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FOREWORD

I knew nothing of the work of C. G. Vayenas on NEMCA until the
early nineties. Then I learned from a paper of his idea (gas interface reactions
could be catalyzed electrochemically), which seemed quite marvelous; but |
did not understand how it worked.

Consequently, I decided to correspond with Professor Vayenas in
Patras, Greece, to reach a better understanding of this concept. I think that my
early papers (1946, 1947, and 1957), on the relationship between the work
function of metal surfaces and electron transfer reactions thereat to particles in
solution, held me in good stead to be receptive to what Vayenas told me. As
the electrode potential changes, so of course, does the work function at the
interface, and gas metal reactions there involve adsorbed particles which have
bonding to the surface. Whether electron transfer is complete in such a case, or
whether the effect is on the desorption of radicals, the work function
determines the strength of their bonding, and if one varies the work function
by varying the electrode potential, one can vary the reaction rate at the
interface. I got the idea.

After that, it has been smooth sailing. Dr. Vayenas wrote a seminal
article in Modern Aspects of Electrochemistry, Number 29, and brought the
field into the public eye. It has since grown and its usefulness in chemical
catalytic reactions has been demonstrated and verified worldwide.

Electrochemical Activation of Catalysis contains a very full and
detailed treatment of the mechanisms of electrochemical promotion. It is likely
to remain the standard work on this remarkable new technology; for who other
than the present authors will write a book with such a background of authority
in the field?

What impressed me particularly was the wealth of high standard
theoretical electrochemistry in discussions of the mechanism of NEMCA, for
one seldom sees publications showing so much erudition in the theory of
electrified surfaces. On the other hand, the book contains a very full treatment,
rich in examples, of the practical and experimental side of NEMCA and thus
will be attractive to the chemists and chemical engineers who serve in
corporate research laboratories. It is likely to lead to advances in industrial
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viii FOREWORD

techniques and its long term positive financial value would be difficult to
overestimate.

Thus, there is a great deal of substance to this book on the
electrochemical promotion of catalysis. But the joy is that it has been set down
in a very lucid way so that I seldom had to pause to scan a sentence a second
time for meaning.

NEMCA is a triumph, and the latest in a series of advances in
electrochemistry which have come about in the last 30 years, all of them
situations which are not obviously electrochemical. Examples include
corrosion, metabolism, and (part of) photosynthesis.

Greece, thus far, has shown a wealth of electrochemical talent, e.g., in
the work of Nikitas in adsorption studies, and the hope is that the excellent
contributions of Professor Vayenas and his colleagues will continue to flourish
and expand. Given this abundance of expertise and the improvement the new
method makes to chemical catalysis, I can only hope that Patras will continue
to garner the support that it so richly deserves from the rest of the world.

John O’M. Bockris



PREFACE

Electrochemical ~ promotion, or non-Faradaic  Electrochemical
Modification of Catalytic Activity (NEMCA) came as a rather unexpected
discovery in 1980 when with my student Mike Stoukides at MIT we were
trying to influence in situ the rate and selectivity of ethylene epoxidation by
fixing the oxygen “activity” on a Ag catalyst film deposited on a ceramic o*
conductor via electrical potential application between the catalyst and a counter
electrode.

Since then Electrochemical Promotion of Catalysis has been proven to be
a general phenomenon at the interface of Catalysis and Electrochemistry. More
than seventeen groups around the world have made important contributions in
this area and this number is reasonably expected to grow further as the
phenomenon of electrochemical promotion has very recently been found, as
analyzed in this book, to be intimately related not only to chemical (classical)
promotion and spillover, but also to the “heart” of industrial catalysis, i.e.
metal-support interactions of classical supported catalysts.

Sincerest thanks are expressed to Professor J.O.’M. Bockris, the leading
electrochemist scientist and educator of the 20th century, for inviting me
together with another electrochemist of comparable prominence, Prof. B.E.
Conway, to write a Chapter on NEMCA in “Modern Aspects of
Electrochemistry”, a Chapter which eventually grew into this book. There are
also several other individuals which I and my coauthors would like to thank
cordially. These include, in alphabetical order, Professor C. Comninellis, Dr.
G. Féti, Professor G. Haller, Dr. K. Howell, Dr. F. Kalhammer and Professor
R. Lambert for reading critically parts of the book and suggesting various
important improvements.

Looking back to the past, sincerest gratitude is expressed to my parents,
grandparents, daughters and other members of my family for their long love
and support. Also to my high school teacher Mr. S. Mantzaras and my PhD
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Thesis adviser and coadviser at the University of Rochester, Professors H.
Saltsburg and W.D. Smith who taught me the hard work and the joy of
research. Also to my excellent teachers J. Ferron and M. Feinberg at the
University of Rochester and to Gary Haller at Yale and Louis Hegedus, then
at W.R. Grace, both lifelong mentors and friends who introduced me into the
beauty of catalysis and into the art and hardship of technical writing. Also to
Jimmy Wei, Bob Reid and Fred Putnam at MIT who taught me a lot and
who, together with all the other ChE colleagues at MIT in the late seventies,
created a stimulating intellectual and personal environment.

Sincerest thanks are also expressed to Professor Dr. Lothar Riekert
from Mobil and U. Karlsruhe, a true thinker and lifelong mentor and friend
and also to my dear colleague Professor Xenophon Verykios at Patras who
first introduced me to the mysteries of metal-support interactions.

Many thanks are also expressed to Professors V. Sobyanin and V.
Belyaev at Novosibirsk and Dr. Anastasijevic now at Lurgi. Their groups
were the first (1990) to report NEMCA outside Patras. The “loneliness” of
NEMCA disappeared after a sabbatical year at Yale and our first joint
publication in this area with Gary Haller. I am indepted to him and his
excellent coworker Dr. Carlos Cavalca.

Cordial thanks are also expressed to Professor Richard Lambert and
Professor Christos Comninellis, a prominent surface scientist and a
prominent electrochemist whom I first met in 1993 and who both started
working enthusiastically with their excellent groups on NEMCA. The impact
that the groups of Comninellis and Lambert had in shaping electrochemical
promotion in the form we know it today was invaluable. They both brought
in numerous significant ideas described in this book.

Many thanks are also expressed to Professor Milan Jaksic who spent
years in our lab and played a significant role in our first aqueous and Nafion
NEMCA studies. And to Dr. P. Stonehart who from the USA kept sending
valuable samples and advice over the years. Also to Professors S. Ladas and S.
Kennou for their precious collaboration in the first XPS studies proving O
backspillover as the origin of NEMCA.

My coworkers and I feel deeply lucky and indebted to have met then Dr.
Fritz Kalhammer from EPRI. Not only was EPRI’s financial support
significant for strengthening our NEMCA work in Patras, but most
importantly, Dr. F. Kalhammer, a former student of G.M. Schwab, understood
and described NEMCA as deeply, eloquently and concisely as nobody, in my
opinion, had ever done before. Fritz’s continuing support and friendship is
gratefully acknowledged, as is that of Dr. H. Piitter of BASF, another
prominent electrochemist whose continuing collaboration is most valuable, as
is BASF’s, Dupont’s and EU’s continuing financial support.

Sincere gratitude is also expressed to my PhD students and postdoctoral
coworkers, as well as the students of other colleagues mentioned above who
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spent longer or shorter periods of time with us in Patras, building a good part
of the contents of this book. I am truly indebted to them. They all did a nice job
in establishing electrochemical promotion and elucidating various aspects of
solid state electrochemistry. In chronological order they are: Mike Stoukides
(MIT, now at U. Thessaloniki), Jim Michaels (MIT, now at Merck), Mark
Manton (MIT, now at Shell), Roger Farr (MIT), Jim Mulready (MIT), Pablo
Debenedetti (MIT, now at Princeton). And then at the U. Patras: Ioannis
Yentekakis, my coauthor of this book Symeon Bebelis, Stelios Neophytides.
Their three parallel PhD Theses in the late 80’s showed that NEMCA is a
general phenomenon not limited to any particular catalyst, solid electrolyte or
catalytic reaction. Equally grateful I am to those who followed: Panagiotis
Tsiakaras (now at the Univ. of Thessaly), Christos Karavassilis, E. Karasali,
my coauthor in this book C. Pliangos, Yi Jiang (now at Dalian), A. Kaloyannis,
M. Makri (now at U. Patras), C. Yiokari and my youngest coauthor D.
Tsiplakides whose PhD Thesis significantly enriched the NEMCA literature, as
did the Theses of Carlos Cavalca (Yale) and of Michel Marwood, E.
Varkaraki, J. Nicole and S. Wodiunig, all students of Professor Comninellis at
EPFL, who spent time in our lab and showed truly extraordinary abilities.
Equally indebted I am to my postdoctoral coworkers P. Petrolekas, O. Mari’na,
M. Marwood, C. Pliangos, M. Makri and S. Brosda who did a very nice job in
advancing various aspects of electrochemical promotion and in guiding our
younger PhD students G. Pitselis, C. Raptis, S. Balomenou, A. Giannikos, I.
Bafas, A. Frantzis, D. Polydoros, Th. Bathas, A. Katsaounis, I. Constantinou
and D. Archonta.

Sincerest thanks and gratitude are also expressed to Ms. Soula Pilisi,
our priceless secretary for more than ten years, who typed this book and
always worked diligently for our group in happy and in difficult times.

Costas G. Vayenas
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List of acronyms

AES
CSTR
ECP
EELS
EP
ESCA
G/P

HF
HOMO
HREELS
ICP

IR
LUMO
MSI
NEMCA

OCM
PC
PEEM
PPR
QMS
RPC
SCF
SEP
SERS
SOFC

Auger Electron Spectroscopy

Continuous Stirred Tank Reactor

Effective Core Potential

Electron Energy Loss Spectroscopy
Electrochemical Promotion

Electron Spectroscopy for Chemical Analysis
Galvanostat/Potentiostat

Hartree-Fock model

Highest Occupied Molecular Orbital
High-Resolution Electron Energy Loss Spectroscopy
In-situ Controlled Promotion

Infra Red spectroscopy

Lowest Occupied Molecular Orbital
Metal-Support Interaction

Non-faradaic Electrochemical Modification of Catalytic
Activity

Oxidative Coupling of Methane

Point Charge

Photo Electron Emission Spectroscopy
Potential Programmed Reduction

Quadrupole Mass-Spectrometer

Retarding Potential Curve

Self-Consistent Field

Solid Electrolyte Potentiometry

Surface Enhanced Raman Spectroscopy
Solid Oxide Fuel Cell
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NOMENCLATURE

STP Standard Temperature and Pressure

STM Scanning Tunneling Microscopy

TOF Turnover Frequency

TPD Temperature Programmed Desorption

UHV Ultra High Vacuum

UPS Ultra violet Photoelectron Spectroscopy

XPS X-ray Photoelectron Spectroscopy

YSZ Yttria-Stabilized Zirconia

abs absolute

ac, AC alternating current

cpd contact potential difference

dc, DC direct current

lhs left hand side

o.C. open circuit condition, I=0

max maximum value

pzc point of zero charge

rhs right hand side

rls rate limiting step

she standard hydrogen electrode

soe standard oxygen electrode

tpb three phase boundaries

List of Symbols

Symbol  Meaning Units

a denotes adsorbed species

ao oxygen activity Pa

A electron acceptor adsorbate

A solid electrolyte surface area m’

Ag solid electrolyte-catalyst interface area  m?®

Ag gas exposed catalytically active surface m’
area

C capacitance F

Ca Carberry number defined in Eq. (5.52)

Cq capacitance of the electrode/electrolyte F
interface

C surface concentration of backspillover mol/m?
species

Ci max maximum surface concentration of mol/m’

backspillover species
electron donor adsorbate



NOMENCLATURE

D

Debye

diffusivity of key reactant A

surface diffusivity defined in Eq. (5.6)
catalyst dispersion defined in Eq. (11.1)
thickness of the effective double layer
average grain size of electrode material

atomic diameter
energy
activation energy

catalytic activation energy
chemisorption bond strength

binding energy

binding energy of core level electrons
binding energy of core level electrons
of species in the electrolyte

denotes energy at

conduction band

activation energy of desorption
electrostatic energy defined

(7.21)
Fermi level (=11)
kinetic energy

denotes energy at top of valence band
electric field strength

electron charge
Faraday constant

contact factor defined in Eq. (3.23)

flow rate
frequency

rate of consumption of O% on the

catalyst surface

change in Gibbs free enthalpy
initial heat of adsorption

heat of adsorption
current
exchange current

exchange current density defined in Eq.

(4.6)

dimensionless current defined in Egs.

(11.23) and (11.32)

adsorption  equilibrium

electron acceptor A

bottom of the

1D=3.36:10*°C:m
m?/s
m?/s

m

m

m

kJ/mol
kJ/mol
kJ/mol
kJ/mol
kJ/mol
kJ/mol
kJ/mol

eV

kJ/mol
kJ/mol

eV

kJ/mol

eV

V/m
1.6:10" C
96484.6 C

cm’® STP/min
Hz
mol/m?s

kJ/mol

A/m?
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¢ tpb
¢ tpb, n

Nav

oxygen adsorption kinetic constant
Boltzmann constant

adsorption  equilibrium constant of
species j
kiloLangmuir

surface diffusion length

thickness of the catalyst film

distance between the centers of the
positive and negative charge in the
adsorbed dipole

three phase boundary length

normalized three phase boundary length
defined in Eq. (5.63)

Avogadro number

surface area of catalyst in mol

surface atom density of the catalyst
surface

length of three-phase-boundaries in mol
normalized length of three phase
boundaries defined in Eq. (5.63)
backspillover sodium ion

overall neutral backspillover sodium
species

number of electrons taking part in the
overall reaction

unit vector normal to the surface
adsorbed oxygen

oxygen ion on regular lattice site
oxygen ion

backspillover oxygen ion

overall neutral backspillover oxygen
species

total pressure

dipole moment, vector

dipole moment of the adsorbate in the
adsorbed state

initial dipole moment of the adsorbate
in the adsorbed state

promotion index defined in Egs (2.19)
and (4.34)

partial pressure

NOMENCLATURE

1.38:10% JJK

107 torr-s
m
m
m

m

m-l

6.023-10% atom/mol
mol
atom/m?

mol
mol/m?

Pa
Cm
Cm

Cm

Pa



NOMENCLATURE xvii

pa partial pressure of electron acceptor A Pa
Po partial pressure of electron donor D Pa
Pr partial pressure of reactants Pa
P partial pressure of species j Pa
pi; differential promotion index defined in
Eq. (4.35)
qj charge of species j C
qj+ positive partial charge of the adsorbate C
qj negative partial charge of the adsorbate C
R gas constant 8.31441 JK 'mol!
R index for reference electrode
R resistance Ohm
R, polarization resistance Ohm
r catalytic rate mol/s
te electrocatalytic rate mol/s
Ty unpromoted catalytic rate mol/s
Ar change in catalytic rate mol/s
To catalytic rate under open circuit mol/s
conditions, I=0
re preexponential factor mol/s
g preexponential ~ factor  under open mol/s
circuit conditions, I=0
AS entropy change Jmol 'K
S selectivity
Si(g) gas phase species S;
Sj(ad) adsorbed species S;
So initial sticking coefficient
T temperature K,°C
Tads adsorption temperature K
Tp peak temperature K
Te temperature of the isokinetic point K
TOF turnover frequency s
t time s
Uwc cell potential \Y
Ue cell potential under open circuit V
conditions
Uwr catalyst potential v
Uwr catalyst potential under open circuit V
conditions

AUwr change in catalyst potential \Y%



NOMENCLATURE

VZS oxygen vacancy in the lattice

W index for working electrode

wt% weight percent

X conversion

z distance m

Z impedance Ohm

Zim imaginary part of impedance Z Ohm

Zg, real part of impedance Z Ohm

Greek symbols

Symbol  Meaning Units

a NEMCA coefficient defined in Egs. (4.53)

g anodic transfer coefficient

o cathodic transfer coefficient

ay enthalpic coefficient defined in Eq. (2.23)

B heating rate K/s

Y permanent rate enhancement ratio defined in Eq.
(4.59)

) spreading length of the tpb zone on the electrode m
surface defined in Eq. (5.65)

o+ positive image charge, index for partially
positive charged species

6— negative image charge, index for partially
negative charged species

€9 dielectric constant, electric permeability of 8.85-10"2
vacuum C%J-m

n overpotential (FUwr- Uy =AUwr) \Y%

Nac activation overpotential \Y

Nc overpotential of the counter electrode C \Y%

TMeone concentration overpotential \"

Nohmic ohmic overpotential A"

e promotional effectiveness factor defined in Eq.
(11.25)

6 coverage

04 coverage of electron acceptor A

Op coverage of electron donor D

ONa linearized Na coverage scale defined in Eq.
(4.25)

