
applying an anodic current is shown in Figure 8.9. The behavior of Rh catalysts interfaced with
TiO, is different from that of Rh/YSZ under these conditions. At the same temperatures and
imposed currents, this catalyst attains a stationary state, both in terms of the rate of C,H, oxida-
tion and in terms of catalyst potential (Fig. 8.9). The catalytic rate increases by a factor of 78 (a
7800-% rate increase, p = 78), the apparent faradaic efficiency A = 1790. Note that the catalyst
potential stabilizes at a value of 1.4 V. Thus, compared with the Rh/YSZ catalyst electrode, the

Rh/Ti0,/YSZ electrode is much more polarizable.
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FIGURE 8.9. Response of the catalytic rate (solid curve) and of catalyst potential (dotted curve) of the
Rh/TiO,/YSZ catalyst electrode to an applied anodic current step of +50 pA. 7= 350 °C. Gas composition: Py,

=0.4 kPa, P. y =0.64 kPa. Flow rate: 200 mL/min.

Figure 8.10, Parts A and B show the effect of oxygen partial pressure, POZ, on the rate of
C,H, oxidation and on catalyst potential under conditions of an applied positive current, recorded
at constant PC2H4 for Rh/TiO,/YSZ catalyst at 350 °C. For comparison, a plot of r vs PO2 for
open-circuit conditions is also reproduced. At intermediate values of P02 , applied anodic currents
lead to a pronounced (up to eightyfold) increase in reaction rate over the open-circuit value (p =

80), which is due to a significant increase in the critical oxygen partial pressure (szit). At higher

values of P02 (oxidized surface), imposed anodic currents have a very small effect.
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FIGURE 8.10. Effects of P, and of the applied current on the rate of C,H, oxidation at Rh/TiO,/YSZ
(Part A) and on the corresponding catalyst potentials (Part B). I = £50 pA, T = 350 °C, Pen, = 2 kPa. Flow

rate: 200 mL/min.

Application of a cathodic (negative) current leads to a decrease in the catalytic reaction rate

and in the critical P02 value. Therefore, ethylene oxidation on Rh can be regarded as a purely

electrophobic reaction [1, 7], ie, as a catalytic reaction occurring with a rate that increases with

increasing potential (Uypg) or work function (®) at any given gas composition [1, 8]. Positive cur-

rents supply 0% to the catalyst, and thus destabilize the Rh surface oxide through repulsive lateral

interactions between the spillover 0% species and the oxygen atoms of the surface Rh,0O3. The

spillover O ions cause, both a weakening of the Rh=0 chemisorptive bonds and a strengthening

of the Rh-C,H, chemisorptive bonds, this effect becoming stronger with increasing Uywyg.

According to the model developed for macroscopic deactivation of the Rh catalysts (Chapter 7),

and for this Rh catalyst at fixed ethylene partial pressure, this will cause l~q to increase with
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increasing anodic current and, symmetrically, INcl to decrease with increasing cathodic current. It
follows that positive currents cause a shift of the critical partial pressure to higher values.

Figure 8.11 shows the effects of ethylene partial pressure and applied positive currents on
the rates of C,H, oxidation. For comparison, rates observed at open circuit are reported. The reac-
tion rate curves have a sigmoid shape. The branch of low rates and high potentials corresponds to
an oxidized surface, while the branch of high rates and low potentials corresponds to a reduced

surface of the Rh catalyst. This arises from the reduction of the Rh surface oxide that occurs
above a critical Pgi;l , also manifest in the values of catalyst potential (Fig. 8.11, Part B). A rate
2y

increase up to 74 times was observed with applied positive currents.
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FIGURE 8.11. Effects of P ; and of applied currents on the rate of C,H, oxidation (Part A) and on
the catalyst potential (Part B) observed at Rh/TiO,/YSZ catalysts. I = 50 pA, 7 =310 °C, Py, = 0.2 kPa.
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In Figure 8.12, reaction rates recorded on the Rh/TiO,/YSZ catalyst at 350 °C at two oxy-
gen partial pressures (0.2 and 0.4 kPa) are compared under conditions of open and closed-circuit

operation. At open circuit, increasing P02 leads to increasing reaction rates, but also to a shift in
the critical partial pressure of ethylene from 0.4 kPa to 1.4 kPa. Application of a positive current
causes a pronounced decrease of PE?{_M , clearly demonstrating that increasing catalyst potentials
are indicative of decreasing stability of the Rh surface oxide. Increasing temperature at constant
P02 leads to a decrease of the critical Pérzilt_l4 value, both at open circuit (Fig. 8.13, Part A) and

when applying a positive current (Fig. 8.13, Part B).
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FIGURE 8.12. Effects of Pc n, and of applied currents on the rates of C,H, oxidation on Rh/TiO,/YSZ

at two partial pressures of oxygen. Open symbols: open circuit, filled symbols: 7 =+ 50 pA. T = 350 °C. Flow
rate: 200 mL/min.

The data shown in Figure 8.14 which were obtained potentiostatically illustrate the relation
between catalyst potential and the rate enhancement ratio p in reducing and oxidizing gas compo-
sitions. In both cases the reaction exhibits electrophobic behavior. However, due to the electro-
chemically induced decomposition of Rh,O5 surface oxide the effect is more pronounced under
oxidizing conditions. Note that even under reducing conditions, the catalytic rate will become
negligibly small when a negative potential is applied, which is due to cathodically assisted forma-

tion of Rh surface oxide already seen in Fig. 8.10.
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FIGURE 8.13. Effects of P.. ;; and of applied currents on the rates of C,H, oxidation on Rh/TiO,/YSZ
at different temperatures. Part A: open circuit, Part B: 7=+ 50 pA. Py = 0.5 kPa. Flow rate: 200 mL/min
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FIGURE 8.14. Effects of catalyst potential on ratios r/r( (= p) at the Rh/TiO,/YSZ catalyst electrode in
reducing (triangles) and oxidizing (squares) gas compositions. 7= 310 °C, Py, = 0.4 kPa. Flow rate: 200 mL/

min.

8.4 Discussion

The results obtained clearly demonstrate that Rh nanofilm catalysts can be efficiently pro-
moted by application of positive currents or potentials. This is in very good agreement with the

theory of electrochemical promotion, and shows that ethylene oxidation on Rh catalysts is an

electrophobic reaction (0r/0 Uy > 0).

The results obtained for ethylene oxidation over 40-nm Rh catalyst films supported on
YSZ clearly show that the nature of the Rh catalyst significantly changes when applying a posi-
tive current. In fact, anodic polarization gives rise to oscillations in the reaction rate and corre-
sponding catalyst potential (Fig. 8.1). At open circuit, the rate exhibits a stable, nonoscillatory

behavior characterized by low rates of CO, formation at given gas compositions and tempera-
tures. Low catalytic activities observed on Rh are related to its fully oxidized state. Positive cur-
rents supply O ions to the catalyst/support interface, and these oxygen ions according to the

mechanism of electrochemical promotion will act as promoters [1]. The promoting o* species

are sacrificial promoters, ie, they are consumed in the catalytic reaction occurring on the catalyst
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surface, and spent 0% are continuously replenished via reduction of gaseous O, at the countere-

lectrode [1].

In several heterogeneous catalytic systems operating close to the limits of surface oxide
stability, oscillatory behavior has been found repeatedly [9 and reference therein, 10, 11]. In most
cases these oscillations of reaction rate are observed in a transition region between the two steady
states characterized by high and low reaction rates [9]. The catalyst’s bistability can arise, either
from multiple steady states on the catalyst surface or from multiplicity in the reactor dynamics. In
[9], it was shown that additives or impurities that may constitute catalyst promoters as well as cat-
alyst poisons can play a significant role in the induction of oscillatory behavior of a catalyst. In
fact, additives present in the gas phase or on the catalyst surface will merely behave as additional
adsorbates on the catalyst surface. They will block sites, can affect the activity of the catalyst and
induce oscillations [12-15]. The impurities can be responsible for the appearance of oscillations if
in the region of bistability, they are acting so as to drive the system from one state to the other.

The induction of oscillatory states in the rate of C,H, oxidation on Rh (40 nm)/YSZ via

anodic polarization is an effect similar to that observed during CO oxidation on electropromoted
polycrystalline Pt films (5 pm) deposited on YSZ [11]. In this work [11] the oscillations were
induced by electrochemically controlled backspillover of oxygen ions from the solid electrolyte to
the catalyst surface. The authors observed that reaction rate oscillations can be induced by posi-
tive, and stopped by negative currents [1]. The effect of the positive current was interpreted in

terms of changes in the surface coverage by chemisorbed oxygen, CO, and PtO,. In the case of

positive currents, O%" ions are continuously supplied to the Pt surface, which implies that the
backspillover species, which in some way are "impurities", should be present on the catalyst sur-
face in order to switch on the rate oscillations [9].

The mechanism by which the self-sustained oscillations are generated at Rh/YSZ can be

explained as follows. According to the present results, the Rh surface oxide is stable at given tem-

peratures and gas compositions. When by anodic polarization and the concomitant o* supply to
the catalyst, a weakening of oxygen bonds to the rhodium surface is caused, the oxygen that had

previously been associated with Rh,O3 becomes available for the reaction with C,Hy, and this

causes an abrupt decrease in the PC2H4/ P02 ratio over the catalyst. When this ratio falls below

it
)crl

some critical ratio (PC2H4/ P02 , formation of surface Rh,O5; will resume. However, this
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causes an increase in the PC2H4/ P02 ratio due to extra consumption of gaseous O,, so the oxide

becomes unstable again, and the cycle is repeated.

The results obtained for C,H4 oxidation over Rh nanofilm catalysts can be summarized as
follows: (i) Rate oscillations can be triggered by applied positive currents, only in the domain

where the catalyst exhibits bistability. At low PC2H4/ P02 ratios the applied currents do not lead to

rate oscillations. Under more strongly reducing conditions (high PC2H4 ), applied currents lead to

a dramatic increase in reaction rate. In this domain, the oscillations have a very small amplitude

and almost die away. (i7) The frequency of the oscillations increases with increasing PC2H4/ P02

ratios, temperatures, and gas flow rates. (ii7) The catalyst potential and the rate of CO, production

exhibit synchronous oscillations while a decrease in catalyst potential always corresponds to an
increase in reaction rate.

Nonoscillatory electrochemical promotion of Rh/TiO,/YSZ is tied to the presence of the
TiO, interlayer. Several of its advantages for EPOC were already cited above: it raises the cata-

lyst’s surface area and degree of dispersion (see the SEM analysis, section 4.1, Chapter 4), and it
depresses the exchange current density at the metal/gas interface (see Chapters 5 and 6). This is

also manifest in all figures of the present chapter in the overpotentials created at the Rh/TiO,/YSZ

interface, which at a given current are always larger than those created at the Rh/YSZ interface.

The third advantage of TiO, is an enhanced stability of the reduced and highly active Rh phase,
which as shown in Chapter 7 is due to effects of SMSI established between Rh and TiO,. Over
and above the metal-support-promoted state of Rh/TiO,/YSZ, the catalytic activity is boosted fur-

ther by applied positive currents.
This is supported by Figure 8.15, where the temperature dependence of the critical

crit

(Po./Pc ) ratios for surface Rh,O5 formation observed in prior work with thick Rh films
2 2774

(10 pm) [16, 17] (the triangles in Fig. 8.15 for thick films on YSZ, electropromoted or at open-cir-

cuit) are compared with those observed in the present work (thin films without and with TiO,

interlayers, circles and squares in Figure 8.15). It can be seen that TiO, sublayers generally lead to

higher (Poz/ PC2H4)Cm ratios, ie, destabilize the formation of Rh,O5. As already discussed in

detail, anodic polarization (electropromoted films) leads to even higher (Poz/ PC2H4)Cm ratios,
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crit

while for thin Rh films without a TiO, interlayer the (PO/ PC2H4) ratio is lowest, ie, thin Rh

films without a TiO, interlayer are more readily oxidized than thick films. On the other hand, the
electropromoted states of thick films without TiO, and thin films with TiO, are very similar (the

two sets of data at the top of Fig. 8.15), which is consistent with the functional similarity of elec-

trochemical promotion and metal-support interactions discussed in Chapter 2, section 2.2.3.
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FIGURE 8.15. Temperature dependence of the critical ratios(POZ/Psz) for Rh surface oxide

formation on thick films [16, 17] and thin sputtered Rh samples with and without a TiO, interlayer. () Thin
sputtered Rh film on TiO,/YSZ, open circuit; (W) thin sputtered Rh film on TiO,/YSZ, closed circuit; (O) thin

sputtered Rh film on YSZ, open circuit; (®) thin sputtered Rh film on YSZ, closed circuit; (A) thick Rh film
on YSZ, closed circuit. Data for thick Rh films on YSZ taken from [16, 17].
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That the polarizability of Rh/TiO,/YSZ catalyst electrodes is much higher than that of Rh/

YSZ catalyst elelctrodes, is in good agreement with the polarization and impedance measure-

ments (Chapters 5 and 6). It was found that the i values at the Rh/TiO, interface were about

twice lower than those at the Rh/YSZ interface. The smaller exchange current density characteris-

tic of the Rh/TiO,/YSZ interface leads to a higher faradaic efficiency, A, since it is well estab-

lished that the magnitude of A can be estimated from the approximate expression

Az2Fr0/IO (81)

where r(y is the open-circuit catalytic rate and i is the exchange current density of the metal/solid

electrolyte interface.
As seen in Table 8.1, the correlation between the obtained in the present chapter faradaic

efficiencies and the exchange current densities of Rh/YSZ and Rh/TiO,/YSZ is good. Even if the
value of A calculated from i and Eq. (8.1) is higher than the value obtained experimentally, the

ratios of A and i, for the two catalysts are about the same, and close to two.

TABLE 8.1. Faradaic efficiencies and exchange current densities in the Rh/YSZ and Rh/TiO,/
YSZ systems at T= 350 °C and P, ~0.5 kPa

Catalyst electrode A (Figs. 8.1 and 8.9) ig, A
Rh/YSZ 1024 2.2%10°8
Rh/TiO,/YSZ 1791 1.2%10°8

The pronounced electrophobic behavior (p-values of up to 80) observed at both of the thin
Rh films (Rh/YSZ and Rh/TiO,/YSZ), which is semiquantitatively similar to that observed at

thick Rh/YSZ films, mainly depends on destabilization of surface Rh,O5 via repulsive lateral

interactions with the electromigrating backspillover O ions poisoning the catalytic reaction [16,
17]. This point, ie, that anodic polarization of a metal film can destabilize a surface oxide, is
somehow surprising, but is well documented and analyzed in the literature on electrochemical
promotion [1]. It is known, for example, that the chemisorptive bond energy of oxygen decreases
(linearly and with a slope close to -1) with applied anodic potential [1, 18]. This experimental

result has been confirmed by rigorous quantum-mechanical calculations [19], which have shown
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that Stark-type electrostatic interactions in the double layer present at the metal-gas interface are
the main cause of electrochemical (and also of chemical) promotion.
It should be pointed out, though, that the difference between Rh/YSZ films (where rate

oscillations occur) and Rh/TiO,/YSZ films (where rate oscillations do not occur over the parame-

ter range investigated) can be traced to the fact that in the latter case, due to the much lower

exchange current density at the Rh/TiO,/YSZ films and identical applied current densities, the

resulting potential is much higher than in the case of Rh/YSZ. This higher potential then destabi-
lizes the Rh surface oxide much more efficiently, and thus the surface remains reduced over a
wider range of gas compositions.

The results obtained in the present chapter demonstrate that it will be technically feasible to
induce electrochemical promotion at very thin (40 nm) catalyst films. The degree of Rh metal dis-

persion in these films is of the order of 10 %, as shown both in the present study and in similar
studies of NO reduction by propene in the presence of O, on films similarly deposited [5]. This is
a very significant improvement with respect to metal dispersion relative to practically all prior
electrochemical promotion studies [1], an improvement which practically closes the gap of noble-

metal dispersion, and thus of noble-metal cost, between electrochemically promoted films and

commercial, nanodispersed noble-metal catalysts (where metal dispersion typically amounts to 10

- 100 % [20, 21]). Thus, the main obstacle to a commercial utilization of electrochemical promo-

tion has in principle been removed by these results.

8.5 Conclusions

The feasibility of electrochemical promotion of thin Rh films (40 nm) prepared by sputter-
ing has been demonstrated for the first time. The pronounced electrophobic electrochemical pro-

motion of C,H, oxidation observed on the thin Rh films is similar to that observed with thick Rh

films. The electrochemical promotion of thin films having degrees of metal dispersion of the
order of 10 % is of considerable technological importance.

Small anodic currents applied to the Rh/YSZ catalyst cause periodic catalytic rate and
potential oscillations with a frequency that can be controlled electrochemically. The oscillations
can be interpreted in terms of the formation and decomposition of rhodium surface oxide: mini-

mum rates correspond to an oxidized Rh surface (Rh oxide), maximum rates to reduced Rh cata-
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lyst (Rh metal). The phenomenon observed is fully reversible, and only occurs under closed-
circuit conditions.

Catalysts Rh/TiO,/YSZ exhibit pronounced nonoscillatory electrochemical promotion,
their catalytic activity for C,H, oxidation can be reversibly enhanced by up to a factor of 80 by
applying a positive anodic current or potential. The increase in oxidation rate is up to 2000 times
larger than the rate of supply of O%" to the Rh catalyst electrode.

The electrochemical promotion behavior observed in the two catalytic systems is due to
anodically controlled migration (backspillover) of 0% species from YSZ to the Rh/gas interface
and to the concomitant destabilization of surface Rh,O5 formation via repulsive lateral interac-

tions.

8.6 References

1. C. G Vayenas, S. Bebelis, C. Pliangos, S. Brosda, and D. Tsiplakides, Electro-
chemical activation of catalysis. Promotion, Electrochemical promotion, and

metal-support interaction. Kluwer Academic/Plenum Publishers, New York

(2001).

2. A. Wieckowski, E. R. Savinova, and C. G. Vayenas, Catalysis and Electrocatalysis
at Nanoparticles Marcel Dekker, Inc., New York (2003).

3. C. G Yiokari, G E. Pitselis, D. G. Polydoros, A. Katsaounis, and C. G. Vayenas, J.
Phys. Chem., 104 (2000) 10600.

4. I. M. Petrushina, V. A. Bandur, F. Cappeln, and N. J. Bjerrum, J. Electrochem. Soc,
147(8) (2000) 3010.

5. S. Balamenou, D. Tsiplakides, A. Katsaounis, S. Thiemann-Handler, B. Cramer, G.
Foti, C. Comninellis, and C. G. Vayenas, Applied Catalysis B: Environmental, 52
(2004) 181.