6o oxygen coverage

0 coverage of promoting or poisoning species i

coverage of species j



NOMENCLATURE

8,
Aa

Ap

Ho,(8)
uij(a)
Hj(g)

£l =l

I
£

o (YSZ)

Boz (M)

=R

coverage of vacant sites

Faradaic efficiency defined in Eqs (4.19)

partial charge transfer coefficient of electron
acceptor A

partial charge transfer coefficient of electron
donor D

partial charge transfer coefficient of species j
defined in Eq. (6.49)

chemical potential

chemical potential of oxygen in the gas phase
standard chemical potential of adsorbed species j

standard chemical potential of specie j in the gas
phase (8;=0.5)

electrochemical potential of electrons
electrochemical potential of electrons in the
reference electrode

electrochemical potential of electrons in the
working catalyst-electrode

electrochemical potential of oxygen ions in YSZ

electrochemical potential of oxygen ions on the
gas exposed metal electrode surface

Fermi energy

preexponential factor in the Redhead equation
dimensionless distance, z/L

dimensionless potential (=FUwgr/RT) or work
function (=A®k,T, more generally
=A®lcosw/2dk,T) or (Eq. 6.37) dipole
moment (= aeny,Pi/e oky )

rate enhancement ratio defined in Eq. (4.33)

rate enhancement ratio due to metal-support
interactions defined in Eq. (11.2)

conductivity

conductivity preexponential factor

NEMCA time constant defined in Eq. (4.32)
promoter lifetime

scan rate in cyclic voltammetry studies

work function

extraction potential

work function of a metal surface at the point of
zero charge

Thiele modulus defined in Eq. (11.22)

kJ/mol
kJ/mol
kJ/mol

kJ/mol

kJ/mol
kJ/mol

kJ/mol

kJ/mol

kJ/mol

S/m

mV/s
eV

eV
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AdD change in work function defined in Eq. (2.21) eV
(0] Galvani (inner) potential \"
x surface potential A%
¥ Volta (outer) potential \Y

Subscripts
i index for promoter species, e.g. 0%, Na®*
index for adsorbed species

1
]
A electron acceptor adsorbate
C counter electrode
D electron donor adsorbate
E denotes electrode/electrolyte interface
G denotes electrode/gas interface
MSI metal-support interaction
P promoter adsorbate
R reference electrode
W working electrode
WC index for potential or resistance between working
and counter electrode
WR index for potential or resistance between working
and reference electrode
o index for open circuit conditions, I=0
Superscripts
° preexponential factor or initial dipole moment
* denotes p; value at rate maximum
Useful Constants
Symbol Meaning Value
e electron charge 1.602x10"° C
F Faraday’s constant 9.649x10° C mol’
h Planck’s constant 6.626x10 J s
k Boltzmann’s constant 1.380x10 J K
m, mass of electron 9.110x10° kg
m, mass of proton 1.673x10%" kg
Nav Avogadro’s number 6.022x10% mol™
£9 permittivity of free space 8.854x10™"2 C*°N''m?
0K absolute zero of temperature -273.15°C

n pi 3.14159265358979...
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XX1
Useful Unit Conversion Factors
Potential Length  Volume Mass Force Pressure Energy
1V Im 1m’ lg IN 1 Pa 171
11¢! 100ecm  1000dm® 102 kg 10°dynes 1 Nm? 107 ergs
1000 mm 1000 liters 107 bar 0.239 cal
10° ym 9.872x10%atm  6.242x10'% eV
10° nm 7.502x10" mmHg
100 A 7.502x10" torr

10'2 pm
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CHAPTER 1

INTRODUCTION, BRIEF HISTORY AND BASIC
CONCEPTS

1.1 THE PHENOMENON OF ELECTROCHEMICAL
PROMOTION

“I have already said, when engaged in reducing common and voltaic
electricity to one standard of measurement, and again when introducing my
theory of electrochemical decomposition, that the chemical decomposing
action of a current is constant for a constant quantity of electricity, not with-
standing the greatest variations in its sources, in its intensity, in the size of
the electrodes used, in the nature of the conductors (or non-conductors)
through which it is passed, or in other circumstances. ”

Michael Faraday, Philosophical Transactions of the Royal Society, 1834

With these lines M. Faraday summarized his pioneering work on “electro-
chemical decomposition” and formulated his famous law which quantified
and essentially defined the science and basic terminology (Figure 1.1) of
electrochemistry.! It was roughly one and a half century later, in the period
1981-1988,%" that it was found that electrochemistry can be used to activate
and precisely tune heterogeneous catalytic processes in a way which appears
to defy Faraday’s law for reactions with negative Gibb’s energy change, AG.

At that time it was first reported that the catalytic activity and selectivity
of conductive catalysts deposited on solid electrolytes can be altered in a
very pronounced, reversible and, to some extent, predictable manner by
applying electrical currents or potentials (typically up to + 2 V) between the
catalyst and a second electronic conductor (counter electrode) also deposited

1
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.f{AekTpov, and 0805, a way.

. &veo, upwards, and 6845, a way.

.KaTd, downwards, and 680g, a way.

. iAekTpOV, and AUw, solvo. Noun, electrolyte; verb, electrolyze.
. GViov, that which goes up. [Neuter participle.]

6.kaTI6V, that which goes down.

Ul W= W N

Figure 1.1. Basic electrochemical terminology as introduced by Faraday in ref. 1. Reprinted
with permission from the Royal Society.

on the solid electrolyte. The electrochemically induced catalytic rate increase
has been found to be up to 200 times larger than the catalytic rate without
current application, i.e. the effect can be quite large. Furthermore the rate
increase was found to be typically 10 to 10° times larger than the
electrochemical rate of supply of ions to the catalyst. According to Faraday’s
law the latter equals I/nF, where I is the applied current, n is the charge of
the ion being supplied to the catalyst via the solid electrolyte and F is
Faraday’s constant. Consequently the observed rate increase is strongly non-
Faradaic, i.e. it exceeds the steadsy—state rate increase anticipated from
Faraday’s law by a factor 10 to 10° i.e. the Faradaic efficiency, A, of the
process is 10 to 10°. Accordingly this effect has been termed non-Faradaic
electrochemical modification of catalytic activity (NEMCA effect). The
terms electrochemical promotion (EP), electrochemical promotion of
catalysis (EPOC) and in situ controlled promotion (ICP) have been also
proposed, as synonyms to the NEMCA effect, for the description of the
electrochemical activation of heterogeneous catalysis.

Although the term ‘“non-Faradaic” process has been used for many
decades to describe transient electrochemical processes where part of the
current is “lost” in charging-discharging of metal-electrolyte interfaces, in all
these cases the Faradaic efficiency, A, is less than 1 (100%). Furthermore
such “non-Faradaic” processes disappear at steady state. Electrochemical
promotion (NEMCA) must be very clearly distinguished from such transient
“non-Faradaic” processes for two reasons:

a. It does not disappear at steady-state.

b. It corresponds to Faradaic efficiencies well in excess of unity.

By 1988* it became obvious that the NEMCA effect, this large apparent
violation of Faraday’s law, is a general phenomenon not limited to a few
oxidation reactions on Ag. Of key importance in understanding NEMCA
came the observation that NEMCA is accompanied by potential-controlled
variation in the catalyst work function.® Its importance was soon recognized
by leading electrochemists,” ® surface scientists’ and catalysis researchers.'
Today the NEMCA effect has been studied already for more than 60
catalytic systems and does not seem to be limited to any specific type of
catalytic reaction, metal catalyst or solid electrolyte, particularly in view of
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Electrochemical Catalytic Oxidation
(Electrocatalytic) Rate r

Oxidation Current induced rate change
Rate r =l/nF Ar>>1InF

C,H4 +60% — CoHs +30; —

2CO; +2H,0+12e 2C0; +2H,0

Catalyst-electrode
Solid electrolyte
Counter electrode

0,(9)

Figure [.2. Experimental setup used in NEMCA experiments.
recent demonstrations of NEMCA using aqueous electrolyte solutions.'"
Practically all new text books on Electrochemistry''* or Catalysis” contain
a section on NEMCA or electrochemical promotion.

There is a wide variety of solid electrolytes and, depending on their
composition, these anionic, cationic or mixed conducting materials exhibit
substantial ionic conductivity at temperatures between 25 and 1000°C. Within
this very broad temperature range, which covers practically all heterogeneous
catalytic reactions, solid electrolytes can be used to induce the NEMCA effect
and thus activate heterogeneous catalytic reactions. As will become apparent
throughout this book they behave, under the influence of the applied potential,
as active catalyst supports by becoming reversible in situ promoter donors or
poison acceptors for the catalytically active metal surface.

In a typical NEMCA experiment the reactants (e.g. C;H4+0,) are co-fed
over a conductive catalyst which also serves, at the same time, as the
working electrode in a solid electrolyte cell:

gaseous catalyst - solid electrolvte counter  auxiliary
reactants working electrode Y electrode gas
(e,g. ZTOZ-Y203 (YSZ)
(e.g.C;H4+0O,, (e.g. Pt, Rh, Ag, IrO,) (0% conductor),
H,+0,) B"-ALO; (Na' conductor)) ~(©& P (€802

The experimental setup is depicted schematically in Figure 1.2. Upon
varying the potential of the catalyst/working electrode the cell current, I, is
also varied. The latter is related to the electrocatalytic (net-charge transfer)
reaction rate r. via re=I/nF, as well known from Faraday’s law. The
electrocatalytic reactions taking place at the catalyst/solid electrolyte/gas
three-phase-boundaries (tpb), are:

O™ (YSZ) — O(a) + 2¢ (1.1)
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CoH, + 60%(YSZ) — 2CO;, + 2H;0 + 12¢° (1.2)

for the case of YSZ (02' conductor) and
Na'(p"-ALO;) + ¢ — Na(a) (1.3)

for the case of B”-AlL,O; (Na® conductor), where O(a) and Na(a) denote
atomic oxygen and Na adsorbed on the catalyst surface. That the current, and
thus the electrocatalytic rate re, changes with changing potential, is well
known and well studied in electrochemistry. What was not known until
recently, and is somehow surprising at a first glance, is that the catalytic
rate, 1, of the catalytic (no net charge-transfer) reaction:

C,H, + 30, - 2CO, + 2H,0 (1.4)

taking place on the metal catalyst/working electrode will also change at the
same time and in fact that its change Ar can exceed Ar. = I/nF by several (1
to 5) orders of magnitude. Therefore each ion supphed by the solid electro-
lyte to the catalyst can cause many (up to 10°) gaseous molecules to react
catalytically. Thus, while in the case of YSZ solid electrolyte one might
expect that the extra supply of I/2F O% ions to the catalyst would cause a
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Figure [.3. Rate and catalyst potential response to step changes in applied current during C,H,
oxidation on Pt deposited on YSZ, an O conductor. T = 370°C, po,=4.6 kPa, Pcaus=0.36 kPa.
The catalytic rate increase, Ar, is 25 tlmes larger than the rate before current application, ry,
and 74000 times larger than the rate 1/2F, 1 of O* supply to the catalyst. N is the Pt catalyst
surface area, in mol Pt, and TOF is the catalytic turnover frequency (mol O reacting per
surface Pt mol per s). Reprinted with permission from Academic Press.
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catalytic rate increase, Ar, up to I/2F (if all o supplied to the catalyst were
reacting with C,H4 forming CO, and H,0), one finds that Ar can be several
orders of magnitude larger. An example is shown in Figure 1.3."°

“The seminal part of this contribution is that there is a non-Faradaic
catalysis, that the catalytic reaction of ethylene with oxygen occurs as well
and that it depends on the potential difference across the electrode”

J.O.M. Bockris, Electrochimica Acta, 1 9947

Despite the surprise caused by the first literature reports of such large non-
Faradaic rate enhancements, often accompanied by large variations in product
selectivity, in retrospect the existence of the NEMCA effect can be easily
rationalized by combination of simple electrochemical and catalytic principles.

As shown schematically in Figure 1.4, ions arriving under the influence
ofthe applied current or potential at the three-phase boundaries catalyst/solid
electrolyte/gas form there adsorbed species (O(a), Na(a)) which have only
three possibilities:

(a) Desorption to the gas phase

(b) Reaction with a coadsorbed species

(c) Migration over the entire gas-exposed catalyst electrode surface (spillover)
followed by possible desorption or reaction with coadsorbed species

It is clear that in case (a) the rate, r, of the catalytic reaction (e.g. CO
oxidation) will not be affected while in case (b) the rate increase, Ar, will at
most equal I/nF (e.g. direct reaction of O% with CO). In case (c), however,
the new species introduced electrochemically onto the catalyst surface will
interact with coadsorbed reactants and will change the catalytic properties
of the catalyst surface in an a priori unpredictable manner, which is
nevertheless not subject to Faraday’s law. Thus in cases (a) and (b) there will
be no NEMCA but in case (c) it is entirely logical to anticipate it. Even in
case (b) one may anticipate NEMCA, if the product remains on the surface
and has some catalytic or promotional properties.

The electrochemist reader will realize that cases (a) and (b) usually
correspond to small overpotential, i.e. small change in catalyst-electrode
potential with changing current. It is thus not accidental that NEMCA
appears only under conditions of significant (a few hundred mV) catalyst-
electrode overpotential AUwg. This, in solid state electrochemistry, usually
implies moderate (below 600°C) temperature. Under such conditions
experiment has shown that the work function of the gas exposed, i.e.
catalytically active, electrode surface changes significantly and up to eAUwg
with changing potential, manifesting the migration of ionic species from the
solid electrolyte onto the catalyst surface.
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(a) B
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Figure 1.4. Possible pathways of O(a) and Na(a) adsorbed species created at the three-phase
boundaries via application of electric current: (a) Desorption; (b) Reaction; (c) Backspillover.

Thus, as will be shown in this book, the effect of electrochemical
promotion (EP), or NEMCA, or in situ controlled promotion (ICP), is due to
an electrochemically induced and controlled migration (backspillover) of
ions from the solid electrolyte onto the gas-exposed, that is, catalytically
active, surface of metal electrodes. It is these ions which, accompanied by
their compensating (screening) charge in the metal, form an effective
electrochemical double layer on the gas-exposed catalyst surface (Fig. 1.5),
change its work function and affect the catalytic phenomena taking place
there in a very pronounced, reversible, and controlled manner.

Electrochemical promotion (NEMCA) bears several similarities with
electrolysis in the sense that potential application controls the rate of a
process. This is shown in Fig. 1.6, prepared by N. Anastasijevic, a member
of the team which made the first NEMCA observations with aqueous
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Figure 1.5. Schematic representation of a metal electrode deposited on a O*-conducting (left)
and on a Na'-conducting (right) solid electrolyte, showing the location of the metal-
electrolyte double layer and of the effective double layer created at the metal/gas interface due
to potential-controlled ion migration (backspillover).

solutions.'" But while in electrolysis or fuel cell operation potential controls
an electrocatalytic (net charge transfer) process the rate of which obeys
Faraday’s law, in the case of NEMCA, potential also controls the rate of a
catalytic (no net charge transfer) process the rate of which is not subject to
Faraday’s law. Which law(s) govern the dependence of this catalytic rate
enhancement on potential? How can we utilize this new phenomenon? These
are the main subjects of the present book.

Wagner was first to propose the use of solid electrolytes to measure in
situ the thermodynamic activity of oxygen on metal catalysts.'” This led to
the technique of solid electrolyte potentiometry.'® Huggins, Mason and Giir
were the first to use solid electrolyte cells to carry out electrocatalytic
reactions such as NO decomposition.'” ** The use of solid electrolyte cells
for “chemical cogeneration”, that is, for the simultaneous production of
electrical power and industrial chemicals, was first demonstrated in 1980.!
The first “non-Faradaic” enhancement in heterogeneous catalysis was reported
in 1981 for the case of ethylene epoxidation on Ag electrodes,”” but it was only

H 1 1
| Electrochemical Promation
(NEMCA) 2
4

Electrolysis

1234

Fuel Cells

Figure 1.6. Common features of Heterogeneous Catalysis, Fuel Cell operation, Electrolysis
and Electrochemical Promotion: 1. Solid state catalyst, 2. Adsorption, 3. AG < 0, 4. Yield
control via DC current or voltage application (Adapted from N. A. Anastasijevic).
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in 1988 that it was realized that electrochemical promotion is a general phe-
nomenon.*® In addition to the group which first reported the electrochemical
promotion effect,”® the groups of Sobyanin,>* Comninellis,”* Lambert,”> *°
Haller,”” *® Anastasijevic,” Stoukides,™ Smotkin,”" Imbihl,** Pacchioni,”
Bjerrum,* Lee,” Metcalfe,*® Janek® and Barbier™ have also made signifi-
cant contributions in this area.