6. C. G. Vayenas, C. Georgakis, J. N. Michaels, and J. Tormo, J. Catal., 67 (1981) 348

7. C. G. Vayenas, S. Bebelis, and S. Ladas, Nature, 323 (1990) 625.

8. C. G Vayenas, S. Bebelis, S. G. Neophytides, and 1. V. Yentekakis, Nature, 343
(1990) 625.

0. M. M. Slin'ko and N. 1. Jaeger, in Studies in Surface Science and Catalysis, Vol. 86

B. Delmon and J. T. Yates, eds., Elsevier, Amsterdam, (1994).

188



References

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.

21.

C. G. Vayenas, B. Lee, and J. N. Michaels, J. Catal., 66 (1980) 37

I. V. Yentekakis and C. G. Vayenas, J. Catal., 111 (1988) 170

A. K. Galwey, P. Gray, J. F. Griffiths, and S. M. Hasko, Nature, 313 (1985) 668.

T. Lamb, R. P. Scott, P. Watts, B. Holland, S. Gentry, and A. Jones, J.Chem.Soc.
Chem.Commun., 23 (1977) 882.

R. C. Yeates, J. E. Turner, A. J. Gellman, and G. A. Somoriai, Surface Sci., 149
(1985) 175.

K. E. Keck and B. Kasemo, Surface Sci., 167 (1986) 313.

C. Pliangos, 1. V. Yentekakis, V. G. Papadakis, C. G. Vayenas, and X. E. Verykios,
Applied Catalysis B: Environmental, 14 (1997) 161.

C. Pliangos, 1. V. Yentekakis, X. E. Verykios, and C. G. Vayenas, J. Catal., 154
(1995) 124.

C. G. Vayenas, S. Brosda, and C. Pliangos, J. Catal., 203 (2001) 329.

C. Sanchez and E. Leiva, in Handbook of Fuel Cells: Fundamentals, Thechnology
and applications, Vol. 2 W. Vielstich, H. A. Gasteiger, and A. Lamm, eds., John
Wiley & Sons, Ltd, England, (2003).

L. L. Hegedus, R. Aris, A. T. Bell, M. Boudart, N. Y. Chen, B. C. Gates, W. O.
Haag, G. A. Somorjari, and J. Wei, Catalyst design: Progress and Perspectives.
John & sons, New York (1987).

G. Ertl, H. Knoétzinger, and J. Weitkamp, Hand Book of Catalysis VCH, Weinheim
(1997).

189






CHAPTER 9 Promotion of Rh catalysts: Partial

methane oxidation at open and closed circuit

The catalytic activity of Rh for the partial oxidation of methane to syngas
can be markedly influenced by interfacing polycrystalline Rh films with a
dispersed TiO, interlayer deposited on the YSZ supports. High CO selectiv-
ities (close to 97 %) can be attained at 550 °C over a wide range of CH4/O,

ratios. The modification of catalytic activity and selectivity towards CO and

H, production observed at Rh interfaced with an interlayer of TiO, is

related to the lower stability of Rh surface oxide against reduction to metal-
lic Rh. This phenomenon may be interpreted, either by strong electronic-
type metal-support interactions or by a self-driven wireless electrochemical
promotion mechanism. The Rh/TiO,/YSZ catalyst exhibits the particular
characteristic of having two distinct stable states, an inactive (oxidized) and
an active (metallic) state, in the partial oxidation of methane to syngas. At a
gas composition close to stoichiometric (CHy : O, =2 : 1) and 550 °C, the
inactive Rh/TiO,/YSZ catalyst was successfully activated by applying cur-
rents, either positive or negative. The phenomenon observed is an example
of “permanent electrochemical promotion” providing a permanent rate

enhancement ratio of 11 and a CO selectivity of 45 %. The activation by
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negative currents is explained by electrochemical reduction of rhodium
surface oxide, while in the instance of applied positive currents the
rhodium surface oxide breaks down due to a weakening of the Rh-O
bond strength which occurs due to the accumulation of backspillover

oxygen at the gas-exposed catalyst surface.

9.1 Introduction

Over the last decade, many efforts have been made to improve the catalytic partial oxida-

tion of CH,4 with oxygen, and achieve syngas formation according to Eq. (9.1) [1, 2]:

1

H,+
C42

0, CO +2H, 9.1)

This process has some advantages over conventional steam reforming, namely: it is more

energy-efficient and can produce the H,/CO mole ratio of two (instead of three in steam reform-

ing) that is desired for methanol or Fischer-Tropsch synthesis. However, this reaction has not yet
been developed on an industrial scale due to problems related to catalyst deactivation, mainly by
carbon deposition and/or oxidation of the catalyst to the corresponding oxide.

Prettre et al [3] were among the first to report the formation of syngas by partial oxidation

of CH,4 with supported Ni catalysts over the temperature range from 973 to 1173 K. The reaction
was reported to occur in two steps. In the first step, methane is converted to CO, and water until

all oxygen has been converted according to Eq. (9.2):
CH,+20, - CO, +2H,0 (9.2)

In the second step, syngas is produced via secondary reactions such as the carbon dioxide

reaction Eq. (9.3) and the steam-reforming reaction Eq. (9.4):
CH,+CO, - 2CO +2H, 9.3)

CH, +H,0 — CO + 3H, (9.4)

It is generally agreed that the type of catalyst used may strongly influence the reaction

pathway. It has in fact been reported that on Rh catalysts the partial oxidation of methane to CO
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and H, occurs in a single step (Eq. (9.1)) without the formation of intermediate CO, [4], just as

had been the case on Ni catalysts [3].
More recent studies have demonstrated that Rh is one of the most promising catalysts for

the partial oxidation of methane, because it offers the highest selectivity toward H, production

[4]. However, problems related to Rh catalyst deactivation, mainly due to carbon deposition and/

or Rh oxidation to Rh,03, have not yet been completely resolved.

It is the aim of the work reported in this chapter to investigate a modification of catalytic
activity and improved stability against deactivation of Rh catalysts for the partial oxidation of

methane that is achieved by interfacing the Rh catalyst with TiO, particles supported on YSZ
solid electrolyte (Rh/TiO,/YSZ). In the first part of this chapter the promoting effects of TiO, will

be studied under open-circuit conditions, where the YSZ support is not considered to play any
role in the observed phenomena but is used to enable potential measurements. The results will be
discussed in terms of strong metal-support interactions (SMSI) [5] and of electrochemical promo-
tion of catalysis (NEMCA) [6].

In the second part of this chapter, investigations of the same systems under closed-circuit
conditions are described. It was the aim of this part to explore the possibilities of a current-

assisted activation of Rh/TiO,/YSZ catalysts for a selective oxidation of methane with oxygen to

CO and H,.

9.2 Experimental

The ring-type electrochemical cell used in the present work has been described in detail
earlier (Chapter 3, section 3.2). The catalyst film was deposited on the inner surface, the gold
counterelectrode on the outer surface of an YSZ ring. The catalyst was prepared by paste deposi-
tion (see Chapter 3, section 3.2.3). The experimental setup was described in Chapter 3, section
3.3.5. Currents or potentials were applied in a direct polarization mode where the catalyst served
as the working electrode, and the gold film served as the counterelectrode.

The selectivity, S(CO), of methane oxidation to CO was calculated with the following

equation:

_ r'co
S(CO) —— o, (9.5)
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where rc and r¢(y, are the rates of CO and CO, product formation.

9.3 Results

9.3.1 Promotion of Rh catalysts by a TiO, interlayer [7]

The catalytic activity of Rh/YSZ and Rh/TiO,/YSZ catalysts was investigated by a cyclic
variation of the mole ratios of CH, and O, in the feed, which started from the maximum ratio of

39 : 1, went down to a minimum value of 1 : 2 in the forward run, and then returned from this
minimum to the maximum value of 39 : 1 in the reverse run [7]. All measurements were made
under stationary conditions; the typical waiting time after any change in inlet composition was 20
to 30 min. A typical example of the results obtained at 550 °C is reported in Figure 9.1. This fig-
ure shows that a freshly prepared Rh/YSZ catalyst is active toward partial CH,4 oxidation at a

methane/oxygen mole ratio of 39 : 1 (Fig. 9.1, left-hand parts). However, in the forward run (from
the ratio of 39 : 1 to a ratio of 1 : 2) the catalytic activity of Rh/YSZ towards CO production

decreases rapidly, and falls to almost zero at a CH4/O, mole ratio of about three. In the reverse
run, when the CH4/O, ratio increases from 1 : 2 to 39 : 1, the specific reaction rate of CO forma-
tion remains almost zero while the rate of CO, formation slightly increases with increasing CH,/
0O, mole ratios.

A completely different behavior was observed during partial methane oxidation with the

Rh catalysts interfaced with TiO, (Fig. 9.1, right-hand parts). In this case both the forward and
reverse runs are characterized by high catalytic activity towards CO and H, formation. In the for-
ward run on Rh/TiO,/YSZ, the specific rate of CO, production increases with decreasing CH,/O,
mole ratios, and reaches a maximum value when CH, : O, =1 : 1, while at this gas composition
the production of CO has almost completely ceased. Also, the reverse run on Rh/TiO,/YSZ is
characterized by a smaller rate of CO, formation and a higher catalytic activity towards CO for-

mation than observed in the forward run.
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FIGURE 9.1. Oxidation of methane over Rh/YSZ (left-hand parts) and Rh/TiO,/YSZ (right-hand
parts) catalysts at 7= 550 °C. Specific formation rates, r, of CO (circles) and CO, (squares) as functions of the
CH4/O;, mole ratio. Feed composition: CH4 variable, 0.5 kPa of O,. Open symbols and light lines: forward
scan; full symbols and heavy lines: reverse scan.