The importance of NEMCA in electrochemistry, surface science and hete-
rogeneous catalysis has been discussed by Bockris,” Wieckowski,® Pritchard’
and Haber'® respectively. Electrochemical promotion, or NEMCA, has found
its position in recent years as a separate section in practically all new general
or graduate level textbooks on electrochemistry' ' and catalysis."

Detailed and shorter”™® reviews of the electrochemical promotion
literature prior to 1996 have been published, mainly addressed either to the
catalytic or to the electrochemical community. Earlier applications of solid
electrolytes in catalysis, including solid electrolyte potentiometry and
electrocatalysis have been reviewed previously. The present book is the first
on the electrochemical activation of catalytic reactions and is addressed both
to the electrochemical and catalytic communities. We stress both the
electrochemical and catalytic aspects of electrochemical promotion and hope
that the text will be found useful and easy to follow by all readers, including
those not frequently using electrochemical, catalytic and surface science
methodology and terminology.

1.2 BASIC CONCEPTS AND TERMINOLOGY

The reader must have already identified some of the basic concepts
which play a key role in understanding the electrochemical activation of
heterogeneous catalysis: catalysis, electrocatalysis, promotion, electro-
chemical promotion, spillover, backspillover. It is therefore quite important
to define these terms unambiguously so that their meaning is clearly
determined throughout this book.

Catalysis: By definition, a catalyst is a substance (in this book a solid)
which can accelerate the approach of a reactive gas mixture to equilibrium,
without itself being consumed in this process.

Throughout the book we use the terms catalysis, catalyst and catalytic
reaction referring to processes which do not involve any net charge transfer,
such as e.g. the oxidation of CO on Pt or the ammonia synthesis on Fe:

CO(g) + 1/2 Oy(g) i COx(g) (1.5)

Na(g) + 3Ha(g) — 2NHi(g) (1.6)
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Most industrial catalysts are supported, i.e. distributed in fine form (1-10
nm) on the surface of a porous, high surface area and usually inert support
(e.g. Si0,, y-ALO;, TiO,)."” In this book, however, we will deal quite often
with catalysts in the form of a porous film deposited on a solid electrolyte.

Electrocatalysis: Again by definition, an electrocatalyst is a solid, in fact
an electrode, which can accelerate a process involving a net charge transfer,
such as e.g. the anodic oxidation of H, or the cathodic reduction of O, in
solid electrolyte cells utilizing YSZ:

Ha(g) + O*(YSZ) i H,0(g) + 2¢ (1.7)

Pt
1/205(g) + 2¢ — O*(YSZ) (1.8)

Most of the electrocatalysts we will discuss in this book are in the form
of porous metal films deposited on solid electrolytes. The same film will be
also used as a catalyst by cofeeding reactants (e.g. C,H4 plus O,) over it.
This idea of using the same conductive film as a catalyst and simultaneously
as an electrocatalyst led to the discovery of the phenomenon of
electrochemical promotion.

Promotion: We use the term promotion, or classical promotion, to denote
the action of one or more substances, the promoter or promoters, which
when added in relatively small quantities to a catalyst, improves the activity,
selectivity or useful lifetime of the catalyst. In general a promoter may either
augment a desired reaction or suppress an undesired one. For example, K or
K,0 is a promoter of Fe for the synthesis of ammonia. A promoter is not, in
general, consumed during a catalytic reaction. If it does get consumed,
however, as is often the case in electrochemical promotion utilizing O
conducting solid electrolytes, then we will refer to this substance as a
sacrificial promoter.

The opposite of a promoter is a poison, i.e. a substance which hinders the
performance of a catalyst.

When a promoter is added continuously to the reactive gaseous mixture,
as e.g. in the case of a few ppm C,H,Cl, addition to C;H4 and O, during
C,H, epoxidation on Ag catalysts, this promoter (C;H,Cl,) is also sometimes
referred to as a moderator.

Promoters are usually added to a catalyst during catalyst preparation
(classical or chemical promotion). Thus if they get somehow lost
(evaporation) or deactivated during prolonged catalyst operation, this leads
to significant catalyst deterioration. Their concentration cannot be controlled
in situ, i.e. during catalyst operation. As we will see in this book one of the
most important advantages of electrochemical promotion is that it permits
direct in situ control of the amount of the promoter on the catalyst surface.
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The concept of a promoter can also be extended to the case of substances
which enhance the performance of an electrocatalyst by accelerating the rate
of an electrocatalytic reaction. This can be quite important for the
performance, e.g., of low temperature (polymer electrolyte membrane, PEM)
fuel cells where poisoning of the anodic Pt electrocatalyst (reaction 1.7) by
trace amounts of strongly adsorbed CO poses a serious problem. Such a
promoter which when added to the Pt electrocatalyst would accelerate the
desired reaction (1.5 or 1.7) could be termed an electrocatalytic promoter, or
electropromoter, but this concept will not be dealt with in the present book,
where the term promoter will always be used for substances which enhance
the performance of a catalyst.

Electrochemical promotion or NEMCA is the main concept discussed in
this book whereby application of a small current (1-10* pA/em®) or potential
(2 V) to a catalyst, also serving as an electrode (electrocatalyst) in a solid
electrolyte cell, enhances its catalytic performance. The phenomenology,
origin and potential practical applications of electrochemical promotion, as
well as its similarities and differences with classical promotion and metal-
support interactions, is the main subject of this book.

Spillover-backspillover: These terms originate from the catalysis and
surface science literature'” and denote migration of one or more species
between a catalyst and a support. Traditionally the term spillover refers to a
migration from the dispersed catalyst (e.g. Pt) o the support (e.g. TiO, ), while
the term backspillover denotes migration (e.g. of H or O atoms) from the
support to the metal catalyst. Spillover-backspillover phenomena have been
invoked, not always correctly, to explain various phenomena in heterogeneous
catalysis. It is only recently that spillover and backspillover have been
documented and studied, using in situ surface spectroscopic techniques. They
play an important role in several aspects of heterogeneous catalysis. They
certainly play a key role in electrochemical promotion, as documented by
several surface spectroscopic techniques including XPS, UPS and STM which
have shown clearly an electrochemically controlled reversible migration of
species (e.g. O%, Na) between solid electrolytes and metals deposited on
them. In accordance to the classical catalytic-surface science literature, we use
the term backspillover to denote migration from the support (solid electrolyte)
to the metal (catalyst) and the term spillover to denote migration in the
opposite direction, i.e. from the metal electrode surface to the solid electrolyte.

1.3 STRUCTURE OF THIS BOOK

Due to the interdisciplinary nature of electrochemical promotion, which
involves elementary but important concepts from at least five different fields
(catalysis, surface science, electrochemistry, solid state ionics, chemical
reaction engineering) we have structured the book in such a way to make it
possible for readers from all the above fields to follow the entire book.
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Thus Chapter 2 discusses the phenomenology and basic concepts of
classical promotion, a subject quite familiar to catalysis and surface science
researchers and graduate students, at a level which should be comfortable to
electrochemists, solid state ionics and chemical reaction engineering
researchers.

Chapter 3 discusses solid electrolytes and some of their early applications
in fuel cells and catalysis. This material is quite familiar to the solid state
ionics community but may be helpful to surface scientists, aqueous
electrochemists and chemical reaction engineers.

The reader already familiar with some aspects of electrochemical
promotion may want to jump directly to Chapters 4 and 5 which are the heart
of this book. Chapter 4 epitomizes the phenomenology of NEMCA, Chapter
5 discusses its origin on the basis of a plethora of surface science and
electrochemical techniques including ab initio quantum mechanical
calculations. In Chapter 6 rigorous rules and a rigorous model are introduced
for the first time both for electrochemical and for classical promotion. The
kinetic model, which provides an excellent qualitative fit to the promotional
rules and to the electrochemical and classical promotion data, is based on a
simple concept: Electrochemical and classical promotion is catalysis in
presence of a controllable double layer.

Chapter 7 introduces the concept of absolute electrode potential in solid
state electrochemistry. This concept has some important implications not
only in solid state electrochemistry but also, potentially, in heterogeneous
catalysis of supported catalysts.

Chapters 8 to 10 discuss the detailed phenomenology of electrochemical
promotion for the more than 60 catalytic reactions studied so far.

Chapter 11 analyzes the recently discovered mechanistic equivalence of
electrochemical promotion and metal-support interactions on ionic and
mixed conducting supports containing ZrO,, CeO, or TiO,. The analysis
focuses on the functional identity and operational differences of promotion,
electrochemical promotion and metal support interactions.

Chapter 12 discusses recent advances aiming at practical applications of
electrochemical promotion and summarizes in perspective the main findings
and future challenges.

In Appendix A the reader may want to test his understanding of the book:
Thirty-three important questions regarding electrochemical promotion
(collected during the last ten years in more than 100 presentations by the
authors in conferences and seminars) are posed and answered.

Appendix B answers the basic question: What materials and instruments
are needed to start electrochemical promotion experiments?

Appendix C provides a short profile of the main research groups working
already in this area.
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CHAPTER 2

PROMOTION IN HETEROGENEOUS
CATALYSIS

2.1 INTRODUCTION

Promoters play a key role in heterogeneous catalysis.' Their use is of
paramount importance in the design of successful commercial catalysts.>’
Broadly speaking they can be divided into structural promoters and
electronic promoters. In the former case they enhance and stabilize the
dispersion of the active phase on the catalyst support. In the latter case they
enhance the catalytic properties of the active phase itself. This stems from
their ability to modify the chemisorptive properties of the catalyst surface
and to significantly affect the chemisorptive bond strength of reactants and
intermediates. At the molecular level this is the result of direct (“through the
vacuum”) and indirect (“through the metal”) interactions."* The term “through
the vacuum” denotes direct electrostatic, Stark type, attractive or repulsive,
interactions between the adsorbed reactants and the local electric field created
by the coadsorbed promoter. The term “through the metal interactions” refers
to changes in the binding state of adsorbed reactants due to promoter-induced
redistribution of electrons near the Fermi level of the metal.

A classical example of promotion is the use of alkalis (K) on Fe for the
ammonia synthesis reaction. Coadsorbed potassium (in the form of K,0)
significantly enhances the dissociative adsorption of N, on the Fe surface,
which is the crucial and rate limiting step for the ammonia synthesis’ (Fig. 2.1).

There is a very rich literature and a comprehensive book’ on the role of
promoters in heterogeneous catalysis. The vast majority of studies refers to the
adsorption of promoters and to the effect of promoters on the chemisorptive
state of coadsorbed species on well characterized single crystal surfaces. A
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nice example’ is shown in Fig. 2.2 for the case of coadsorption of CO and K
on Pt(100). Increasing K dosing on the Pt(100) surface causes CO to desorb at
higher temperatures, i.e., it strengthens the Pt-carbon monoxide chemisorptive
bond. At higher K coverages a new chemisorption state appears corresponding
to dissociatively chemisorbed CO. The Pt- carbon bond has been strengthened
to the point that the CO bond has been broken.

In recent years both rigorous and semi-rigorous quantum mechanical
calculations have been used to enhance our understanding of chemisorption
and promotion on metal clusters and single crystal surfaces.®'?

Q@

Figure 2.1. Spatial distribution of the main orbitals of N, involved in molecular chemisorption
on iron promoted by potassium (K or K,0). Arrows indicate the direction of transfer of
electron density.’
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Figure 2.2. Thermal desorption spectra of carbon monoxide, measured mass spectrometically
at mass 28 (atomic units, a.u.), on a platinum (100) surface upon which potassium has been
pre-adsorbed to a surface coverage of 8x.” Reprinted with permission from Elsevier Science.



2. PROMOTION IN HETEROGENEOUS CATALYSIS 17

Significant progress has and is being made but it will certainly take many
years before such rigorous theoretical approaches can be used to compute
promoted reaction rates or to select actual promoters for practical applications.
There is little experimental or theoretical information regarding polycry-
stalline surfaces and about the effect of promoters on catalytic rates. Part of
this is due to the experimental difficulty of dosing catalyst surfaces with
promoters under realistic atmospheric or high pressure catalyst operating
conditions. One of the most attractive features of electrochemical promotion is
that it allows for controlled and reversible in situ introduction of promoters on
catalyst surfaces under catalytic operating conditions, and thus allows for a
detailed study of their kinetic effects on catalyst performance. Numerous
cases will be presented in this book.

2.1.1 Catalysis, Chemical and Electrochemical Promotion: An Example

The strength and interrelation of catalysis, classical promotion and
electrochemical promotion is illustrated in Fig. 2.3. The reaction under
consideration' is the reduction of NO by CO in presence of O,. This is a
complex reaction system but of great technological importance for the
development of efficient catalytic converters able to treat the exhaust gases
of lean burn and Diesel engines.

The main reactions are:

2CO+2NO — N,+2CO0, 2.1
CO+2NO — N,0 +CO, (2.2)
CO+1/20, —» CO, 2.3)

The desired product is Nz (vs N»O) and a good catalyst must not only
catalyze NO reduction at as low a temperature as possible (preferably below
200°C) but must also exhibit good selectivity to N,. The latter, Sy,, is
defined as:

SN2 = er /(er +rN20) (2.4)

Without a catalyst there is no N and CO, production below 600°C."
When using a polycrystalline Rh film of mass mg,=2 mg and surface area
Nri=10" mol one obtains the curve labeled “catalysis” in Fig. 2.3. It is worth
pointing out that Rh is the best known noble metal catalyst for NO reduction
due to its ability to chemisorb NO, to a large extent dissociatively. This Rh
film is deposited on YSZ (Y,Os-stabilized-ZrO,), an 0% conductor, but the
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Figure 2.3. Catalysis (Q), classical promotion ((J), electrochemical promotion (@,¢) and
electrochemical promotion of a classically promoted (sodium doped) (H,A) Rh catalyst
deposited on YSZ during NO reduction by CO in presence of gaseous O,.
temperature dependence of the catalytic rates and turnover frequencies of CO, (a) and N, (b)
formation under open-circuit (0.c.) conditions and upon application (via a potentiostat) of catalyst
potential values, Uyg, of +1 and v Reprinted with permission from Elsevier Science.

The Figure shows the

rate vs T curves in Fig. 2.3 labeled “catalysis” (open circles) have been
obtained under open-circuit (o.c.) conditions, i.e. without any current or
potential application. They thus reflect, to a large extent, the inherent
catalytic properties of Rh for NO reduction, without the aid of promotion or

electrochemical promotion.
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Electrochemical promotion of the unpromoted Rh/YSZ film, via
application of 1 or -1 V, leads to significant rate enhancement (tenfold
increase in rco,, four fold increase in rn, (filled circles and diamonds in Fig.
2.3). This is a catalytic system which as we will see in Chapters 4 and 8
exhibits “inverted volcano” behaviour, i.e. the catalytic rate is enhanced both
with positive and with negative potential.

Then the same Rh film has been classically promoted by depositing on its
surface 1pl of a 10> N NaOH solution followed by drying and thorough H,0
evaporation in a classical “dry impregnation” process. The resulting
promoted Rh film exhibits now a dramatic enhancement in its catalytic
performance, as shown by the curves labeled “classical promotion™ in Figure
2.3 (open squares). Its “light-off” temperature has been decreased by 150°C
and the N, selectivity, Sy,, has been enhanced. Therefore sodium (or NaOH)
is an excellent promoter of Rh for this catalytic system. Actually the idea to
use Na as a classical promoter of Rh for this reaction came directly from an
electrochemical promotion investigation of the same reaction on Rh films
deposited on B”-Al,0s, a Na” conductor. That study,'” as previous ones using
Pt films,'® had shown that sodium, electrochemically supplied, in the form of
Na*, to noble metal catalysts (Pt, Pd, Rh) enhances dramatically the catalytic
properties of the noble metal catalyst-electrode. The main reason is that Na
further enhances NO dissociation.”"’

Can one further enhance the performance of this “classically” promoted
Rh catalyst by using electrochemical promotion? The promoted Rh catalyst,
is, after all, already deposited on YSZ and one can directly examine what
additional effect may have the application of an external voltage Uyg (=1 V)
and the concomitant supply (+1 V) or removal (-1 V) of O* to or from the
promoted Rh surface. The result is shown in Fig. 2.3 with the curves labeled
“electrochemical promotion of a promoted catalyst”. It is clear that positive
potentials, i.e. supply of O™ to the catalyst surface, further enhances its
performance. The light-off temperature is further decreased and the
selectivity is further enhanced. Why? This we will see in subsequent
chapters when we examine the effect of catalyst potential Uwr on the
chemisorptive bond strength of various adsorbates, such as NO, N, CO and
O. But the fact is that positive potentials (+1V) can further significantly
enhance the performance of an already promoted catalyst. So one can
electrochemically promote an already classically promoted catalyst.

Why do negative potentials (Uwg=-1 V) fail to further enhance to any
significant extent catalyst performance of the promoted catalyst whereas the
unpromoted Rh catalyst is electrochemically promoted with both positive
and negative potentials? (Fig. 2.3). The answer will become apparent in
subsequent chapters: In a broad sense negative potential application is
equivalent to alkali supply on the catalyst surface. They both lead to a
substantial decrease (up to 2-3 eV) in the catalyst work function, @, aquantity
which as we will see, plays an important role in the description of promotion
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and electrochemical promotion. Consequently a metal catalyst, already
promoted with an alkali, and thus having already a low work function ®, can
only be marginally affected by negative potential application.

2.2 CHEMISORPTION AND CATALYTIC KINETICS

Catalysis and also promotion are intimately related to the phenomenon of
chemisorption. For a catalytic reaction:

A + B — products (2.5)

to take place on a catalyst surface it is necessary that at least one of the
reactants, and usually both, can chemisorb on the catalyst surface.

AR +M S A-M (2.6)

where M is a site on the catalyst surface.

The chemisorptive bond A-M is a chemical bond, thus chemisorption is
reactant- and catalyst-specific. The enthalpy, AH, of chemisorption is
typically of the order of -1 to -5 eV/atom (-23 to -115 kcal/mol,
leV/molecule=23.06 kcal/mol).

Langmuir was first to model chemisorption and to relate the surface
coverage, 04,0f an adsorbate A with the gaseous activity or partial pressure,
Pa, and temperature:

0a/(1-64) = ka(T)-pa 2.7

where ka(T) is the adsorption coefficient or adsorption equilibrium constant
of A on a specific substrate. Due to the exothermicity of chemisorption (AH
<0), ka is a decreasing function of temperature:

ka = exp (ASS /R) exp (-AHY /RT) (2.8)

where ASY (practically always > 0) and the AHY are the standard entropy and

enthalpy of chemisorption of A on a specific substrate. For the Langmuir

isotherm (Eq. 2.7) the standard state of the adsorbed state corresponds to 8,=0.5.
The assumptions made to derive the Langmuir isotherm (Eq. 2.7) are well

known: Energetic equivalence of all adsorption sites, and no lateral (attractive

or repulsive) interactions between the adsorbate molecules on the surface. This

is equivalent to a constant, coverage independent, heat (-AH) of adsorption.
For dissociative chemisorption, e.g.:

0;+2M 52 0-M (2.92)

or:
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H,+2M 5 2 H-M (2.9b)
the Langmuir isotherm becomes:

0% /(1-64)* =ka(T)pa (2.10)

where again ka(T) and thus AH, are coverage-independent.
For associative (not dissociative) coadsorption of A and B on a catalyst
surface the Langmuir isotherm takes the form:

0a = kapa /(1+kapatkaps) (2.11)

0 = kgps /(1+kapatkeps) (2.12)

and this leads to the well known Langmuir-Hinshelwood-Hougen-Watson
(LHHW) Kkinetics for catalytic processes.'® For example when the rate
limiting step of a catalytic reaction is the surface reaction between
coadsorbed A and B:

r = kp040s (2.13)
one combines equations (2.11) to (2.13) to obtain:
r=kekakspaps/(1+kapatksps)’ (2.14)

The LHHW kinetics represent a large oversimplification but,
nevertheless, constitute a first step in quantifying catalytic kinetics.

There are several reasons for deviations from the LHHW Kkinetics:
Surface heterogeneity, surface reconstruction, adsorbate island formation
and, most important, lateral coadsorbate interactions.'® ' All these factors
lead to significant deviations from the fundamental assumption of the
Langmuir isotherm, i.e. constancy of AH, (and AHg) with varying coverage.

Calorimetric chemisorption studies have clearly shown that even on
single crystal surfaces —AHu varies with 84. Usually (-AH,) decreases with
04 and this implies repulsive lateral interactions between the coadsorbed A
molecules. In the simplest case of a linear variation:

(-AHa) = (-AHa 0)-004 (2.15)
one can derive, as an approximation, the Temkin isotherm:
0a = kaln(Cppa) (2.16)

where k, and C, are constants.
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This type of isotherm is more realistic for describing chemisorption at
intermediate 8, values but quickly leads to mathematically cumbersome or
intractable expressions with many unknown parameters when one considers
coadsorption of two gases. One needs to know how -AH, is affected both by
8x and by the coverages of all other adsorbates. Thus for all practical
purposes the LHHW Kkinetics represent even today the only viable approach
for formulating mathematically tractable, albeit usually highly inaccurate,
rate expressions for catalytic kinetics. In Chapter 6 we will see a new,
“medium field” type, approach which generalizes the LHHW kinetics by
accounting also for lateral interactions.

2.3 CATALYTIC KINETICS AND PROMOTERS

Despite the already discussed oversimplifications built into the Langmuir
isotherm and in the resulting LHHW Kkinetics, it is useful and instructive at
this point to examine how a promoter can affect the catalytic kinetics
described by the LHHW expressions (2.11) to (2.14).

A promoter is, first of all, just another adsorbate on the catalyst surface.
In a Langmuirian context it blocks sites. Thus if its coverage on the catalyst
surface is 6, the simplest LHHW rate expression (2.14) becomes:

r = (1-0,)krkskppaps/(1+kapa+kapg)’ (2.17)

Such an expression is sometimes found to provide an adequate
description of catalyst poisoning, i.e. the reverse of promotion. But for a
promoter, i.e. a coadsorbate which enhances r, it is clear that at least one of
the following two events must happen:

(a) The promoter increases the intrinsic rate constant k.
(b) The promoter affects ka and kg.

Although an increase in kg, perhaps accompanied by the creation of new
catalytic reactions sites, might at first glance appear to be the most probable
and common reason of the promoting action (mechanism (a)) the experi-
mental promotional kinetics (both from the classical and the electrochemical
promotion literature) presented in this book show that mechanism (b) is at
least as important as mechanism (a). Thus upon adding promoters on catalyst
surfaces the catalytic kinetics usually change dramatically and the kinetic
order of the reaction with respect to the reactants partial pressures,
(Or/0pa)p, and (Or/Opg),, , change drastically between positive, zero and
negative values. This cannot be accounted by changes in kg and implies
drastic effects of the promoter on the reactant adsorption equilibrium
constants ka and kg.

It therefore becomes important first to examine the chemisorption of
promoters on clean catalyst surfaces and then to examine how the presence
of promoters affects the chemisorptive bond of catalytic reactants.
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2.4 INTERACTIONS OF ADSORBATES ACTING AS PRO-
MOTERS OR POISONS WITH CATALYST SURFACES

24.1 Definitions

As already discussed in Chapter 1, a promoter is a substance which when
added to a catalyst, usually on its surface, enhances its catalytic performance,
i.e. it increases the rate, r, of a catalytic reaction or the selectivity to a desired
product.

Thus denoting by 0, the coverage of the promoter on the catalyst surface
and by p; the partial pressures of reactants, j, of the catalytic reaction we can
formulate mathematically the above definition as:

. or . .
o >0 < p 1sa promoter — | <O<«&pisapoison (2.18)
2, ) 8, )
Pj P)
The promotional propensity of a promoter, p, can be quantified by
defining®® a promotional index, PI,, from:

PI, = (Ar/ro)/AB, (2.19)

where 1y is the unpromoted catalytic rate.

Thus the promotional index PI, is positive for promoters and negative for
poisons. In the latter case the definition of PI, coincides with that of the
“toxicity” defined by Lamy-Pitara, Bencharif and Barbier several years ago.*'
In the case of pure site-blocking it is PI,=-1. Values of P1,,_ up to 150 and of
PI s+ up to 6000 have been measured as we will see in Chapter 4.

Another useful parameter for quantifying the promotional action is the
promotional rate enhancement ratio, pp, which can be defined from:

Pp = 1/To (2.20)

Promotional rate enhancement ratio, p,, values of the order 10-100 are
rather common as one can see already from Figure 2.3.

2.4.2 Electropositive (Electron Donor) and Electronegative (Electron
Acceptor) Promoters

Adsorbates acting as promoters usually interact strongly with the catalyst
surface. The chemisorptive bond of promoters is usually rather strong and
this affects both the chemical (electronic) state of the surface and quite often
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also its geometry (surface reconstruction). In all cases significant changes
are observed in the work function, @, of the catalyst surface.

The work function, ®, of a solid surface, in eV/atom, is the minimum
energy which an electron must have in order to escape from the Fermi level,
Er, of that solid through that surface when the surface is electrically neutral.
More precisely @ is defined as the energy to bring an electron from the
Fermi level, Ep, at a distance of a few pum outside the surface under
consideration so that image charge forces are negligible. Clean metal
surfaces have work function, ®,, values ranging from 2 eV for alkalis to 5.5
eV for noble transition metals such as Pt. For the same solid, @y can also
vary, up to 1eV, from one crystallographic plane to another.

Depending on the change a promoter induces on the work function, @, of
a catalyst surface, a major distinction can be made between electropositive
(electron donor) and electronegative (electron acceptor) adsorbates.

Electropositive adsorbates cause a decrease in the work function, @, of
surfaces while electronegative adsorbates increase ®. The variation in © with
the coverage, 0;, of an adsorbate is described by the Helmholtz equation:

AD = CNM

PAG; (2.21)

0

where €=1.6:10" C, £,=8.85-10™" CZ/J-m, N is the surface atom density
(atom/m?) of the surface under consideration and P; (C'm) is the dipole
moment of adsorbate j in the adsorbed state. Typlcally P; is of the order of
10 Cm or 3D (Debye). The Debye unit, D, equals 3. 36 10%° C'm. The
dipole moments of adsorbates, Pj, are taken by convention positive in this
book when the adsorbate dlpole vector, PJ, is pointing to the vacuum
(electronegative adsorbates, e.g. 0%) and negatlve when P; is pointing to the
surface (electropositive adsorbates, e.g. Na®").

2.4.3 Electropositive Promoters: Alkali Metals

Alkalis are the most important electropositive promoters of metal and
metal oxide catalysts. They are used in many important industrial catalysts
but are also quite suitable for fundamental studies since they can be easily
introduced under vacuum conditions on well-characterized model metal
surfaces.

Alkali metals are strongly electropositive elements with low (2-3 eV)
work function and low ionization potential. Upon adsorption on other metal
surfaces they cause a severe (up to 3 eV) lowering of the metal work
function, as already established by Langmuir in the early 1920’s.

The adsorption of alkali metals on single crystal surfaces can result in the
formation of ordered structures (commensurate or incommensurate super-
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structures) with or without surface reconstruction of the substrate. The actual
form of these structures depends mainly on the adsorption temperature, the
geometric and electronic structure of the surface and the alkali coverage,
which controls the antagonistic action of adatom-adatom (Madelung type)
and adatom-surface interactions. Alkali metal multilayers can also be built on
catalyst surfaces when the surface temperature is lower than the sublimation
temperature of the alkali metal.

The adsorption of alkali metals on both transition and free-electron
metals is accompanied by distinctive changes in the work function of the
metal. These changes reflect the interaction of the adsorbed alkali atoms
with the substrate surface and with the other adatoms within the adsorbate
overlayer. A very typical example is shown in Figure 2.4, which depicts the
effect of alkali coverage on the change A® in the work function of Ru(0001)
and Ru(1010) single crystals.”? For low alkali metal coverages a strong
initial decrease of the ruthenium work function (by almost 4 eV) is observed,
followed by a work function minimum at an alkali coverage, B,x, of the
order of 0.25 and by an increase to a work function value corresponding, at
6.%1, to near bulk alkali metal work function. This behavior is general for
all transition metal surfaces and independent of temperature for adsorption
temperatures below the onset of desorption of the first alkali layer.°®

Using the Helmholtz equation (2.21) and the initial A® vs By slopes of
Fig. 2.4 one computes alkali initial dipole moments P; as high as 15 D.

1. K/Ru(0001)
2. Cs/Ru(0001)
_, 3. K/Ru(1070)
12 4, Cs/Ru(1070)
r
>
[:4]
a2
Q
36
‘45 n 1 i | I 1 i 1
0 15 3 45 6 75

Alkali coverage / (104 atom/cm?)

Figure 2.4. Work function_changes, A®, as a function of K and Cs coverages for Ru(0001)
(1 and 2) and for Ru(1070) (3 and 4).% Reprinted with permission from Springer-Verlag
GmbH & Co.
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On the contrary, for electron-free metals (e.g. Al) the A® vs B, plots are
temperature dependent™ (Fig. 2.5). For sufficiently low adsorption tempera-
tures (e.g. 100 K) the A® vs 8, plots are similar to those obtained on
transition metal surfaces. But for higher adsorption temperatures (e.g. 350 K,
Fig. 2.5) the characteristic minimum disappears and a second straight line
segment appears, due to two-dimensional condensation of the alkali
adspecies.”” The initial dipole moments are quite high (Fig. 2.5) but generally
smaller than the ones on transition metal surfaces. For example the initial
dipole moment of Na on Al(111)is 1.6 D vs 5.3 D for Na on Pt(111).%**

ol i} K / Al(100)
\ (a) 0 100 K
- %ﬁﬂ A 350 K
3

-A® eV

0 0.1 0.2 03 04 135 7 9
Potassium coverage , B¢

Na / Al(100)
» (b) 0 100 K
o © 350 K
s
5 1 n 1 e
q ‘\
| 3.20—/‘.‘ o o7
[e]
2 - “ionic
1 i 1 i 1 I | L 1 i | 1
0 0.1 0.2 0.3 0.4 05 1 2

Sodium coverage , By,

Figure 2.5. Potassium (a) and sodium (b) induced work function changes for adsorption at
100 K (open circles) and after annealing to 350 K or upon alkali adsorption at 350 K (open
triangles) on Al single crystals.”® Reprinted with permission from the American Vacuum
Society.
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Figure 2.6. Effect of alkali coverage on (a) the alkali adatom dipole moment and alkali
desorption energy (b) for Na, K and Cs adsorbed on Ru (0001) and corresponding effect of
work function change Ad on the alkali desorption energy (c).® Reprinted with permission
from Elsevier Science.

On the basis of the dipole moment, Py, values computed from the
Helmholtz equation (2.21) and the alkali ion radius one can estimate the
effective positive charge, q, on the alkali adatom, provided its coordination
on the surface is known. Such calculations give q values between 0.4 and 0.9
e (e.g. 0.86e for K on Pt(111) at low coverages) which indicate that even at
very low coverages the alkali adatoms are not fully ionized.’ This is
confirmed by rigorous quantum mechanical calculations.”"**

The strength of the metal-alkali chemisorptive bond is also decreased
significantly with increasing alkali coverage. The activation energy for alkali
desorption, Eg4, can be obtained from the standard Redhead-Madix-Falconer
analysis™ of temperature programmed desorption (TPD) spectra obtained at
different heating rates f:
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In(B/T3)=In(RvOy~ /Eq)~Eq4/RT, (2.22)

where Tjis the peak adsorption temperature, v is the preexponential factor
for desorption, n is the desorption order and 8y is the initial coverage. Thus
upon plotting In(f/ T ) vs 1/T, one can easily obtain Eq4, which practically
also equals minus the enthalpy AH of alkali adsorption. As shown in Figure
2.6 b increasing 0 causes a significant decrease in Eq. This is due primarily to
the repulsive lateral interactions between the alkali adatoms. Upon plotting
the E4data vs work function @ (Fig. 2.6c) a linear variation is observed with
a positive slope. As we shall see below and throughout this book this type of
behaviour is quite common and reflects strong lateral repulsive interactions
between the adsorbed atoms.

The strong lateral repulsive interactions between the adatoms favours
uniform distribution of alkali promoters on catalyst surfaces and formation
of ordered structures. Such an ordered structure is shown in Figure 2.7 for
the case of Na adsorption on a Pt single crystal surface consisting mostly of
Pt(111) terraces covered by an O(2x2) overlayer at room temperature in
ambient air.”” The spheres covering the terraces correspond to Na adatoms at
a coverage near 0.01 which have been introduced electrochemically to the Pt
surface by interfacing the Pt single crystal with B”-ALO;, a Na'
conductor.”®' Only the Na adatoms are to be seen in this STM (Scanning
tunneling microscopy) image, not the underlying Pt(111)-(2x2)-O adlattice
which we shall see in more detail in Chapter 5. The Na adatoms form an
ordered Pt(1 1 1)-(12x12)-Na adlayer where each Na adatoms is at a distance
of 33.6 A from its nearest neighbors. It is noteworthy that the Na adlayer
appears dense although it corresponds to a coverage of less than 0.01
(1/144). This implies that each Na adatom affects the electron distribution in
several neighboring Pt atoms, as well as in the underlying (2x2)-O adlattice.
Thus the effect of alkali adsorption can be a long-range effect, extending
over more than 12 neighboring substrate atoms, as also manifest by IR
spectroscopy,” photoemission spectroscopy of noble gases (Xe)” and by
electrochemical promotion, kinetic data.® There are also several
theoretical studies supporting this view.”