Figure 9.2 shows the selectivities toward CO formation as functions of the CH,/O, mole
ratios for Rh/YSZ and Rh/TiO,/YSZ. The Rh films supported on a TiO, interlayer always display

a much higher selectivity towards CO formation than the Rh/YSZ catalysts. However, the most
interesting effect of the TiO, support resides in the fact that Rh/TiO,/YSZ catalysts deactivated in

an oxidizing feed (CHy : O, <2 : 1) are readily reactivated by exposure to a reducing gas compo-

sition. The feed composition cycles can be repeated many times without any indication of activity

losses. This is not so with the Rh/YSZ catalysts, which cannot be reactivated by exposure to a

195



Chapter 9 Promotion of Rh catalysts: Partial methane oxidation at open and closed circuit

reducing gas composition. In fact, here the reverse runs always were characterized by zero CO

production, and hence zero CO selectivity (Fig. 9.2).

1.0 _—»
0.8 \
8 Rh/TiO,/YSZ
o 0.6
N’
z 0.4
' AN
0.2 Rh/YSZ
0.0 \ 4 . ¢
0 10 20 30 40

ratio CH; / O,

FIGURE 9.2. Oxidation of methane over Rh/YSZ (diamonds) and Rh/TiO,/YSZ (squares) catalysts at
T = 550 °C. Selectivities of CO formation, S(CO) (Eq. (9.5)), as functions of the CH,/O, mole ratio. Feed
composition, symbols, and lines as in Fig. 9.1.

Figure 9.3 shows the influence of temperature on the CO selectivities exhibited by Rh/

TiO,/YSZ catalysts while the feed composition was cycled between high and low methane/oxy-

gen mole ratios. It can be seen that independently of the reaction temperature, in the forward runs

the catalysts become deactivated at a CH,4/O, mole ratio close to unity. However, in the reverse

runs, catalyst reactivation strongly depends on the reaction temperature: the higher the tempera-

ture, the lower is the CH4/O, mole ratio at which the catalyst is reactivated. It should be noted that

at temperatures below 400 °C a reactivation could not be observed.
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FIGURE 9.3. Selectivities of CO formation, S(CO) (Eq. (9.5)), during methane oxidation over Rh/TiO,/
YSZ catalysts at different temperatures, as functions of the CH4/O, mole ratio. Feed composition, symbols,
and lines as in Fig. 9.1.

Figure 9.4 shows the oxygen conversions X(0O,) and the mole ratios of products H, and CO
obtained at 550 °C over Rh/TiO,/YSZ catalysts while cycling the methane/oxygen mole ratio. In
the gas mixture produced, the H,/CO ratios gradually increased with decreasing CH4/O, mole
ratio in the feed. Figure 9.4 shows that oxygen conversion is almost complete at CH,4/O, mole

ratios higher than five (the region where the rhodium catalyst is active), but it is lower than 10 %

at CH4/O, mole ratios below two (the region where the rhodium catalyst is inactive).
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FIGURE 9.4. Oxygen conversion, X(0,), and the mole ratios of H, and CO produced during methane
oxidation over Rh/TiO,/YSZ catalysts at T = 550 °C, as functions of the CH,/O, mole ratio in the feed. Feed
composition, symbols, and lines as in Fig. 9.1. The horizontal dashed line shows the mole ratio of H, and CO
produced in the direct partial oxidation of methane with oxygen.

Figure 9.5 shows the potentials (Uyyg) measured at the Rh films (working electrode) on the
Rh/TiO,/YSZ catalysts against the gold reference electrode while cycling the CH4/O, inlet mole
ratio at 550 °C. In the forward run, an abrupt increase in catalyst potential is observed at a CH4/O,
mole ratio close to unity, but the corresponding decrease in Uy in the reverse run is much less
abrupt. These trends of Uy reflect the changes in catalytic activity and selectivity of the Rh

films, both in the forward and in the reverse run (Fig. 9.2). The observed changes in catalyst

potential are certainly related to modifications of the catalyst surface (thodium oxide at low CHy,/

0O, mole ratios, metallic rhodium at high CH4/O, mole ratios).
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FIGURE 9.5. Potentials of the Rh/TiO,/YSZ catalysts, Uyg, during methane oxidation at 7= 550 °C
as functions of the CH4/O, mole ratio. Ring-type electrochemical cell with gold reference electrode. Feed
composition, symbols, and lines as in Fig. 9.1.

9.3.2 Current-assisted activation of Rh/TiO,/YSZ catalysts [8]

The most interesting feature of the Rh/TiO,/YSZ catalysts that was revealed above is the
fact that Rh films deactivated in oxidizing feeds (CH4 : O, < 2 : 1) are readily reactivated by
exposure to a reducing gas composition. Figure 9.6 (which is similar to Fig. 9.3) shows the effects

produced by varying feed compositions at two reaction temperatures, 550 °C and 600 °C, in the

CO selectivity of Rh/TiO,/YSZ catalysts while the gas compositions were cycled from high to

low methane/oxygen mole ratios in the forward run, and back from the low mole ratio of 1 : 2 to
the maximum value in the reverse run. All measurements were made under stationary conditions
(waiting times of 20 to 30 min after any change in inlet composition). The figure shows that in the

forward run (open symbols and light lines), the catalyst became deactivated at a CH4/O, mole

ratio of less than unity at both reaction temperatures. In the reverse run (full symbols and heavy

lines), a CH4/O, mole ratio of more than two was needed for reactivation of the catalyst, the

actual values being a function of temperature. The higher the temperature, the lower will be the

CH,4/O, mole ratio needed for reactivation of an inactive catalyst.
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FIGURE 9.6. Selectivities of CO formation, S(CO) (Eq. (9.5)), during methane oxidation over Rh/TiO,/
YSZ catalysts at different temperatures, 550 °C (circles) and 600 °C (squares), as functions of the CH,/O, mole
ratio. Feed composition: CH,4 variable, 0.5 kPa of O,. The measurements were made under stationary

conditions, see text. Open symbols and light lines: forward scan; full symbols and heavy lines: reverse scan.
Inactive state: zero CO selectivity; active state: finite CO selectivity.

Within a range of feed compositions close to stoichiometric with respect to partial methane
oxidation according to Eq. (9.1), the rhodium catalyst could exist in two distinct states: active and
inactive, depending on the temperature and gas composition to which the catalyst had been
exposed in advance (see Fig. 9.6). The Rh/Ti0,/YSZ catalysts treated with a reducing gas compo-
sition prior to the catalytic measurements were in the active state. To the contrary, after an expo-
sure to oxidizing conditions, they were deactivated. The hysteresis observed in the reaction rates
and selectivities of partial methane oxidation has been attributed to the formation and decomposi-
tion of rhodium surface oxide. Although a deactivated catalyst is not able to undergo spontaneous
reactivation, this change can be assisted by different means. One possibility is a change in feed
composition in the direction of higher CH4/O, mole ratios, as reported above [7] and illustrated in
Fig. 9.6 (a zoom of Fig. 9.1). An alternative way of reactivating the rhodium catalysts, by apply-
ing an appropriate current or potential at invariant feed composition, has been attempted in the
present work.

The effects of applied currents on catalyst activity were studied at 550 °C and CH4/O,

mole ratios of 1 : 1 and 2 : 1 where, unless assisted otherwise, the oxidized Rh/TiO,/YSZ cata-
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lysts will remain inactive, which implies zero CO production and very low CO, production. Fig-
ure 9.7 illustrates the reactivation of a Rh/TiO,/YSZ catalyst achieved when applying a negative
current while using stoichiometric gas feeds of CHy : O, =2 : 1 (1 and 0.5 kPa, respectively). It
shows in Part A the applied current density, 7; in Part B the cell potential, Uyyc; in Part C the spe-
cific reaction rates of CO, formation, rc; and in Part D the specific reaction rates of CO pro-
duction, rc(, all as functions of time. At the outset the oxidized catalyst was inactive, and
exhibited a very low rate of CO, formation and zero CO production under open-circuit conditions
(i = 0). Upon applying a negative (cathodic) current, the rate of CO, formation gradually
increased during the first few minutes until a critical state was reached where the CO, production

suddenly increased, the catalyst’s potential dropped, and a significant rate of CO production

appeared which was attended by complete O, conversion (active catalyst state). No activation
was observed within several hours when the applied negative current density was lower than 0.7

mA/cm?® (curves (a) in Fig. 9.7). With an applied current density of 0.7 mA/cm?, reactivation

occurred after 33 minutes (curves (b) in Fig. 9.7), while at current densities in the range of 0.75 to

0.85 mA/cm? it occurred within a reasonably short time of 3 to 6 minutes (curves (c) in Fig. 9.7).
Thus, the higher the current density, the shorter will be the time required for reactivation of the
catalyst.

The same experiments were repeated with applied positive (anodic) currents, and gave
similar results that are shown in Fig. 9.8 summarizing the observations in terms of i-U curves.