On corrugated surface planes, thus also on real catalysts, non-uniform
distribution of the alkali species can also be observed, accompanied by
formation of islands of ordered structure domains. This has been confirmed
by work function and LEED data’ but also by STM™* as shown in figure
2.8. This image has been obtained on a Pt(111)-(2x2)-O adlattice surface
partly covered by the ordered Pt(111)-(12x12)-Na adlayer under transient
conditions of electrochemical Na removal from the Pt surface. Three
different surface domains are clearly visible, one corresponding to the
Pt(11 1)-(12x12)-Na adlayer, another to the cleaned Pt(111)-(2x2)-O surface
and a third region corresponding to a higher coverage Pt(111) (+/3 x «/5 )-Na
overlayer.
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Figure 2.7. STM image (unfiltered) of a Pt single crystal surface consisting mainly of Pt(111)
terraces and covered by a Pt(111)-(12x12)-Na adlattice formed via electrochemical
Na' supply (from a B”-Al,0; Na' conductor interfaced with the Pt single crystal) 36 on a
Pt(111)-(2x2)-O adlattice. Each sphere on the image corresponds to a Na atom.”™*¢
Reproduced from ref. 36 by permission of The Electrochemical Society.

Figure 2.8. STM image (unfiltered) of a Pt(111) surface of a Pt smgle crystal interfaced with
B"-Al,0;, a Na* conductor showing different domains of Na coverage % The Pt(111)-(2x2)-O0
surface was initially covered by the Pt(111)-(2x2)-Na adlattice (domain A) and was
intentionally only partly electrochemically cleaned (via positive Uwg=1V potential
application and Na* removal into the B"-Al,0, Iattlce)30 leading to the formation of “clean”
domainsg_(domain B) and of higher Na coverage domains (domain C) corresponding to a
(v3 x+/3)-Na adlattice.
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Regardless of the exact extent (shorter or longer range) of the interaction
of each alkali adatom on a metal surface, there is one important feature of
Fig 2.6 which has not attracted attention in the past. This feature is depicted
in Fig. 2.6¢c, obtained by crossploting the data in ref. 26 which shows that the
activation energy of desorption, Eg, of the alkali atoms decreases linearly
with decreasing work function @. For non-activated adsorption this implies a
linear decrease in the heat of chemisorption of the alkali atoms |AH,4| (=Eq)
with decreasing ®:

AlAH,4 = ayAD (2.23)

where the parameter oy has in this case a value near 0.25 (Fig. 2.6¢). As will
become apparent in this book, equation (2.23) is of broad significance as it
approximates, in most cases with reasonable accuracy, the observed
variation in heats of adsorption of adsorbates (promoters but also catalytic
reactants and products) with varying catalyst surface work function. Several
examples will be seen in this Chapter but mostly in Chapters 4 and 5 where
it will also be seen (Chapter 4) that equation (2.23) can be derived by simply
taking into account the electrostatic (through the vacuum) interactions in the
adsorbed layer and that this linear behaviour is in good agreement with
rigorous quantum mechanical calculations using metal clusters (Chapter 5).

The parameter oy is positive for electropositive (electron donor)
adsorbates and negative for electronegative (electron acceptor) adsorbates.
Even when deviations from linearity exist, the main feature of Eq. (2.23)
remain valid and form the basis for understanding the main kinetic features
of classical and electrochemical promotion:

Increasing catalyst surface work function causes an increase in the heat
of adsorption (thus chemisorptive bond strength) of electropositive (electron
donor) adsorbates and a decrease in the heat of adsorption (thus
chemisorptive bond strength) of electronegative (electron acceptor)
adsorbates.

24.4 Electronegative Promoters

Electronegative promoters are less commonly used in industrial practice
than electropositive ones. There are several reasons for this. One main
reason is their strong adsorption on metal surfaces which often results in
extensive site-blocking.® The bond strengths of S, C, N and O on transition
metal surfaces are in general higher than 250 kJ/mol and often higher than
550 kJ/mol for C. In general the adsorbed electronegative additives on metal
surfaces are more stable than the corresponding bulk compounds. A second
reason, which will become apparent in Chapter 5 in conjunction with the
promotional kinetics, is related to the predominantly electron donor
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character of many, most, industrial feedstocks. Most studies of the bonding
and structure of electronegative additives on catalyst surfaces deal with P, C,
S and other chalcogens as they are the most common industrial catalyst
poisons.

There are, however, numerous cases where electronegative additives can
act as promoters for catalytic reactions. Typical examples are the use of Cl to
enhance the selectivity of Ag epoxidation catalysts and the plethora of
electrochemical promotion studies utilizing O” as the promotmg ion,
surveyed in Chapters 4 and 8 of this book. The use of O, O% or O” as a
promoter on metal catalyst surfaces is a new development which surfaced
after the discovery of electrochemical promotion where a solid O* conductor
interfaced with the metal catalyst acts as a constant source of promoting O
ions under the influence of an applied voltage. Wlthout such a constant
supply of O* onto the catalyst surface, the promoting o> species would soon
be consumed via desorption or side reactions. This is why promotion with
O* was not possible in classical promotion, i.e. before the discovery of
electrochemical promotion.

Electronegative adatoms cause significant changes in the metal surface
electronic structure, manifest as changes in the surface work function. In
general electronegative additives increase the work function of the metal
substrate. Typical examples are shown in Figures 2.9 and 2.10 for the
adsorption of Cl and coadsorption of Cl1 and O on the work function of
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Figure 2.9. Change of the work function (A®) with increasing chlorine concentration on an
initially clean Pt(111) surface at room temperature.37 Reprinted with permission from Elsevier
Science.
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Figure 2.11. Work function changes induced by S adsorption on Ni(100) and Pt(111)
surface.>*® Reprinted from ref. 6 with permission from Elsevier Science.

Pt(111).*” The increase in metal work function induced by electronegative
adsorbates (Cl, O, S, P, C) on metal surfaces is at most up to 1 eV and in



2. PROMOTION IN HETEROGENEOUS CATALYSIS 33

most cases below 0.5 eV, ie. significantly smaller in magnitude than the
work function decrease caused by electropositive adsorbates (e.g. alkalis
where A® reaches -3 V as already discussed). Thus the dipole moments of
electronegative adatoms are smaller, typically up to 2D. There are some
exceptions where the adsorption of an electronegative modifier induces a
negative work function change. This is shown on Figure 2.11 for the cases of
S adsorption on Ni(100) and Pt(111), where work function increase and
decrease upon sulfur adsorption is observed, respectively. Positive work
function change has also been observed for sulfur adsorption on Ni(111),
Mo(100) and Ru(0001), but in the vast majority of cases negative work
function changes are observed e.g. sulfur adsorption on Pt(100) and Pd
(111), as well as for other electronegative additives, e.g. Cl on W(110) and
W(211), N on W(100), I on W(100) etc.’

Since all electronegative additives are expected to behave as electron
acceptors, the observed positive work function changes have been explained
by taking into account not only the work function change due to the presence
of the adatom layer on the surface and the corresponding electrostatic
contribution with an electron coming out from the metal, but also the work
function change due to the interaction of the adspecies with the hybridized
surface d-p orbitals, that is the work function change due to internal
polarization. The adsorbate induced internal polarization work function change
(AD)iy is always small and in general insignificant compared to the work
function change (A®)ex corresponding to the electrostatic dipole moment
(the dipole moment due to charge transfer between the surface atoms and the
modifier adatoms). However, when the formation of the adsorption bond
involves a small charge transfer in the direction perpendicular to the surface
the contribution of (A®)ix may prevail, resulting in negative work function
change upon electronegative modifier adsorption. Alternatively such
anomalous work function changes may reflect surface reconstruction and/or
adsorption on sites slightly below the top metal atomic layer.

2.4.4.1 Structure of the Adsorbed Adatom Layer and Adatom Induced
Surface Reconstruction

As supported by the results of many single crystal studies using a variety
of surface science tec:hniques,39 electronegative additives show, in most cases,
a strong tendency towards formation of ordered structures on metal surfaces,
at submonolayer coverages, accompanied in certain cases by reconstruction of
the substrate. On low Miller index surfaces of transition metal single crystals
sulfur forms p(2x2) islands for coverages far below 0.25. As the coverage
increases, these islands grow forming either larger domains or domain
boundaries. At sulfur coverages higher than ~0.25, the c(2x2) and
(ﬁ xf3 JR30° overstructures appear. The appearance of these structures is
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usually associated with a complete deactivation of the catalyst surface. The
same ordered structures are formed in the case of other chalcogens (e.g Se and
Te) and halogen atoms (e.g. Cl and I). For other electronegative additives with
a smaller size, such as C, N and O, the same ordered structure p(2x2) is
observed up to coverages of ~0.25. In the case of these electronegative
additives substrate surface reconstruction can be induced at higher coverages.

Regarding the type of the adsorption sites, the general trend is that the
adsorption of electronegative additives takes place at the highest
coordination adsorption sites, e.g. on three-fold adsorption sites for (111)
planes or four-fold adsorption sites for (100) or (110) planes.® Deviations
from this general trend are encountered usually for systems where
reconstruction of the substrate or formation of bulk compounds takes place.
The number of the metal substrate atoms coordinated to the electronegative
adatoms, depends on the crystallographic plane and the type of the adsorption
site. The coordination state of the electronegative adatom affects its
chemisorptive bond strength and the corresponding bond length. The latter
tends to increase for higher adatom coordination numbers and in most cases is
shorter than the bond length in the corresponding bulk compound, indicating
a stronger adatom-metal surface bonding compared to the bulk compound.

The presence of electronegative adatoms on metal catalyst surfaces (e.g.
transition metal surfaces) may affect not only the electronic structure of
surface atoms close to them but also result, in many cases, in reconstruction
of the substrate surface. This adsorbate induced surface reconstruction is
favored at high coverages of the electronegative adatoms (in general, higher
than ~0.25) and on more open crystallographic planes, although strongly
bonded adatoms can induce reconstruction even of closed-packed surfaces
and at low coverages, as in the case of oxygen adsorption on Ru(001).*
Besides S and O, nitrogen and carbon atoms usually induce surface
reconstruction when adsorbed on transition metal surfaces. The tendency for
reconstruction is strongly dependent not only on the specific electronegative
adatom and metal surface, but also on surface orientation, temperature and
the presence of surface defects, such as steps, kinks etc, on which the
electronegative atoms are preferentially adsorbed. Adsorbate induced surface
reconstruction can result in the appearance of new active adsorption sites and
plays an important role in the interpretation of the catalytic properties of
metal surfaces, especially with respect to surface sensitive reactions. Besides
surface reconstruction and depending on the substrate and the electro-
negative modifier two- or three dimensional compounds (such as oxides,
sulfides or carbides) may also be formed at high adatom coverages and high
temperatures. In this case the catalytic properties of the substrate will be
closer to the ones of the formed compound.’
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2.5 ADSORPTION ON SURFACES MODIFIED BY
ELECTROPOSITIVE OR ELECTRONEGATIVE
PROMOTERS

The key of the promotional action is the effect of electropositive and electro-
negative promoters on the chemisorptive bond of the reactants, intermediates
and, sometimes, products of catalytic reactions. Despite the polymorphic and
frequently complex nature of this effect, there are two simple rules always
obeyed which can guide us in the phenomenological survey which follows in
this chapter.

Rule 1: Electropositive  (electron donor) promoters enhance the
chemisorption of electron acceptor adsorbates and weaken the
chemisorption of electron donor adsorbates.

Rule 2: Electronegative (electron acceptor) promoters enhance the
chemisorption of electron donor adsorbates and weaken the
chemisorption of electron acceptor adsorbates.

The rules are simple as long as we also keep site-blocking effects in mind
and as long as we can identify the electron acceptor or electron donor
character of the various adsorbates.

2.5.1 Adsorption of Gases on Surfaces Modified by Alkali Promoters

The interactions of various molecules and atoms with alkali-modified
surfaces are complex and depend on the type and coverage of alkali as well
as on the substrate. The presence of alkalis may influence the adsorption rate
and the maximum uptake of the surface, the stability of the adsorbed species,
the strength of intramolecular bonds, the strength of the bonds formed
between the adsorbed species and the substrate and the propensity for
dissociative adsorption. Furthermore compound-like surface species may be
formed between the adsorbed species and the alkalis, above a certain alkali
coverage. This critical alkali coverage corresponds to the right side of the
minimum observed in the work function vs alkali coverage plots (Fig. 2.4),
where the alkali overlayer becomes metal-like and the interaction (coupling)
with the surface becomes rather weak.

Most studies of the effect of alkalis on the adsorption of gases on catalyst
surfaces refer to CO, NO, CO,, O,, H; and N,, due to the importance of these
adsorbates for numerous industrial catalytic processes (e.g. N, adsorption in
NH; synthesis, NO reduction by CO). Thus emphasis will be given on the
interaction of these molecules with alkali-modified surfaces, especially
transition metal surfaces, aiming to the identification of common characteristics
and general trends.

2.5.1.1 CO Adsorption
Carbon monoxide is chemisorbed molecularly on some transition metals
but dissociatively on others. An approximate borderline can be drawn through
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Table 2.1. Dissociative (D) and molecular (M) chemisorption of CO on metal surfaces.

I11B IVB VB VIB VIIB VIII VIII VIII IB

Sc Ti Y Cr Mn Fe Co Ni Cu
D D M

' Zr Nb Mo Tc Ru Rh Pd Ag
D M M

La Hf Ta w Re Os Ir Pt Au
DM M M

the periodic table from cobalt in the first transition series, through rhenium
in the third. As shown in Table 2.1, metals to the right of this borderline
(such as Pt and Pd) tend to chemisorb CO molecularly under ordinary
catalytic reaction conditions, while those to the left (such as Fe and Mo )
tend to chemisorb CO dissociatively.

As shown in Figure 2.12, alkalis, such as K, have little effect on the total
saturation coverage of CO on transition metal surfaces, such as the Pt(111)
surface.*** They also have a small effect on the initial sticking coefficient*"**
(Figure 2.13) except at high K coverage (6x=0.44) where the rate of CO
adsorption decreases significantly. The CO coverage vs CO exposure
dependence at high (6x=0.44) alkali coverages indicates nucleation-
controlled CO adsorption kinetics suggesting that CO adsorption sites are
created by the interaction between CO and the dense alkali overlayer.

i
. Pt(111) + K+ CO
T=300K

§ o8

Q

[&]
@

o *
g 06 | ) =
o e

§ | WORES WA —_

= L] L

2 o4}

o

=2

©

w

(@]

O oz}

0 M 1 n 1 1 1
0 0.1 02 0.3 0.4

Potassium coverage , B¢

Figure 2.12. Effect of K coverage on the total saturation coverage of CO on Pt(111).42

Reprinted with permission from Elsevier Science.
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Figure 2.13. CO uptake curves for clean and K covered Pt(111) at 300 K.*""*2 Reprinted with
permission from Elsevier Science.

Although the saturation coverage and sticking coefficient of CO are
usually rather insensitive to alkali coverage, the latter has a pronounced
effect on the chemisorptive binding strength of CO as already shown in
Figure 2.2: Increasing alkali coverage causes a pronounced increase in the
bonding strength of CO which leads to enhanced CO dissociation even on
metals which normally chemisorb CO molecularly.

2.5.1.1.1 Alkali Effect on the CO Molecular Chemisorption.

The molecular chemisorption of CO on transition metals can be
considered to involve components of charge transfer in opposite directions.
Fig. 2.14 shows the spatial distribution of key orbitals involved in this
chemisorption® and their energy in comparison with vacuum and with the
Fermi level of Pt(111)."" According to the well accepted Blyholder model,
the molecular chemisorption of CO on metal surfaces involves (i) transfer of
electron density from the 5¢ bonding orbital highest occupied molecular
orbital (HOMO) towards empty levels in the metal bands and (ii) transfer of
electron density in the reverse direction (backdonation) from the populated
levels in the vicinity of the Fermi level of the metal into the empty 2z*
antibonding orbital of CO. Since the 56 HOMO is essentially nonbonding,
due to its spatial distribution, and the 2x* lowest occupied molecular orbital
(LUMO) is strongly antibonding, the transfer of electron density that
accompanies CO chemisorption weakens the binding between the carbon and
oxygen atoms in the CO molecule but strengthens the carbon - metal bond by
increasing the shared electron density. The weakening of the carbon-oxygen
bond in the CO molecule due to chemisorption is manifest by a shift to lower
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Figure 2.14. The molecular orbitals of gas phase carbon monoxide. (a) Energy diagram
indicating how the molecular orbitals arise from the combination of atomic orbitals of carbon
(C) and oxygen (O). Conventional arrows are used to indicate the spin orientations of
electrons in the occupied orbitals. Asterisks denote antibonding molecular orbitals. (b) Spatial
distributions of key orbitals involved in the chemisorption of carbon monoxide. Barring
indicates empty orbitals.’ (c) Electronic configurations of CO and NO in vacuum as compared
to the density of states of a Pt(111) cluster." Reprinted from ref. 11 with permission from
Elsevier Science.

values (red shift) of the wave number corresponding to the stretching frequency
of this bond, e.g from 2143 cm™ in the gas phase molecule to 2100 em™ for
CO adsorbed on platinum.