At an oxidizing feed ratio of CH4 : O, = 1 : 1, an analogous behavior was recorded when

negative or positive currents were applied but, in this case, currents an order of magnitude higher
were required for reactivation than ata 2 : 1 feed ratio.

The observed differences in the specific rates of CO, and CO formation between open and
closed-circuit operation cannot be attributed to the phenomenon of reversible electrochemical

promotion, since no relaxation of the CO, and CO production could be observed after an interup-

tion of the current in the active state (curves (b) and (c) in Fig. 9.7).
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FIGURE 9.7. Activation of Rh/TiO,/YSZ catalysts in a ring-type electrochemical cell by application of
negative currents at stoichiometric feed compositions of CH4(1 kPa)/0,(0.5 kPa) at 7= 550 °C. Three separate
experiments performed with different current densities of (a) 0.65, (b) 0.70, and (c) 0.75 mAcm? are shown. In
all experiments, the catalyst had in advance been deactivated with an oxidizing feed of CH4(0.5 kPa)/O,(1 kPa)

at the same temperature. Shown as functions of time are: In Part A the applied current density, i; in Part B the
cell potential, Uy ; in Part C the specific reaction rates of CO, formation, r-g,; and in Part D the specific

reaction rates of CO production, rc(.
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Similarly to the case where activation/deactivation was induced by changing feed composi-
tion (Fig. 9.6), the catalyst exhibited two distinct (and stable) open-circuit behaviors: prior to
application of the current, it was inactive (stable inactive state), but once reactivated due to an
applied current, the catalyst indefinitely maintained the high activity acquired, even after an inter-
ruption of the current.

The phenomena are reminiscent of the effects of permanent electrochemical promotion

reported for IrO, and Rh catalysts [9-12]. After successful reactivation (curves (b) and (c) in Fig.

9.7), an interruption of the current only affects the cell potential, which is shifted to an open-cir-
cuit value (reduced catalyst) that is more negative than its value at the inactive (oxidized) catalyst,
either prior to reactivation or after an unsuccessful attempt of reactivation with a current that was
too low (curve (a) in Fig. 9.7, Part B). This pattern of behavior is equally valid for negative and
positive activation currents, and leads to identical shifts of the open-circuit potential regardless of
the sign of the applied current.

Figure 9.8 summarizes in terms of i-U curves the results obtained for the reactivation of
oxidized Rh/Ti0,/YSZ catalysts by application of a negative or positive current at a CH,4/O, mole
ratio of 2 : 1 (stoichiometric feed). Two steady-state i-U curves are shown, one for rhodium oxide
(inactive state) and one for Rh metal (active state), the former of course ending at the minimum
current densities required to achieve reactivation. In fact, the system jumped from one curve to
the other when the critical reactivation current was attained under given conditions, the jumps
indicating decomposition of the rhodium surface oxide to Rh metal. Figure 9.8 nicely illustrates
that positive and negative currents were equally efficient for reactivation, except that the negative
current required to reactivate an inactive Rh/TiO,/YSZ catalyst was smaller than the correspond-

ing positive current. Since the changes in catalytic activity of the Rh/TiO,/YSZ catalysts have

been attributed to oxidation and reduction of the rhodium films, it is concluded that the reduction

of rhodium surface oxide is stimulated, both by positive and by negative currents.
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i /mA cm’ active
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-4 / 2 4
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active

FIGURE 9.8. Steady-state polarization curves recorded in a ring-type Rh/TiO,/YSZ electrochemical

cell, and the minimum current densities required to reactivate an inactive (oxidized) catalyst in less than 10
minutes at the stoichiometric CH4(1 kPa)/O,(0.5 kPa) feed composition at 7= 550 °C. Open symbols and light

lines: inactive state; full symbols and heavy lines: active state. Conditions of deactivation as in Fig. 9.7.

9.4 Discussion

The role of the TiO, support in the catalytic activity of Rh-based catalysts toward the par-

tial oxidation of methane is certainly related to the stability against reduction of the rhodium

oxide formed during exposure of the catalyst to an oxidizing atmosphere (CH,4/O, < 2), as in the
case of ethylene oxidation on Rh/TiO,/YSZ. In fact, it was demonstrated by the experimental
results that with TiO, as a support, the Rh catalyst remains active even after exposure to feeds
with a low CH4/O, mole ratio (where rhodium oxide formation is favored). This is not the case in
the absence of TiO,, where the Rh catalysts remain inactive after exposure to oxidizing conditions
(CH4/O, < 2), even at high CH,/O, mole ratios (Figs. 9.1, 9.2). An interpretation of these obser-
vations may be attempted, as in the case of C,H, oxidation, either in terms of strong metal-sup-

port interactions (SMSI) [5] or by a model based on the theory of electrochemical promotion of
catalysis (EPOC) [6] (Chapter 2).
The observed modifications of activity and selectivity of the Rh catalysts supported on

TiO, might also be due to a partial reduction of TiO, (formation of TiO,) by hydrogen produced
during the reaction (Eq. (9.1)). In fact, TiO, can be reduced by hydrogen at relatively moderate

temperatures (T > 400 °C) [5]. When one atom of oxygen is lost from the surface, two electrons
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are left in the oxygen vacancy to maintain electrical neutrality. One electron is trapped by a neigh-

boring Ti*" that becomes Ti*", while the other electron remains essentially free. This increases
the free electron concentration at the surface, and hence causes a decrease in work function [13,
14]. TiO, is a degenerate semiconductor having a very high carrier concentration; the high electri-

010

cal resisitivity of TiO, (10" ohm.cm) dramatically decreases upon partial reduction to values of

10 and 10”2 ohm.cm at x = 1.9995 and x = 1.75, respectively [15]. At the surface of dispersed

TiO, supports partly covered with Rh catalyst, a spatially nonuniform surface oxidation is
expected to occur resulting in the coexistence of regions where TiO, remains unreduced, and oth-
ers with variable values of x depending on accessibility of the TiO, surface to hydrogen gas [16].
At the temperatures used in our experiments, the suboxide (TiO,) species may well diffuse

towards the metal and decorate its surface; this was actually demonstrated by XPS analysis

(Chapter 4). Nevertheless, apart from the highly different electrical properties of TiO, and TiO,,
the essential role of the TiO, entities that have migrated to the metal surface remains that of ren-

dering part of this surface inaccessible to chemisorption and to catalytic action [17]. It is believed,
therefore, that the geometric decoration model of SMSI cannot adequately interpret the present
experimental findings.

The close analogy between electrochemical promotion of catalysis (EPOC) and strong
metal-support interactions (SMSI) was already demonstrated in an earlier chapter (Chapter 6),
and these phenomena may be considered as functionally identical, and only operationally differ-
ent [18]. In the present case, when no potential or current is applied, even the operational differ-

ence should vanish under steady-state reaction conditions. The partly reduced oxide TiO, and the

Rh metal form local galvanic cells TiO,;TiO, Rh in which TiO, serves as the electrolyte. In these

cells, as shown in Fig. 9.9, the promoting O%" species are slowly consumed in the catalytic reac-

tion occurring at the catalyst surface (the O are a sacrificial promoter) while spent O are con-

tinuously replenished via reduction of gaseous O, at the TiO,/gas (or TiO,/gas) interface; this is a

self-driven electroless or wireless EPOC mechanism.
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CH; + 120,
03

(<8 02- CO + 2H2
TiOx e

FIGURE 9.9. Self-driven electrochemical promotion of partial CH, oxidation on Rh interfaced with
TiO,, with internal short-circuiting.

A plausible and easy explanation of the reactivation of Rh catalysts supported on TiO,

which is observed when applying a relatively high current could be by the effect of local heating.
In fact, the actual temperature of the catalyst was not known, only that of the reacting gas mixture
close to the catalyst was measured. The local temperature of the catalyst might be significantly
different from the temperature measured in the gas phase, all the more because the low flow rates
created a CSTR-like environment around the catalyst that was unfavorable for efficient heat trans-
fer from the catalyst toward the gas. A very conservative estimate of the temperature difference

between catalyst and gas, the former being heated by the applied current, was attempted using a

heat transfer coefficient of 5 Wm™K™!, which is typical for natural convection in gases. This
would give a high estimate of catalyst temperature, because the actual heat transfer, although
poor, was certainly better than that by natural convection.

Considering the heating power in the inactive (more highly resistive) catalyst at the
moment of reactivation (see Fig. 9.8), and assuming bulk heating, hence a uniform temperature
within the coating, temperature differences between catalyst and gas as low as 2 and 6 degrees
were calculated for negative and positive applied currents at a stoichiometric feed composition
and 7 = 550 °C. Such a weak local heating cannot be responsible for the observed reactivation,
since at the given gas composition at open circuit, the catalyst remained inactive even at 600 °C
(see Fig. 9.6). It can now be concluded that local heating by the applied current cannot be the sole
cause of reactivation. This conclusion is further reinforced by the asymmetry of the phenomenon,
the positive currents required to achieve reactivation being higher than the negative currents

required under the same conditions. Although the semiconductor character of the interlayer may
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also contribute to the asymmetry, the asymmetric current requirements suggest above all that dif-
ferent mechanisms of catalyst regeneration prevail when applying positive and negative currents.
The rectivation of inactive (oxidized) rhodium catalysts by negative currents can be

explained most simply by electrochemical reduction of the rhodium oxide:

3+

Rh®" +3¢ —RR’ (9.6)

In fact, even the minimum amount of charge passed through the catalyst during activation
(about 4 mA over a time of three minutes in stoichiometric feed) would be enough to reduce
roughly 10 % of the total amount of rhodium deposited, if present as an oxide, while the fraction
of rhodium atoms exposed to the gas (and hence catalytically active) is actually as low as 1 % or
less in Rh paste catalysts.