The molecular chemisorption of CO on various alkali-modified metal
surfaces has been studied extensively in the literature. It is well established
that alkali modification of the metal surface enhances both the strength of
molecular chemisorption and the tendency towards dissociative chemi-
sorption. This effect can be attributed to the strongly electropositive character
of the alkali, which results in donation of electron density from the alkali to
the metal and then to the adsorbed CO, via increased backdonation into the
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antibonding 7* orbitals of the adsorbed molecule. The effect is pronounced
for transition metal surfaces, where the backdonation of the metal d-
electronic density to the 2n* antibonding orbitals of adsorbed CO is strong.

For alkali modified noble and sp-metals (e.g. Cu, Al, Ag and Au), where
the CO adsorption bond is rather weak, due to negligible backdonation of
electronic density from the metal, the presence of an alkali metal has a
weaker effect on CO adsorption. A promotional effect in CO adsorption
(increase in the initial sticking coefficient and strengthening of the
chemisorptive CO bond) has been observed for K- or Cs-modified Cu
surfaces as well as for the CO-K(or Na)/Al(100) system.6’43 In the latter system
dissociative adsorption of CO is induced in the presence of alkali species.*

The alkali-induced strengthening of the metal-CO bond is clearly manifest
by the alkali-induced changes in the peak temperatures of the CO temperature
programmed desorption (TPD) spectra. In general various additives (Na, K, Cs)
have the same effect on the CO TPD spectra, with the exception that the
amount of CO molecules affected by one alkali adatom seems to increase
moving from Na to Cs in the periodic system. Figure 2.2 shows TPD spectra of
CO, initially adsorbed at room temperature, on potassium modified Pt(100)
surfaces. The peak desorbed from the unpromoted platinum surface corres-
ponds to CO which has been chemisorbed molecularly. This kind of peak is
conventionally termed "a-peak". Within the lower range of potassium coverage
(6k) values, the a-peak shifts to higher temperatures, i.e. from 520 K for 8x=0
to 550 K for 8¢x=0.13. This indicates a significant strengthening in the platinum-
GO bond as the potassium coverage increases. This increase is also manifest
from HREELS*' and IR* spectra of adsorbed CO on alkali modified transition
metal surfaces, where the wavenumber corresponding to the carbon-oxygen
stretching frequency in the adsorbed CO decreases dramatically with increasing
alkali coverage, shifting to values lower than 1400 cm™ at high alkali coverages.

For coverages higher than the one corresponding roughly to the minimum of
work function vs alkali coverage plot (Fig. 2.4), a sharp peak to the right of the
a-peak appears. This new desorption state reflects the formation of compound-
like surface complexes of the type CO-K-Pt. Interestingly this desorption peak
appears in the range 640 to 680 K for most of the transition metals studied,
while coincident alkali metal and CO desorption is observed. The similarity in
the TPD peaks corresponding to this CO desorption state and to the alkali metal
as well as their unusually small half widths are indicative of a decomposition of
an alkali metal-CO- metal surface complex. Spectroscopic data corroborate this
conclusion, as the carbon-oxygen bond stretching frequency in the adsorbed CO
molecule becomes independent of CO coverage for near monolayer alkali
coverage, where it reaches its lowest value, i.e. ~1400 cm™.

From TPD data obtained at low CO coverages, it is possible to estimate the
initial heats of adsorption,*>* AHY,, of CO on alkali modified surfaces. Figure
2.15a shows the dependence of AH2, on alkali coverage, for CO adsorption on
alkali modified Ru(1010) It is clear that up to moderate alkali coverages the
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initial heat of adsorption of CO increases linearly with increasing alkali
coverage, while at higher coverages it reaches a plateau. This shows the streng-
thening of the molecularly adsorbed CO-transition metal bond with increasing
alkali metal coverage, in agreement with EELS and IR spectroscopic data.*!

Upon replotting the data of Fig. 2.15a in terms of the work function
change, A®, induced by the presence of the alkali (Na) promoter one obtains
Fig. 2.15b which shows a linear decrease in lAHgol with increasing @ and
conforms nicely to Eq. (2.23)

A|AH, |=anA® (2.24)

with an oy value of —0.2. This shows that CO behaves overall as an electron
acceptor, since its heat of adsorption decreases with increasing work function ®.

The last point is confirmed by measuring the work function changes upon
CO chemisorption on clean and alkali-promoted metal surfaces. Figures 2.16
and 2.17 show the work function changes induced by CO adsorption on a
K/Pt(111) and on a Na/Ru(1010) surface respectively, for various alkali
coverages.>®

The main features, which are common for all studies reported in literature,
irrespective of the behavior of the work function on CO coverage for the clean
surface, are: (i) For alkali coverages lower than the ones corresponding to the
minima in the work function vs alkali coverage plots, an increase of the
surface work function with increasing CO coverage is observed, proportional
to the initial alkali coverage, (ii) For higher alkali coverages, a relatively
weaker increase in the surface work function with increasing CO coverage is
observed , as well as a more complex behavior, corresponding to an initial
slight decrease of the work function for very low CO coverages.
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Figure 2.15. Dependence of the initial heats of CO adsorption. AHOCO , on the alkali coverage,
as estimated from the CO TPD spectra at very low CO coverages assuming invariable
frequency factor*>* (a) and on the corresponding work function change A®* (b). Reprinted
with permission from Elsevier Science.
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Figure 2.16. Work function changes versus CO exposure for clean and K-covered Pt(111) at
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The similar behavior observed for all CO-alkali-transition metal systems
indicates the same type of alkali-CO interactions, irrespective of the nature
of the transition metal. Interestingly these work function data confirm that
adsorbed CO on alkali modified transition metal surfaces shows overall the
behavior of an electron acceptor molecule.

Besides the effect of the presence of alkali on CO adsorption, there is also a
stabilizing effect of adsorbed CO on the adsorption state of alkali. Within the
high alkali coverage range the number of CO molecules adsorbed on promoted
surface sites becomes practically equal to the number of alkali metal species
and their properties are not dependent on the CO coverage. In this region CO
adsorption causes also stabilization of the adsorbed alkali, as indicated by the
observed high temperature shift of the onset of alkali desorption.

2.5.1.1.2 Alkali Effect on the Dissociative CO Chemisorption.

The dissociation propensity of chemisorbed CO on metal surfaces
depends largely on the substrate, reflecting not only the differences in the
strength of the metal-CO bond but also the differences in the energy of the
precursor state (molecularly adsorbed CO) and the final dissociation
products (carbon and oxygen). The promoting action of alkali metals for the
dissociative adsorption of CO is thus expected to involve both stabilization
of the molecularly adsorbed CO and a decrease in the activation energy for
dissociation of the molecularly adsorbed state. As the alkali-induced
weakening of the carbon-oxygen bond in the adsorbed CO does not vary
appreciably on different transition metal surfaces, the main differences
concerning the promotion of CO dissociation can be related with the stability
of the dissociation products on different substrates.

The alkali promotion of CO dissociation is substrate-specific, in the sense
that it has been observed only for a restricted number of substrates where CO
does not dissociate on the clean surface, specifically on Na, K,
Cs/Ni(100),”** Na/Rh* and K, Na/Al(100).” This implies that the
reactivity of the clean metal surface for CO dissociation plays a dominant
role. The alkali induced increase in the heat of CO adsorption (not higher
than 60 kJ/mol)*® and the decrease in the activation energy for dissociation
of the molecular state (on the order of 30 kJ/mol)*' are usually not sufficient
to induce dissociative adsorption of CO on surfaces which strongly favor
molecular adsorption (e. g. Pd or Pt).

2.5.1.2 CO; Adsorption

Alkali promoters are often used for altering the catalytic activity and
selectivity in Fischer-Tropsch synthesis and the water-gas shift reaction, where
CO, adsorption plays a significant role. Numerous studies have investigated
the effect of alkalis on CO, adsorption and dissociation on Cu, Fe, Rh, Pd, Al
and Ag®”* As expected, CO; always behaves as an electron acceptor.
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The adsorption of CO, on metal surfaces is rather weak, with the
exception of Fe, and no molecular or dissociative adsorption takes place at
room temperature on clean metal surfaces. At low temperatures, lower than
180 to 300 K, a chemisorbed CO3~ species has been observed by UPS® on
Fe(111) and Ni(110) surfaces, which acts as a precursor for further
dissociation to CO and adsorbed atomic oxygen. A further step of CO
dissociation takes place on Fe(111) above 300 to 390 K.

The presence of alkali species on metal surfaces causes a significant
enhancement of both the sticking coefficient of CO,, which reaches a value
of unity at moderate alkali coverages, and the adsorptive capacity of the
surface. Furthermore, it results in creation of new sites where CO, is more
strongly bound, i.e it enhances the stability of the chemisorbed CO3-
species and increases their propensity for dissociation. For example, on K-
covered Pd(100), the CO, TPD B-peak shifts gradually from 185 to 556 K as
the K-coverage, 6k, changes from 0.05 to 0.4. Furthermore, no CO,
dissociation is observed for 8¢ lower than 0.2, while for 6k higher than ~0.3 a
new CO, TPD peak is observed at 672 K, associated with a preceding CO,
dissociation on the metal surface.”” A similar effect of alkali-induced
stabilization of molecularly adsorbed CO, has beed reported for the K-
covered Rh(111) surface.

At high alkali coverages and elevated temperatures formation of new
intermediates and compound-like species has been observed as a result of
reaction of the CO, with the alkali overlayer. For example, on K-covered
Ag, HREELS and Raman spectra taken upon CO, adsorption at S0K show
strong evidence for the formation of binary surface compounds.” While at
low alkali coverages CO$ species are the ones most likely stabilized on the
alkali modified sites, at high alkali coverages, when the alkali overlayer
becomes metal-like, oxalate (C,03) and carbonate (COZ% )-like surface
compounds are formed . The formation of these compounds, which exhibit a
thermal stability similar to the one of the corresponding bulk compounds
decomposing with simultaneous evolution of CO, and alkali metal, results
also to stabilization of the adsorbed alkali state.

2.5.1.3 NO Adsorption

The effect of alkali addition on the adsorption of NO on metal surfaces is
of great importance due to the need of development of efficient catalysts for
NO reduction in stationary and automotive exhaust systems. Similar to CO,
NO always behaves as an electron acceptor in presence of alkalis.

2.5.1.3.1 Alkali Effect on the Molecular NO Chemisorption
The presence of alkali promoters on the substrate surface can affect both
the rate of chemisorption, (e.g. on K/Rh(100)) and the adsorptive capacity
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of the surface. The latter is shown on Fig. 2.18 where NO uptake curves are
compared for clean and K-modified Rh(100). Similar enhancement of the
adsorptive capacity of the surface has been observed for Na or Rb modified
Ag(l 10)°*°® while for K/Pt(111) the same effect is observed only above 300
K, where the saturation coverage on the alkali-free surface is low(~0.23).° In
general, the effect of alkali promotion on the adsorptive capacity of the
substrate depends both on the specific substrate and temperature.

As in the case of CO adsorption, alkali addition results in strengthening
of the metal-NO bond, with concomitant weakening of the N-O intramo-
lecular bond. For example, this is exemplified in the case of NO adsorption
on Pt(111) at 120 K by the shift of the N1s and Ols core level binding
energies in XPS spectra to lower values upon addition of K on the substrate
surface.”® The strengthening of the metal-NO bond, which is due to
increased backdonation of electron density from the metal surface to the
NO 2xn* antibonding molecular orbitals, is also reflected in the work function
change upon chemisorption of NO on clean and alkali-promoted surfaces. In
the latter case a significant increase in the substrate work function is observed
with increasing NO coverage, indicating that molecularly adsorbed NO on
alkali promoted metal surfaces exhibits electron acceptor behavior. This is
clearly seen in Fig. 2.19 which presents the effect of NO adsorption on the
work function of clean and K-covered Pt(111).” From these data a rather large
initial dipole moment equal to 3.2D can be estimated via Eq. (2.21) for NO
adsorbed on K promoted sites of Pt(111).
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Figure 2.18. NO uptake curves for clean (solid line) and 0.18 ML K-covered (dashed line)
Rh(100).” Reprinted with permission from the American Institute of Physics.
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Figure 2.19. NO induced work function changes, Ad, vs 8yo for clean and K-covered Pt(111)
at 120 K. The dashed line indicates the work function chanS%es after heating the NO saturated
K-covered Pt(111) to various temperatures up to 500 K.”~ Reprinted with permission from
Elsevier Science.

It is worth noting in Fig. 2.19 how the presence of a strong
electropositive adsorbate (K") on the catalyst surface causes NO to behave as
an electronegative adsorbate. Thus while on the clean surface NO behaves at
high coverages as an electron donor it always behaves as an electron
acceptor on the K* promoted surface.

2.5.1.3.2 Alkali Effect on the Dissociative NO Chemisorption

Similar to the case of CO, the dissociation propensity of NO depends
largely on the substrate, following the same general trends. Alkali intro-
duction on metal substrates promotes the dissociative adsorption of NO, both
by weakening the N-O intramolecular bond and by stabilizing the molecular
state which acts as a precursor for dissociation.

Alkali promoted NO dissociation is clearly illustrated in the case of NO
adsorption on K/Pt(111), as NO is not adsorbed dissociatively on the alkali-
clean surface. The dissociative adsorption of NO on K/Pt(111) takes place at
temperatures higher than 300 K and the number of dissociated NO molecules
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is proportional to the potassium coverage. NO dissociation is accompanied
both by an abrupt decrease of the platinum surface work function at 320 to
360 K (Fig. 2.19, dashed line) and the appearance of an O-related peak at ~5
eV in the UPS spectra.” The produced atomic oxygen is more stable on the
substrate surface compared to adsorbed nitrogen and manifests its presence
by the observed plateau in the work function as the temperature approaches
500 K. This plateau value is ~1.2 eV higher than the one corresponding to
zero NO coverage (oxygen free surface).

The dissociation propensity of NO is also strongly enhanced on
substrates where NO dissociation takes place to some extent even on the
alkali-clean surface, e.g. in the case of K/ Rh(100) or K/Rh(11 1).8%

The undissociated NO molecules and the dissociation products can
participate in secondary reactions in the mixed alkali-NO overlayers and
result both in products which immediately desorb (e.g. N,) or further
decompose (e.g. N;O), and in alkali stabilized compound-like products
(nitrite-like salts). As in the case of CO or CO, adsorption, the formation of
such surface compounds is favoured at elevated temperatures and at alkali
coverages higher than those corresponding to the work function minimum.

2.5.1.4 Oxygen Adsorption

The effect of alkali presence on the adsorption of oxygen on metal
surfaces has been extensively studied in the literature, as alkali promoters are
used in catalytic reactions of technological interest where oxygen
participates either directly as a reactant (e.g. ethylene epoxidation on silver)
or as an intermediate (e.g. NO+CO reaction in automotive exhaust catalytic
converters). A large number of model studies has addressed the oxygen
interaction with alkali modified single crystal surfaces of Ag, Cu, Pt, Pd, Ni,
Ru, Fe, Mo, W and Au.®

Molecular adsorption of oxygen is practically restricted to low
temperatures (lower than room temperature), consequently the adsorption of
oxygen on metal surfaces under real catalytic conditions is dissociative. The
temperature above which dissociation of the molecular state takes place
depends on the specific substrate. Depending on the substrate and the
conditions (temperature, oxygen partial pressure) bulk (e.g. on Pd), sub-
surface (e.g. on Ag) or surface (e.g. on Pt) oxide can also be formed. The
formation of such oxide phases has been observed under UHV conditions in
the case of Ni, Fe, W and Mo single crystals, i.e. on the most reactive metal
surfaces where the sticking coefficient of oxygen is near unity. Lower
sticking coefficient values correspond to the less reactive metals (such as
Au, Ag, Pt), e.g. ~10 for Ag.

The maximum oxygen uptake as well as the heat of adsorption also vary
significantly with varying substrate. The adsorption of oxygen is accompanied
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by transfer of electron density from the metal surface, thus the strength of the
chemisorption bond of atomic oxygen decreases with progression along each
transition series of the periodic table, following the corresponding increase of
the work function of the metal. Oxygen always behaves as a strong electron
acceptor.

The alkali modification of a metal surface results in an increase of both the
dissociative adsorption rate (initial sticking coefficient) and of the adsorptive
capacity of the surface. This is shown in Figs 2.20 and 2.21 which present the
dependence of oxygen coverage on oxygen exposure for alkali promoted
Ru(001) at 300 K. This is a reactive surface for O, dissociative chemisorption
with an initial sticking coefficient of 0.35. Both the saturation oxygen
coverage and the initial sticking coefficient increase with increasing alkali
coverage, reaching a value of unity at alkali coverages higher than ~0.3. The
latter is near the coverage corresponding to the work function minimum.

Similar behaviour is also observed for metals such as Au, Ag and Pt where
the initial sticking coefficient is low. In the case of alkali-modified substrates
where the high reactivity of the clean surface for oxygen results both in rapid
decrease of the sticking coefficient above a certain oxygen coverage and in
oxide formation (e.g. Ni), the alkali effect is twofold: First, it suppresses the
self-poisoning effect of the adsorbed oxygen, maintaining a sticking
coefficient value of ~1 over higher oxygen coverages. Second it enhances the
oxidation rate because it allows for the rapid build-up of the critical oxygen
coverage needed for formation of the first surface oxide nuclei.

The interpretation of the beneficial effect of alkali modification on
oxygen adsorption has to include both stabilization of the adsorbed oxygen
atoms on alkali modified sites, due to direct alkali-oxygen interactions, but also
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Figure 2.20. Oxygen uptake curves for K (left)® and Cs (right)®® dosed Ru(001) at T=300
K.%%¢! Reprinted with permission from Elsevier Science.
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Figure 2.21. Initial sticking coefficient of oxygen, S, on alkali modified Ru(001) as a
function of alkali coverage.®' Reprinted with permission from Elsevier Science.

stabilization of the molecular precursor and lowering of the activation barrier for
dissociation, due to enhancement of the backdonation of electron density
into the In* antibonding orbitals of oxygen molecule.® The preferred
adsorption state of oxygen on the alkali modified surfaces and the
dependence of the variation of the surface work function with increasing
oxygen coverage on preadsorbed alkali coverage is largely determined by the
competition between the metal surface atoms and the alkali adspecies for
bonding with the adsorbed oxygen. Above some critical oxygen and alkali
coverages, depending on the metal substrate, the formation of stable alkali-
oxygen surface complexes can be observed as the interactions between the
adsorbed oxygen and alkali species become dominant.

2.5.1.5 Hydrogen Adsorption

The effect of alkali additives on Hz chemisorption has been studied in
detail since hydrogen is a main reactant in many catalytic reactions of
industrial importance (Fischer-Tropsch synthesis, ammonia synthesis etc).
On most of the transition metals hydrogen is dissociatively adsorbed with
initial sticking coefficient on the order of 0.5 to 1, it is strongly bonded to the
metal surface and occupies the sites with the highest coordination. The
strength of the hydrogen chemisorptive bond increases with increasing d-
electron density of the substrate,

A general conclusion regarding H, adsorption on alkali modified metal
surfaces is that alkali addition results in a pronounced decrease of the
dissociation adsorption rate of hydrogen as well as of the saturation coverage.
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Figure 2.22. (a) H, TPD spectra from K-covered Ni(111) for various K coverages. (b) Effect of
K coverage on saturation hydrogen coverage (c) effect of corresponding work function value®
on the saturation hydrogen coverage.®® Reprinted with permission from the American Institute of
Physics.

On K modified Ni(100) and Ni(111)°*% and Pt(111)* the dissociative
adsorption of hydrogen is almost completely inhibited for potassium
coverages above 0.1. This would imply that H behaves as an electron
donor. On the other hand the peaks of the hydrogen TPD spectra shift to
higher temperatures with increasing alkali coverage, as shown in Fig. 2.22a
for K/Ni(111), which would imply an electron acceptor behaviour for the
chemisorbed H. Furthermore, as deduced from analysis of the TPD spectra,
both the pre-exponential factor and the activation energy for desorption
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increase with increasing alkali coverage which indicate electron donor and
electron acceptor behaviour respectively. As shown in Fig. 2.22b the relative
H uptake decreases linearly with increasing K coverage and with decreasing
work function @ (Fig. 2.18c), again consistent with electron donor behaviour.
It may thus be concluded that in presence of alkalis, H adsorption is
significantly hindered but exhibits amphoteric, i.e. both electron acceptor and
electron donor characteristics with site blocking playing an important role.

2.5.1.6 Nitrogen Adsorption

The effect of alkali additives on N, chemisorption has important
implications for ammonia synthesis on iron, where alkali promoters (in the
form of K or K,O) are used in order to increase the activity of the iron
catalyst.

The chemisorption of nitrogen on transition metal surfaces shows
similarities to the chemisorption of CO, as the two molecules are isoelectronic
and have a similar structure. Two molecular N, adsorption states can be
observed (termed y-N, and o-N,, respectively), depending on the substrate
and the presence of modifier adatoms. The y-N, state corresponds to a
weakly bonded molecular state (the corresponding adsorption binding
energy on transition metals ranges from 20 to 40 kJ/mol) with the molecular
axis perpendicular to the surface plane. The bonding of the y-N, state to the
metal surface takes place mainly via transfer of So-electron density from the
adsorbed molecule to the metal, i.e. molecular N, adsorbed in this state
shows electron donor behavior. The a-N, state has been detected only on
Fe(111)*" and corresponds to a 'side-on' bonded state where both nitrogen
atoms interact with the metal. In this case the key orbitals of the nitrogen
molecule participating in bonding with the substrate surface are the 1m
(bonding) and 17* (antibonding) orbitals. Contrary to the y-N, state, the a-N,
state exhibits electron acceptor behavior due to the much stronger
backdonation into the 17* antibonding orbitals.

This backdonation of electron density from the metal surface also results
in an unusually low N-N streching frequency in the a-N, state compared to the
one in the y-N, state,i.e. 1415 cm™ and 2100 cm™, respectively, for Fe(11 1)68.
Thus the propensity for dissociation of the a-N, state is comparatively higher
and this state is considered as a precursor for dissociation. Because of the
weak adsorption of the y-state both the corresponding adsorption rate and
saturation coverage for molecular nitrogen are strongly dependent on the
adsorption temperature. At room temperature on most transition metals the
initial sticking coefficient does not exceed 10,

The adsorption in the a-N, state proceeds mainly via previous adsorption
in the y-N; state. Direct adsorption in the a-N, state corresponds to a rather
low sticking coefficient (~10™) but is the only adsorption route at higher
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temperatures where the coverage of the a-N; state becomes negligible. At
temperatures higher than the desorption temperature of the molecularly
adsorbed nitrogen, the only stable surface species is adsorbed nitrogen atoms
resulting from dissociative adsorption of N, via the precursor y-N, state.
Contrary to the weakly bonded molecularly adsorbed nitrogen, the adsorbed
nitrogen atoms are strongly bonded to the metal substrate surface.

The presence of alkali additives on transition metal surfaces inhibits the
molecular adsorption of N; in the electron donor y-N, state, due to the
repulsive barrier introduced by the alkali adspecies. On K/Ru(001)® and
K/Ni(111),” where no other molecular state except the y-N; state is detected,
molecular adsorption of nitrogen is completely suppressed at potassium
coverages higher than 0.1. The same inhibiting effect of K preadsorption on
the y-N, coverage is observed on Fe(lll),(’g’71 where, as revealed by
vibrational and TPD data,”' at K coverages above 0.16 the initial y-N,
state is completely removed with the concomitant appearance of a more
strongly bonded donor state, termed promoted y*-N, state. This promoted
state, which can be converted to the a-N, state, corresponds to stabilization
of the initial y-N, state via short-range attractive interactions with the alkali
adspecies, allowed by the close proximity of the nitrogen and alkali
adspecies at high alkali coverages.

5

K/ Fe(111)
T,=430K

8k / (10" atoms/cm?2)

Figure 2.23. Changes in the initial sticking coefficient for N, dissociative adsorption on K-
covered Fe(111) as a function of K coverage. T,=430 K.”? Reprinted with permission from
Elsevier Science.
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Contrary to the y-N, state, on the same Fe(111) surface the presence of
alkali adatoms enhances the adsorption rate, stability and saturation coverage
of the m-bonded a-N, state, which exhibits electron acceptor behavior. This
behavior is explained by the donation of electron density initially from the
strongly electropositive alkali species to the metal which enhances the
backdonation of electron density from the metal into the m*orbitals of the
chemisorbed nitrogen molecules (Fig. 2.1). Since the a-N, state acts as a
precursor for nitrogen dissociative adsorption, the presence of alkali
adspecies also increases the rate of dissociative adsorption at higher
temperatures of catalytic interest. This is shown in Fig. 2.23 which depicts
the promoting effect of K on the initial sticking coefficient for N,
dissociative adsorption on K/Fe(111) at 430 K. Interestingly the presence of
alkali does not affect significantly the saturation coverage of N on the K-
promoted Fe(111) surface. At this temperature (430 K) or higher
temperatures of catalytic interest the maximum alkali coverage cannot
exceed ~0.2, i.e. it is always lower than the coverage corresponding to the
minimum in the surface work function vs alkali curve.

2.5.1.7 Adsorption of Organic Compounds

Hydrocarbons as well as oxygenated compounds, such as alcohols, are
reactants or products in a large number of metal catalyzed reactions of great
industrial importance (e.g. Fischer-Tropsch synthesis). The mode and
strength of adsorption of organic compounds on catalytic surfaces plays a
dominant role, concerning not only the activity but, more important, the
selectivity to specific products. In this respect the effect of additives, acting
as poisons or promoters, is crucial in determining the desired direction of a
reaction where organic species participate. Here we examine the effect of
alkali additives on the adsorption of C,H4 and CH;0H.

2.5.1.7.1 Adsorption of Ethylene

Unsaturated organic molecules, such as ethylene, can be chemisorbed on
transition metal surfaces in two ways, namely in m-coordination or di-c
coordination. As shown in Fig. 2.24, the © type of bonding of ethylene
involves donation of electron density from the doubly occupied = orbital
(which is o-symmetric with respect to the normal to the surface) to the metal
ds-hybrid orbitals. Electron density is also backdonated from the py and d,,
metal orbitals into the lowest unoccupied molecular orbital (LUMO) of the
ethylene molecule, which is the empty asymmetric 7* orbital. The
corresponding overall interaction is relatively weak, thus the sp> hybridization
of the carbon atoms involved in the ethylene double bond is retained.
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Figure 2.24. n- and o- coordination of ethylene on metal surfaces.” Reprinted with
permission from Elsevier Science.

The di-c type of bonding corresponds to coordination of an ethylene
molecule with two surface metal atoms, forming two o¢-bonds via two electrons
originally participating in the ethylene double bond. This bonding is
accompanied by rehybridization of the carbon atoms to produce four
tetrahedrally directed bonds corresponding to sp® hybridization. It also involves
significant backdonation from the ds-hybrid metal orbitals to the antibonding
7* orbitals of the adsorbed ethylene. Rehybridization accompanying the di-c
type of bonding allows for overcoming of the repulsive interaction between
the m orbitals of ethylene and the d,2 metal atomic orbital, when the latter
becomes nearly completely occupied, as, for example, in the case of Pd or pt.”

The relative amount of the di-o and mn-bonded ethylene is different for
different transition metals and crystallographic planes. The di-o bonded
ethylene is more strongly bonded on the metal surface compared to the n-
bonded ethylene and is the most favorable configuration at low ethylene
coverages. At temperatures above ~300 K it is dehydrogenated in stages
forming as a final product a graphitic layer of carbon. For instance, on a
Pt(111) face, where the molecular adsorption state of ethylene at T>100 K
corresponds solely to di-c bonded species, the adsorbed intermediates and
their corresponding formation temperatures, as determined by TPD, are the
following:

C,Hy(ads) —22% > C-CHs(ads) —° X5 CH,(ads) —*2X  C(ads)

The temperature regimes for the stability of intermediates is different for
various transition metals. For example on Fe(111) the adsorbed ethylene
decomposes partially at 200 K, while the conversion to surface carbon is
complete at 370 K. Similarly, on nickel faces molecular chemisorption of
ethylene is restricted to temperatures below ambient. At temperatures
between approximately 290 K and 450 K ethylene chemisorption on nickel
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faces is dissociative, resulting in chemisorbed hydrogen atoms and
chemisorbed ethylidyne species (C-CH,(ads)), which can be further
dehydrogenated at higher temperatures.

The effect of the presence of alkali promoters on ethylene adsorption on
single crystal metal surfaces has been studied in the case of Pt (111).”*”” The
same effect has been also studied for C¢Hg and C;Hs on K-covered P(111).7
As ethylene and other unsaturated hydrocarbon molecules show net n- or o-
donor behavior it is expected that alkalis will inhibit their adsorption on metal
surfaces. The requirement of two free neighboring Pt atoms for adsorption of
ethylene in the di-o state is also expected to allow for geometric (steric)
hindrance of ethylene adsorption at high alkali coverages.

This is indeed shown in Fig. 2.25 which depicts the effect of K coverage on
the TPD spectra of C,H,, H, and C,Hg following C,H, adsorption at T,=100 K.

Increasing K coverage suppresses remarkably the adsorption of C;Hy at its
strongly bonded state (0;) and forces it to adsorb in the very weakly bonded o,
state. As expected increasing K coverage also remarkably suppresses the
adsorption of H and C,Hg. Thus C;Hy, H, and C,Hs all behave as electron
donors.
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Figure 2.25. C,H, (a), H; (b) and C,H, (¢) TPD spectra recorded after ethylene adsorption on
clean and K-covered Pt(111). T, = 100 K. 8 values are relative to the saturation K coverage
in the first layer taken as unity. Inset: effect of 8k on C;Hs TPD area. The real coverage in
monolayers (K adatoms per surface atom) is 3.03 times smaller.™ Reprinted with permission
from Elsevier Science.
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Figure 2.26. Effect of increasing K coverage on the amount of decomposed C,H,.
Bx(sat)=0.33 ML.”® Reprinted with permission from the American Chemical Society.

In addition, as shown in Fig. 2.26, the increase in K coverage causes a
dramatic decrease in the amount of decomposed ethylene, which is accompa-
nied by a decrease in the total amount of desorbed hydrogen (Fig. 2.25).

2.5.1.7.2 Adsorption of Methanol

Methanol is adsorbed dissociatively on most transition metal surfaces, in
some cases even at temperatures as low as ~100 K, in the form of adsorbed
methoxy (CH;O) and atomic hydrogen species. Molecularly adsorbed
methanol or adsorbed methoxy species can appear either with an electron
donor configuration (1;(O) bonding), favoured on surfaces with high work
function or an electron acceptor configuration (1,(C,0) bonding), favoured
on surfaces with low work function and thus also on surfaces exposed to
aqueous electrolyte media, as also discussed in Chapter 6. The m,(O)
bonding state corresponds to overlapping of the non-bonding oxygen lone
pair orbital with a ds hybrid orbital of the metal surface, with negligible
backdonation to the w*-CO antibonding orbital. On the other hand, the
M2(C,0) bonding state corresponds to donation of electron density from the
7-CO bonding orbital to a ds hybrid orbital of the metal surface and to strong
backdonation of electron density from the metal (ds orbitals) to the ©*-CO
orbital, resulting in the weakening of the C-O intramolecular bond and to
increasing of the bond strength with the metal surface. With increasing
temperature the adsorbed methoxy radical can be decomposed to CO and H,
or dehydrogenated forming formaldehyde, which can also be further
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dehydrogenated to CO on H,. The reaction channel followed in each case
depends on the stability of the methoxy radical and the desorption of
formaldehyde on the specific transition metal surface, while it is greatly
influenced by the presence of additives on the metal surface.

The interaction of methanol with alkali modified metal surfaces has been
studied both on metals which exhibit a high reactivity for decomposition of
methanol, e.g. on K/Ru(001)¥#! or K/Rh(111),** and on metals inactive for
methanol decomposition, such as on Na/Cu(11 1).33 In the former case the
effect of alkali is coverage-dependent. At low alkali coverages, the presence
of alkali adatoms inhibit the methoxy species formation, by inhibiting the
breaking of the O-H bond in the methanol molecule®”®" and stabilize the
adsorbed methanol molecular state. By increasing temperature the adsorbed
methanol is decomposed and desorbed in the form of CO and Hj, which, due
to the presence of alkali, are more strongly bound on the metal surface and
desorb at higher temperatures than on the clean surface. The observed effect
has been attributed both to steric interactions and to through-the-metal
interactions of the alkali adatoms with methanol.