The reactivation by positive currents in turn can be explained by the theory of electrochem-

ical promotion of catalysis. Positive currents supply O ions to the catalyst/support interface.
These ions are released at the three-phase boundary (tpb), then spread out across the entire gas-
exposed catalyst surface by a mechanism of backspillover. During their migration these ions are
accompanied by their mirror charges in the catalyst, thus forming an overall neutral double layer
of dipoles at the catalytically active surface. The population of the surface with dipoles raises the
surface potential, the concomitant increase in work function lowers the bond strength of chemi-
sorbed oxygen as well as the stability of the thodium surface oxide against chemical reduction.

The current-assisted activation of the Rh/TiO,/YSZ catalysts produced dramatic enhance-
ments of both the catalytic activity and the selectivity toward partial CH, oxidation; the high cat-

alytic reaction rates thus acquired remained unchanged after an interruption of the current. This
effect of activation may be quantified by the "permanent" rate enhancement ratio, y, defined as the

ratio of the open-circuit reaction rates prior to () and after (+”) application of the current (Chap-

ter 2, section 1.2):

Y= - 9.7)

The reaction rates are suitably expressed in terms of reacted oxygen (mol O s'l) calculated

from the specific rates of CO and CO, formation according to the stoichiometry of reactions (9.1)
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and (9.2), respectively. At the stoichiometric gas composition (CH4 : O, =2 : 1) a "permanent”

rate enhancement ratio, vy, as high as 11 was obtained. However, the most interesting feature of
current-assisted activation is the increase in selectivity of the Rh catalysts. Prior to application of
the current the selectivity for partial methane oxidation was zero (no CO formation at all) while
during current flow as well as after interruption of the current, the selectivity of the Rh catalysts

was as high as 45 % at the stoichiometric gas composition at 550 °C.

9.5 Conclusions

In this chapter, the partial oxidation of methane over Rh catalysts supported on YSZ con-

taining a thin interlayer of TiO, was investigated. Under working conditions the rhodium catalyst

exists in two well distinguished surface states: active and inactive. According to measured cata-
lyst potentials, these two states correspond to rhodium metal (active state) and rhodium oxide
(inactive state).

The remarkable increase in catalytic activity and selectivity towards CO and H, production
that occurs when Rh is in contact with TiO, is related to the drop in stability of the Rh surface

oxide against reduction to metallic Rh. This phenomenon may be interpreted, either by strong
electronic-type metal-support interactions or by a self-driven wireless electrochemical promotion
mechanism. In both cases, the ultimate cause of promotion are different work functions of catalyst
and support. Equilibration of the Fermi levels causes weakening of the Rh-O chemisorptive
bonds, and facilitates reduction of oxidized surface sites.

At gas compositions close to stoichiometric (CHy : O, =2 : 1) at temperatures in the range

of 500 to 600 °C, Rh catalysts have two stable states: inactive (Rh oxide) and active (Rh metal),
depending on the gas composition to which the catalyst had been exposed in adance. It was found
that positive and negative currents both can produce reactivation manifesting itself in a large
increase of both the catalytic reaction rate and the selectivity for partial methane oxidation. This
phenomenon is a typical example of permanent electrochemical promotion, since after interrup-
tion of the current the reactivated catalyst remained active indefinitely. At the stoichiometric feed
composition at 550 °C a y-value ("permanent" rate enhancement ratio) of 11 and a CO selectivity
of 45 % were obtained.

The results suggest that the mechanisms of reactivation by positive and negative currents

are different. It is believed that negative currents sustain the electrochemical reduction of rhodium
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oxide, while positive currents cause breakup of rhodium surface oxide due to weakening of the

rhodium-oxygen bond strength by accumulated backspillover oxygen at the gas-exposed catalyst

surface, just as seen in the reversible electrochemical promotion of catalysis with anodic currents.
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CHAPTER 10 General discussion

The main results obtained in the present work are discussed and the princi-
pal conclusions drawn. This work continues the complex investigations
started several years ago in the “NEMCA group” of Prof. Comninellis,
EPFL. It is focused on the electrochemical promotion of catalysis (EPOC)
and on its connection with the phenomenon of metal-support interactions
(MSI). Both EPOC and MSI are interfacial phenomena, therefore, one of the
major challenges in the field of electrochemical promotion is that of eluci-
dating the mechanism by which the promoting effect propagates from one
interface (catalyst/electrolyte) to the other (catalyst/gas). Due to the interdis-
ciplinary nature of electrochemical promotion, which involves concepts
from at least five different fields (catalysis, surface science, electrochemis-
try, solid state ionics, chemical reaction engineering), the present study uses
different techniques and approaches in order to reach the goals contem-
plated. For the experimental work, two Rh catalysts were chosen where Rh
was deposited by sputtering in a thickness of 40 nm, either directly on YSZ
or on YSZ covered with a TiO, layer (4 pm).
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In the first chapter of results (Chapter 4: Characterization of Rh catalyst electrodes), data
characterizing the Rh catalyst electrodes sputtered on YSZ (Rh/YSZ) and on a layer of TiO,

deposited on YSZ support (Rh/TiO,/YSZ) were presented. Several types of analysis were

employed in order to elucidate the morphological properties (SEM, AFM) of the Rh catalysts and
their chemical surface composition (XPS). It follows from SEM and AFM analyses that TiO,

forms a nanostructured layer completely covering the YSZ substrate. The thin layer of Rh catalyst

sputtered on YSZ or TiO, forms continuous layers and replicates the support morphology. In both
systems, Rh/YSZ and Rh/TiO,/YSZ, the catalyst films have a nanoparticle-size grain structure.

After exposure of the catalysts to working conditions (high temperature, applied currents/poten-

tials, mixtures of C,H4 and O,) during 200 hours, it was confirmed that the catalyst films have

good stability and adhesion to the substrate surface.
The oxidation state of the Rh surface undergoes considerable changes during exposure,
both to oxidizing or to reducing gas compositions. After reduction as well as after oxidation, Rh

supported on TiO, was found to be in a more highly reduced state than Rh on YSZ. After reduing
treatment, the Rh/TiO,/YSZ sample contains a larger amount of weakly bonded oxygen, which
can be attributed to oxygen “backspillover” from the TiO,. This oxygen may migrate in some
form of TiO,, since after reduction some quantity of Ti was found on the Rh surface but disap-

peared after oxidation of the catalyst. The driving force for this migration is the difference in work

functions of Rh catalyst and TiO, support. The migration occurring more particularly after a

reducing treatment leading to electronic-type SMSI.
These characteristics of the two catalysts were often recalled in later chapters in order to

explain the electrochemical and catalytic behavior of the Rh/YSZ and the Rh/TiO,/YSZ catalysts.

In Chapter 5 (Electrochemical characterization of the Rh catalysts: Polarization measure-
ments), studies of oxygen kinetics (02/02' couple) performed for the first time on Rh thin-film
electrodes interfaced with a pure ionic conductor (ZrO, + Y,0Oj5 solid electrolyte) and with a
mixed electronic-ionic conductor (TiO,) supported on YSZ are reported. The temperature range
examined was between 450 and 600 °C, the oxygen partial pressures ranged from 0.5 to 20 kPa.

Exchange current measurements at different 7 and Po, provided important information as to the

kinetics and mechanism of the 0,/O% electrode reaction at the interface. The exchange current
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densities found at Rh/TiO,(4 um)/YSZ are less than half those found at Rh/YSZ, and decrease
further with increasing titania thickness.

From the experimental results obtained at low and high polarization, and after an analysis
of literature data, a mechanism was proposed for the 02/02' exchange process. In the cathodic

process, the first step is fast dissociative adsorption of oxygen at the gas-exposed Rh surface. The
second step is atomic oxygen diffusion from the gas-exposed catalyst surface to the electrochemi-

cal reaction sites (ERS), where a fast two-electron transfer reaction then takes place:

0, 5 2 O\ fast step (10.1)
Oy — L2 O s, Slow step (10.2)
Oprs)+2¢ — 0> faststep (10.3)

The cathodic process is limited by interfacial diffusion of oxygen atoms from the gas-
exposed metal surface to ERS. These can be located, either at the Rh/solid electrolyte two-phase
boundary or at the Rh/solid electrolyte/gas three-phase boundary. It is obvious that so long as the
rate of surface diffusion is lower than the rate of charge transfer, current will flow predominantly
near the three-phase boundary region.

The anodic process includes two steps: two-electron transfer at ERS and oxygen desorp-
tion. The most probable location of the electrochemically reactive sites is the three-phase bound-
ary, where the atomic oxygen produced recombines to molecules and untergoes exchange with the
gas phase.

0”" ~2¢” —>Opg) slow step (10.4)

2 O(ERS) s OZ(G) fast step (105)

The mechanism (Equations (10.1) to (10.5)) proposed could be confirmed in the next chap-
ter (Chapter 6: Electrochemical characterization of Rh catalysts: Impedance measurements) by
impedance spectroscopy. First, a theoretical impedance model of the 02/02' process at the equi-

librium potential was developed. Then the impedance model was confronted with the experimen-

tal data. For this purpose, electrochemical impedance spectra were recorded at 7= 450 - 600 °C
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and Po, = 0.5 kPa under open-circuit conditions. The experimental results for the equilibrium

process 02/02' at Rh/YSZ and Rh/TiO,/YSZ are in good accord with theoretical impedance rep-

resentations of the reaction mechanism. The good correlation between theory and experiment
constitutes support for validity of the reaction mechanism proposed in the preceding chapter.

The exchange current densities i, extracted from the impedance measurements are similar
to the values obtained for i, from steady-state polarization measurements, and are much lower for
Rh/TiO,/YSZ than for Rh/YSZ, indicating that the former catalyst is more highly polarizable.

The agreement between the exchange current values obtained from steady-state polarization and
impedance techniques is satisfactory. The difference in exchange currents found between the two
catalysts is in good accord with the results of electrochemical promotion found for Rh/YSZ and

Rh/TiO,/YSZ, where with the same applied current, a higher catalyst potential was observed for
Rh interfaced with TiO, than for Rh/YSZ (see Chapter 8).

Verifying the mechanism of electrochemical promotion was the topic of the second part of

Chapter 6. To this end impedance measurements at Rh/YSZ and Rh/TiO,/YSZ were performed

under polarization. At overpotentials of |n| > 10 mV, only the anodic or the cathodic process will
take place at the Rh electrode.

Under positive polarization a process of backspillover occurs in addition to oxygen evolu-
tion (Egs. (10.4) and (10.5)) in the system Rh/solid electrolyte. Applied positive potentials lead to
oxidation of oxygen ions at the three-phase boundary as well as to some charge injection into the
metal surface that is exposed to the gas phase. This positive surface charge will induce migration
of oxygen ions from the YSZ and formation of an overall neutral double layer, an “effective elec-
trochemical double layer”, at the metal/gas interface. Under negative polarization, oxygen is
reduced at Rh/YSZ, a process that includes dissociative adsorption of atomic oxygen at the gas-
exposed Rh surface, followed by its diffusion to the three-phase boundary (MEG) and further to
the Rh/solid electrolyte two-phase boundary where charge transfer then takes place.

Interesting observations were made concerning the behaviour of the double-layer and
adsorption capacitances at the Rh/YSZ electrode (Fig. 10.1). The double-layer capacitance
remains almost constant when a positive or negative potential is applied, while the adsorption
capacitance significantly increases upon positive polarization, but remains constant upon negative
polarization. These results are evidence for formation of an “effective double layer” across the

entire gas-exposed electrode surface. The capacitance of this metal/gas double layer had values
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much higher (100 - 300 pF/cm? in order of magnitude) than that of the metal/solid electrolyte
double layer (0.4 - 2 uF/cmz).

The values of the two capacitances are related to Ng, the gas-exposed surface area of the
electrode, and to N, the “surface area” of the three-phase boundary, by Eq. (6.39) of Chapter 6.
From impedance data it is then possible to calculate the length of the tpb. The values obtained for
Nipp, are of the order of 1071% mol Rh/cm? electrolyte for Rh/YSZ, roughly a factor of 10% smaller

than N for which a value of Ng = 1.6 10® mol was found in Chapter 3, section 2.2, and corre-

spond to a “length”, /,, of several km per cm? of the solid electrolyte.

—— Cdl
- 250
2.8 = Ca
Ng g
= .
x =
- 18- C 10T
El O
(8]
08 T T T T 50
-0.2 -0.1 0 0.1 0.2

U,V

FIGURE 10.1. Values of double-layer and adsorption capacitances at Rh/YSZ calculated with the
equivalent circuit of Fig. 6.5, Chapter 6. Po, = 0.5 kPa, 7= 600 °C.

From impedance measurements at Rh/TiO,/YSZ, it was seen that strong polarization led to
changes in the reaction mechanism. Rhodium electrodes interfaced with TiO, yield more complex

spectra when polarized; the associated electrode processes merit further detailed examination.
Effects of metal-support interactions have been investigated, both at thin (40 nm) and at

thick (several um) Rh catalyst films supported on YSZ and TiO,/YSZ, using two model reac-
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tions: ethylene oxidation (Chapter 7: Promotion of Rh catalysts: Open-circuit ethylene oxi-
dation) and partial methane oxidation (Chapter 9: Promotion of Rh catalysts: Partial
methane oxidation at open and closed circuit). In these reactions, a sudden transition from a
region of high to a region of low reaction rates is observed to occur at these Rh catalysts with
increasing oxygen partial pressure. This sudden transition is accompanied by the formation of
rhodium surface oxide responsible for deactivation of the catalyst. A phenomenological model
was proposed (Chapter 7: Promotion of Rh catalysts: Open-circuit ethylene oxidation)
with the aim of explaining this deactivation of Rh catalysts during ethylene and methane oxida-
tion. This model is quite similar to the model proposed by Bolzonella et al (see Chapter 2, section
1.3), but in addition takes into account the external parameters that are responsible for surface
deactivation, and is able to explain the hysteresis of reaction rates often observed at Rh catalysts.

Two kinds of sites, activated (Rh-O,4) or nonactivated (Rh), are assumed to exist on Rh

metal. Their mutual transformation is a microscopic process described by the following reaction:

M M’ (10.6)

where M is a nonactivated site and M* is an activated site.
The activated site may contribute to the reaction rate » by generating a product C while

using up a reactant R, and then returns to its nonactivated state:

R+M —LspM+C (10.7)

Product C is supposed to leave the surface, and thus no longer to interact with the process
considered. The reactive transformation (10.7) can only occur when the activated site M* (Rh-
0,4) does not belong to the structure Z(p) deactivating the surface (Rh,0O5). The sites belonging to
the structure X(p) are called deactivated sites. The fraction p of activated sites is a function of time

written as:

L ka-p-k p-klp-P(p)] (10.)

This model is able to reproduce the hysteresis effects seen between forward and reverse

scans of an external parameter such as the partial pressures of reactants.
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The Rh/YSZ catalyst has a finite catalytic activity towards ethylene and partial methane

oxidation, only in reduced feeds having an excess of C,H, or CH,4. Once deactivated in an oxidiz-

ing gas mixture, this catalyst could not be reactivated by mere exposure to a reducing gas mixture.
According to the values of catalyst potential, deactivation is due to the formation of Rh surface
oxide poisoning the reactions.

A completely different behavior was exhibited by the Rh catalyst interfaced with TiO, dur-
ing ethylene and partial methane oxidation. Under working conditions, this rhodium catalyst
exists in two well distinguished surface states: active and inactive, both being stable under the
appropriate conditions. It could be demonstrated that a reactivation of deactivated (oxidized) Rh/

TiO,/YSZ catalysts is possible via a mere shift of the feed composition from lean to rich. Accord-

ing to the values of catalyst potential, the two states correspond to rhodium metal (active state)
and rhodium oxide (inactive state).

Thus, when Rh is in contact with TiO, a remarkable increase in catalytic activity and selec-
tivity of the Rh catalyst is seen with respect to CO and H, production. These improvements are
due to a lower stability of TiO,-supported Rh surface oxide against reduction to metallic Rh. This
promotion effect may be interpreted, either in terms of strong electronic-type metal-support inter-
actions or by a self-driven wireless (electroless) electrochemical promotion mechanism. In both
cases, the ultimate cause of promotion are different work functions of catalyst and support. Equi-
libration of the Fermi levels causes a weakening of the Rh-O chemisorptive bonds and facilitates
the reduction of oxidized surface sites.

These considations reveal the close analogy that exists between electrochemical promotion
of catalysis (EPOC) and strong metal-support interactions (SMSI), two phenomena that may be
considered as being functionally identical, and only operationally different. In partial methane

oxidation, when TiO, can be reduced by hydrogen produced during the reaction, even the opera-
tional difference vanishes under steady-state reaction conditions. The partly reduced titanium
oxide (TiO,) and the Rh metal form local galvanic cells TiO, TiO,Rh in which TiO, functions as
the electrolyte. In these cells, as shown in Fig. 10.2, the promoting o* species are slowly con-
sumed in the catalytic reaction occurring at the catalyst surface (the O are sacrificial promoters)
while spent 0% are continuously replenished via reduction of gaseous O, at the TiO,/gas (or

TiO,/gas) interface: a self-driven wireless EPOC mechanism.
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CH4+ 120,

FIGURE 10.2. Self-driven electrochemical promotion of partial CH, oxidation on Rh interfaced with
TiO,, with internal short-circuiting.

Electrochemical promotion of catalysis has been investigated on the basis of the same
model reaction of ethylene oxidation (Chapter 8. Electrochemical promotion: Closed-circuit eth-
vlene oxidation) and partial methane oxidation (Chapter 9: Promotion of Rh catalysts: Par-
tial methane oxidation at open and closed circuit). The electrochemical promotion of thin
(40-nm) Rh films prepared by sputtering has been demonstrated for the first time. The pro-

nounced electrophobic electrochemical promotion of C,H, oxidation on Rh observed on these

films is similar to that observed with thick Rh films.

When small anodic currents are applied to the Rh/YSZ catalyst, periodic oscillations of the
catalytic rate and catalyst potential occurring with a frequency that can be controlled electrochem-
ically are excited (Fig. 10.3). These oscillations can be interpreted in terms of the formation and
decomposition of rhodium surface oxide: minimum rates correspond to an oxidized Rh surface
(Rh oxide), maximum rates to reduced Rh catalyst (Rh metal). This phenomenon is fully reversi-
ble, and only observed under closed-circuit conditions. At the maximum of the oscillations, a rate
enhancement ratio of p = 52 and a faradaic efficiency of A = 1024 were found.

The results obtained for C,H4 oxidation over Rh nanofilm catalysts can be summarized as
follows: (i) Rate oscillations can be triggered by applied positive currents, only in the domain

where the catalyst exhibits bistability. At low PC2H4/ P02 ratios the applied currents do not lead to

rate oscillations. Under more strongly reducing conditions (high PC2H4 ), applied currents lead to

a dramatic increase in reaction rate. In this domain, the oscillations have a very small amplitude
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and almost die away. (i7) The frequency of the oscillations increases with increasing PC2H4/ P02

ratios, temperatures, and gas flow rates. (ii7) The catalyst potential and the rate of CO, production

exhibit synchronous oscillations while a decrease in catalyst potential always corresponds to an

increase in reaction rate. (iv) The Rh surface oxide is stable at given temperatures and gas compo-

sitions. When by anodic polarization and the concomitant o* supply to the catalyst, a weakening
of oxygen bonds to the rhodium surface is caused, the oxygen that had previously been associated

with Rh,O5; becomes available for the reaction with C,Hy, and this causes an abrupt decrease in
the PC2H4/ P02 ratio over the catalyst. When this ratio falls below some critical ratio
(PC2H4/ Poz)cm, formation of surface Rh,O5 will resume. However, this causes an increase in

the Py /P ratio due to extra consumption of gaseous O,, so the oxide becomes unstable
2774 2

again, and the cycle is repeated.
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FIGURE 10.3. Response of the catalytic rate (Part A) and of catalyst potential (Part B) of the Rh/YSZ
catalyst electrode to an applied anodic current step of +50 pA. 7= 350 °C. Gas composition: Py, = 0.41 kPa,

P; . =2 kPa. Flow rate: 200 mL/min.
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Catalysts Rh/TiO,/YSZ exhibit pronounced nonoscillatory electrochemical promotion;
their catalytic activity for C,H, oxidation can be reversibly enhanced by up to a factor of 80 by
applying a positive anodic current or potential (Fig. 10.4). The increase in oxidation rate is up to

2000 times larger than the rate of supply of 0% to the Rh catalyst electrode.
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FIGURE 10.4. Response of the catalytic rate (solid line) and of catalyst potential (dotted line) of the
Rh/TiO,/YSZ catalyst electrode to an applied anodic current step of +50 uA. T =350 °C. Gas composition: Py,

=0.4 kPa and P y; = 0.64 kPa. Flow rate: 200 mL/min.

That the polarizability of Rh/TiO,/YSZ catalyst electrodes is much higher than that of Rh/
YSZ catalyst elelctrodes, is in good agreement with the polarization and impedance measure-
ments (Chapters 5 and 6). It was found that the i, values at the Rh/TiO, interface were about
twice lower than those at the Rh/YSZ interface. The smaller exchange current density characteris-

tic of the Rh/Ti0,/YSZ interface leads to a higher faradaic efficiency, A (Table 10.1).

TABLE 10.1. Faradaic efficiencies and exchange current densities in the Rh/YSZ and Rh/TiO,/
YSZ systems at T =350 °C and P, ~ 0.5 kPa

Catalyst electrode A (Figs. 10.3 and 10.4) Iy, A
Rh/YSZ 1024 2.2%10-8
Rh/TiO,/YSZ 1791 1.2%10°8

The pronounced electrophobic behavior (p-values of up to 80) observed at both of the thin
Rh films (Rh/YSZ and Rh/TiO,/YSZ), which is semiquantitatively similar to that observed at

thick Rh/YSZ films, mainly depends on destabilization of surface Rh,O5 via repulsive lateral

interactions with the electromigrating backspillover O ions poisoning the catalytic reaction.
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Chapter 10 General discussion

At thick Rh catalyst films interfaced with TiO,/YSZ, an interesting behavior was observed

during partial methane oxidation (Chapter 9: Promotion of Rh catalysts: Partial methane
oxidation at open and closed circuit). In addition to the strong metal-support interactions,
this catalyst exhibits a pronounced “permanent” electrochemical promotion (Chapter 2, section
1.2), ie, under certain working conditions the catalyst can be activated, both by applying a posi-

tive or a negative current. At gas compositions close to stoichiometric (CHy : O, =2 : 1) and tem-

peratures between 500 and 600 °C, these Rh catalysts can exist in either of two stable states:
inactive (Rh oxide) and active (Rh metal), depending on the gas composition to which the catalyst
had been exposed in advance. It was found that positive as well as negative currents may lead to
activation manifesting itself in a large increase of the catalytic reaction rate and in the selectivity
for partial methane oxidation. This phenomenon is a typical example of permanent electrochemi-
cal promotion, inasmuch as after an interruption of the current the reactivated catalyst will remain
active indefinitely. With a stoichiometric feed composition at 550 °C a "permanent" rate enhance-
ment ratio of y = 11 and a CO selectivity of 45 % were obtained.

The results suggest that the mechanisms of reactivation by positive and negative currents
are different. It is believed that negative currents sustain the electrochemical reduction of rhodium
oxide, while positive currents cause breakup of the rhodium surface oxide due to weakening of
the rhodium-oxygen bond strength by accumulated backspillover oxygen at the gas-exposed cata-
lyst surface, just as seen in the reversible electrochemical promotion of catalysis with anodic cur-

rents.
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List of symbols

1. List of acronyms

DIMSI dopant-induced metal-support interaction
EIS electrochemical impedance spectroscopy
EP electrochemical promotion

EP, reversible electrochemical promotion
EP; irreversible electrochemical promotion
EPOC electrochemical promotion of catalysis
ME metal/electrolyte interface

MEG metal/electrolyte/gas interface

MG metal/gas interface

MSI metal-support interaction

NEMCA non-faradaic electrochemical modification of catalytic activity
rds rate determining step

SEM scanning electron microscopy

tpb three-phase boundary

TPD temperature programmed desorption




List of symbols

SMSI
XPS
YSZ

strong metal-support interaction
x-ray photoelectron spectroscopy

yttria-stabilized zirconia

2. Roman symbols

Symbol

Meaning

constant of Warburg impedance
concentration

adsorption capacitance

double layer capacitance

double layer capacitance at anode
double layer capacitance at cathode
diffusion coefficient

catalyst dispersion

apparent activation energy

Fermi level

electrostatic energy

phasor of the electrode potential
elementary charge
Faraday constant

current

exchange current

phasor of applied current
current density

echange current density

intermediate species

1.602 10°1° C

96485 C mol’!
A
A

A

Acm”

Acm”




Roman symbols

ro

Ar

imaginary number

rate constant of formation of activated sites

rate constant of formation of non-activated sites
reaction rate constant

three-phase boundary length

non-activated sites of Rh surface
activated sites of Rh surface
mass

Avogadro’s number

surface area of catalyst in mol

length of three-phase boundaries in mol

number of electrons taking part in the overall reaction

oxygen atom on a normal oxygen site

partial pressure

promotion index

fraction of activated sites at Rh surface
surface charge

gas constant

surface roughness parameter

resistance of electrolyte

charge transfer resistance

catalytic reaction rate under closed-circuit

catalytic reaction rate under open-circuit

reaction rate difference

rate of formation of promoting species

unpromoted catalytic rate per unit mass of the active catalyst
reaction rate of O consumption after EPOC

temperature

g
6.02:10%3mol"!

mol

mol

C

8.314JK 'mol™!
pm

ohm cm™

ohm cm™

mol O s}
mol O s}

mol O s™!

atoms s'1

mol O 57! g'1

mol O s™!

°C, K




List of symbols

time
geometric electrode surface area

selectivity of CO production
potential

potential difference between working and reference electrode
potential difference between working and counter electrode
change in catalyst potential

rate of atomic oxygen interfacial diffusion

oxygen vacancy in the lattice

convertion

mole fraction

admittance of electrode

imaginary part of impedance Z

real part of impedance Z

total impedance of electrochemical cell
Warburg impedance

real part of impedance Z

imaginary part of impedance Z

3. Greek symbols

Meaning

anodic transfer coefficient
cathodic transfer coefficient
adsorption of oxygen atoms

permanent rate enhancement factor

Units

mol cm”™

2




Greek symbols

n overpotential
0 surface coverage
A enhancement factor (Faradaic efficiency)
0, electrochemical potential
e chemical potential
p rate enhancement factor
2(p) deactivated surface structure
T time constant
O work function
AD change in work function
) inner potential
% surface potential
b4 outer potential
® angular speed
Subscripts
relative to anode
C relative to cathode
c related to catalyst
cc relative to charge current of cathodic process
ca relative to charge current of anodic process
fa relative to faradaic current of anodic process
fc relative to faradaic current of cathodic process
G gas
M metal
ME metal/electrolyte interface
MEG metal/electrolyte/gas interface
MG metal/gas interface
MSI metal-support interaction

semiconductor

eV

eV

eV
eV

rad™!




List of symbols

SB Schottky barrier
Superscripts
0 index for standard conditions
crit critical partial pressure of gas
m exponent in relation of exchange current and oxygen partial

pressure (Eq. 2.48)
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