At high alkali coverages (near monolayer coverage), when the adsorbed
alkali overlayer shows a metal-like character, alkali-methoxy species are
formed. As shown by TPD experiments in the system K/Ru(001) these
alkali-methoxy species are more stable than the methoxy species on clean
Ru(001) and adsorbed methanol on 0.1K/Ru(001). On metal surfaces
inactive for methanol decomposition, e.g. Cu(111), these alkali-methoxy
species are formed even at low alkali coverages, due to the weaker
interaction of the alkali atoms with the metal surface. The formation of these
species stabilizes the methoxy species on the metal surface and enhances the
activity of the metal surface for methanol decomposition.

2.5.2 Adsorption of Gases on Surfaces Modified by Electronegative
Adatoms

2.5.2.1 CO Adsorption

As already mentioned (section 2.5.1.1.) CO exhibits electron acceptor
behavior when adsorbed on transition metal surfaces, due to the increased
electron backdonation into the antibonding m* orbitals of the adsorbed
molecule. Thus it is not surprising that the presence of electronegative
additives on transition metal surfaces results both in weakening of the CO-
metal surface bond and to reduction of the total capacity of the surface for
CO adsorption. Furthermore, it reduces the CO adsorption rate and its
dissociation propensity. The effect of the electronegative modifier depends
not only on its electronegativity and coverage but also on the specific
substrate, being different for different substrate crystallographic planes. This
is related both to the mode of adsorbed CO (e.g. bridge or on top) and the
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configuration of the modifier adsorption sites. The chemical state of the
electronegative modifier also plays a certain role in the extent of poisoning
of CO adsorption. This is well demonstrated in the case of oxygen
(chemisorbed oxygen or subsurface or surface oxide) and carbon (graphitic
or carbidic carbon) modifiers, where subsurface oxygen or carbidic carbon
have a weaker effect on both the adsorptive capacity of the surface and the
dissociation propensity of CO.
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Figure 2.27. Temperature programmed desorption (TPD) spectra of carbon monoxide
(measured by Ap) as a function of temperature from nickel surfaces: (a) Ni(111), (b) Ni(111)
when the initially dosed surface has been subjected to an electron beam (150 nA for 10
minutes over an area of 1 mm?) and (c) a cleaved nickel surface.®® Reprinted with permission
from Elsevier Science.
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The effect of the presence of electronegative additives on the adsorption
of CO and other gases (such as NO, H, and hydrocarbons) has been studied
mainly using temperature programmed desorption (TPD), as the desorption
temperature of the electronegative additives is much higher than the
desorption temperature of the adsorbed gases. CO TPD spectra on clean
metal surfaces exhibit in general three distinct peaks (Fig. 2.27). The lower
temperature peak, termed conventionally the a-peak, corresponds to
molecularly chemisorbed CO. At higher temperatures a second peak, termed
the Bi-peak, appears due to the association of chemisorbed carbon and
oxygen atoms originating from CO dissociative adsorption. Dissociation of
CO on surface defects (e.g. steps) gives rise to a second B-peak, termed the
B.-peak, at even higher temperatures. The coadsorption of electronegative
modifiers changes both the location of the TPD peaks and the shape of the
TPD spectra of CO.

The main general features observed in CO TPD spectra with increasing
electronegative modifier coverage are: (i) in the case of dissociative CO
adsorption (eg. on Ni(100)) a significant decrease of the P,-peak, a less
pronounced depopulation of the lower desorption peaks and the appearance
of new low temperature peaks, associated with desorption from modifier-
induced weakly-bound states. This is shown for example in Fig. 2.28 for the
CO TPD spectra, starting from saturation CO coverage, and using Cl or S
coadsorbates on a Ni(100) surface.

Similar is the effect of S coadsorption on the CO TPD spectra on Pt(111)
as shown in Figure 2.29. Sulfur coadsorption weakens significantly the
chemisorptive bond of CO.
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Figure 2.28. Effect of different amounts of (a) S and (b) Cl on the CO TPD spectra from
Ni(100) for saturation CO coverages at 100 K.* Reprinted with permission from Elsevier
Science.
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Figure 2.29. CO TPD spectra for clean and sulfided Pt(111) at adsorption temperature T,=90
K.*” Reprinted with permission from the American Institute of Physics.

The effect induced by different electronegative additives is more
pronounced in the case where the additive adatoms occupy the most
coordinated sites forming ordered structures (e.g Cl addition on Ni(100)). In
this case (Fig. 2.28) one modifier adatom affects 3-4 CO adsorption sites and
complete disappearance of the CO B,-peak is observed above modifier
coverages of ~0.25 or less. The lack of ordering and the tendency of the
modifier to form amorphous islands (e.g. P on Ni(100)) diminishes the
effect. Thus in the case of P on Ni(100) the disappearance of the CO B,-peak
is observed at P coverages exceeding 0.6.

The effect of electronegative modifiers on the activation energy of CO
desorption, E4, and on the corresponding pre-exponential factor, vy, can
be quantified by analysis of the TPD spectra at very low CO coverages. The
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general conclusion is that Eq and, thus, the strength of the CO-metal bond are
always reduced by the addition of electronegative modifiers. For example, a
S coverage of ~0.25 on the Pt(111) surface decreases E4 at low CO
coverages by 48 kJ/mol compared to the clean Pt(111) surface.

Interestingly, the decrease in Eqis accompanied by a decrease in the pre-
exponential factor.® The value of the latter, being determined by the entropy
of the adsorption state, is affected by the change in the CO chemisorptive
bond strength and the presence of neighbouring coadsorbed species which
exert strong repulsive forces to the adsorbed CO atoms and also induce
changes in the surface potential energy contour.’

Besides reduction in the total adsorptive capacity of the surface with
respect to CO molecular adsorption, the presence of electronegative modifiers
on metal surfaces affects also the CO adsorption kinetics, i.e the sticking
coefficient of CO and its dependence on adsorption temperature and CO
coverage. As shown in Fig. 2.30, the initial sticking coefficient Sp of the
most strongly bonded adsorbed CO state (B,-peak) on Ni(100) decreases at
300K almost linearly with increasing electronegative modifier coverage. The
effect is more pronounced in the case of CI (Fig. 2.28) and can be explained in
the frame of the precursor state model for non-activated adsorption by a
decrease of the lifetime of the precursor, due at least partly to its reduced
migration mobility in the presence of the modifier adatoms.®
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Figure 2.30. Initial sticking coefficient. Sy, of the B,-CO state on Ni(100) as a function of the
additive coverage. The dashed line represents the theoretical dependence according to the
relationship S¥ = S§ (1-0x).%*® Reprinted with permission from Elsevier Science.
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One exception to this general behavior is the system p(2x2) 0.25
O/Pt(111), where, due to the high tendency of coadsorbed CO and O for CO,
formation on Pt(111), the value of S, for CO adsorption is the same to the
one for the clean surface, although on other substrates oxygen behaves as a
typical electronegative modifier of CO adsorption.

The presence of electronegative modifiers also affects the electronic
properties of coadsorbed CO and thus the degree of coupling of its molecular
orbitals with the metal surface. This is manifest by photoelectron
spectroscopy (core and valence electron energies) and work function data
concerning the study of CO chemisorption on clean and modified metal
surfaces. Fig. 2.31 shows the effect of CO chemisorption on the work
function of clean and oxygen-modified Ni(111) surfaces. The increase in the
surface work function observed on the clean metal surface with increasing
CO coverage is a general feature for all transition metal surfaces (with the
exception of Pt) and manifests that adsorbed CO on these surfaces shows
electron acceptor behavior. For oxygen coverages equal to 0.25 or higher,
the adsorbed CO starts behaving as an electron-donor and the surface work
function decreases with increasing CO coverage.

This is an important observation and is frequently encountered in
electrochemical promotion experiments:

In presence of a strong electron acceptor (e.g. O) a weaker electron
acceptor (e.g. CO) behaves as an electron donor.
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Figure 2.31. CO induced work function changes during adsorption on Ni(111) modified with
increasing amounts of oxygen."8 Reprinted with permission from Elsevier Science.
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It is worth remembering the complementary rule already demonstrated in
Figure 2.19 regarding NO adsorption on Pt(111) at high NO coverages
where, on a clean surface NO behaves as a weak electron donor but shifts to
a strong electron acceptor in presence of K:

In presence of a strong electron donor (e.g. Na, K) a weaker electron
donor (e.g. NO) behaves as an electron acceptor.

These two “amphoteric” rules play an important role both in classical and
in electrochemical promotion as further discussed at the end of this Chapter
and in the mathematical modeling of Chapter 6.

As expected, the CO dissociation propensity is reduced in the presence of
electronegative modifiers. This is manifest, for example, by the gradual
elimination of the B-peak in CO TPD spectra upon coadsorption of
electronegative modifier (Figs. 2.28, 2.29 and 2.30).

2.5.2.2 NO Adsorption

The adsorption of NO in presence of electronegative modifiers exhibits
similarities with the adsorption of CO, as the electron structure of the two
molecules is similar, with the only significant difference the existence of an
additional unpaired electron in the 2m* molecular orbital of NO. This
difference is responsible for the higher dissociative propensity of NO on
clean metal surfaces compared to the one of CO. Although both molecules
behave in general as electron acceptors, the different reactivity of NO and
CO towards certain electronegative modifiers, such as adsorbed oxygen
atoms, results in certain cases in characteristic differences concerning the
effect of the modifier. For example, oxygen poisons NO adsorption on
Pt(111) while it exhibits no poisoning action for CO adsorption, due to the
high affinity for CO +O reaction.

2.5.2.2.1 Electronegative Modifiers Effect on the Molecular NO
Chemisorption

The effect of electronegative modifiers on the NO molecular adsorption
is better illustrated in the case of Pt(111), Pd(111) and Pd(100) systems,
where no NO dissociation occurs. The differences observed in the effect of
various electronegative modifiers (e.g. between S and O) can be justified in
view of the differences both in their effective radius and in their
electronegativity, as both short range (steric) and long range electronic
(through the metal or direct electrostatic) interactions contribute to the
poisoning effect of the modifier. Concerning the effect of coadsorbed
oxygen, both the NO saturation coverage of the surface and the initial heat of
adsorption are reduced by the presence of oxygen, although the sticking
coefficient is not significantly affected at oxygen coverages up to 0.25.
Although oxygen has a higher electronegativity, the poisoning effect is much
more pronounced in the case of sulfur or Se, where a decrease in the NO initial
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Figure 2.32. NO TPD spectra for saturated NO coverages from sulphur predosed Pd(100).
T,= 80 K.*¥ Reprinted with permission from Elsevier Science.

sticking coefficient is also exhibited. Similar effects on the adsorptive capacity
of the metal surface for NO adsorption and on the NO chemisorptive bond
strength have been reported for coadsorption of electronegative modifiers on
other transition metal surfaces, e.g. S/Pt(100),”° S/Ni(100),”" O/Ni(111),”
O/Rh(111)” and S/Pd.**

Fig. 2.32% shows the effect of sulfur coverage on NO TPD spectra from
Pd(100), for NO adsorption at saturated coverage at 80K. It is clear that by
increasing sulfur coverage the most strongly bonded state of NO is removed first
at low sulfur coverages (it dissapears at sulfur coverages above ~0.1), while at
moderate and high sulfur coverages new weakly bonded NO adsorption states
appear. The appearance of such states has also been reported in the case of
oxygen-covered Pt(111) surfaces, at high oxygen coverages and has been
explained by a transition from bridge-bonded NO to “on-top” bonding.’

The same behavior, i.e. modifier-induced changes in the electronic
structure of the NO molecule adsorbed on the affected sites, has been
observed in other systems, such as O-precovered Rh(111),” where at oxygen
coverages higher than 0.8 a return to the bridged configuration takes place
and on O-precovered Ni(lll).92 In the latter case parallel work function
measurements have shown a change in the sign of the dipole moment
corresponding to the adsorbed NO, i.e. increase in the work function of the
clean surface and decrease in the work function of the oxygen precovered
surface with increasing NO coverage. This work function behavior is in
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agreement with the two “amphoteric” electron acceptor-electron donor rules
discussed in the previous section.

2.5.2.2.2 Electronegative Modifiers Effect on the Dissociative NO
Adsorption

On most of the transition metal surfaces, with the exception of Pt(111),
Pd(111) and Pd(100), and at temperatures higher than 200 K NO dissociation
takes place to a significant extent, competing with molecular NO desorption.
The introduction of an electronegative modifier on the metal surface always
results in inhibition of the dissociative adsorption and, to a lesser extent, in
lowering of the capacity of the surface for molecular adsorption. A typical
example is the adsorption of NO on Ni(100) in the presence of coadsorbed
sulfur,”’ where NO dissociation is completely inhibited for sulfur coverages of
0.25, corresponding to the formation of a p(2x2) S ordered structure. The
poisoning action of sulfur for NO dissociation is higher compared to other
electronegative modifiers with higher electronegativity (e.g. O), which can be
attributed to the larger size ofits adatoms (steric effects).

The same trends regarding the effect of sulfur have been reported for NO
adsorption on Pt(100)” and Rh(100).° In the case of Pt(100) dissociative
adsorption is completely inhibited upon formation of a p(2x2) overlayer at a
sulfur coverage equal to 0.25, while the binding strength of molecularly
adsorbed NO is lowered by more than 50 kJ/mol, as calculated by analysis of
NO TPD data. Due to this complete inhibition of dissociative adsorption, the
CO+NO reaction is completely deactivated, although it proceeds easily on
sulfur free Pt(100). In the case of Rh(100) a sulfur coverage of only 0.08
suffices to completely inhibit NO dissociation at 300 K.

Besides sulfur, which exhibits the strongest poisoning action, other
electronegative adatoms, such as O and N, also act as inhibitors of NO
dissociative adsorption. For example, in the case of oxygen precovered
Rh(111) the complete inhibition of NO dissociation takes place at oxygen
coverages higher than ~0.8. In addition, the presence of oxygen destabilizes
the molecularly adsorbed NO and the adsorbed nitrogen from the
dissociation of NO, resulting in desorption of both NO and N, at lower
temperatures compared to the oxygen free surface.

This observation is directly related to the observed dramatic electroche-
mical promotion of NO reduction by CO and C;Hg in presence of O; on
Rh/YSZ upon electrochemical O supply to the Rh catalyst surface (Fig. 2.3
and Chapters 4 and 8).

2.5.2.3 Oxygen Adsorption

As already mentioned in section 2.5.1.4, oxygen is dissociatively
adsorbed on most metals even below room temperature. Thus under
conditions of technological interest (e.g. in the NH; oxidation reaction) the
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adsorbed oxygen atoms are the only catalytically important oxygen species.
The high dissociation propensity of oxygen is due to the strong backdonation
of electron density from the metal surface to the 17* antibonding orbitals of
the O, molecule, which weakens the O-O intramolecular bond. The
backdonation contribution to the bonding of oxygen on metal surfaces,
which is responsible for the electron acceptor character of the adsorbed
oxygen, is higher than in the case of molecules like CO, NO and N, the
bonding of which also exhibits a donation and a backdonation contribution.
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Figure 2.33. Thermal desorption spectra of oxygen from mixed oxygen-chlorine adlayers on
Pt(100).” The initial chlorine and oxygen concentrations as well as the dosing temperatures
are indicated in the figure. Heating rate: 20 K s'. °° Reprinted with permission from Elsevier
Science.
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Figure 2.34. The effect of Cl coverage on the rate of oxygen dissociative adsorption on
Ag(110).%¢ Reprinted with permission from Elsevier Science.

The presence of electronegative additives is expected to destabilize
adsorbed molecular states which involve a significant backdonation
contribution and thus exhibit electron acceptor behavior. The dissociative
adsorption of oxygen (as well as of CO, NO and N,) proceeds via such a
molecular precursor state. Thus it is expected to be inhibited by the presence
of electronegative additives due to the resulting mediation of the
backdonation to the precursor state. Besides the electronic effect, the
presence of electronegative additives may result to blocking of surface sites
and reduction of the number of available sites for oxygen atoms adsorption.

Typical examples are shown in Figure 2.33 for the adsorption of O on
chlorine-modified Pt(100).” Increasing preadsorbed Cl coverage causes a
pronounced weakening in the Pt=O bond as manifest by the significant
decrease in the peak adsorption temperature.

Figure 2.34 shows the effect of Cl coverage on the sticking probability
for the dissociative adsorption of oxygen on Ag(110). Addition of Cl hinders
the rate of dissociative adsorption of oxygen, suppressing it almost
completely for Cl coverage higher than ~0.25. An almost linear decrease of
the saturation oxygen coverage with increasing Cl coverage is also observed
and the saturation coverage vanishes for Cl coverages higher than 0.5.

Despite the poisoning action of Cl for oxygen dissociative adsorption on
Ag, it is used as moderator in the ethylene epoxidation reaction in order to
attain high selectivity to ethylene oxide. The presence of Cl adatoms in this
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case favor the adsorption of oxygen in the weakly bonded conformation of
atomic oxygen which is responsible for the epoxidation reaction.”””®

2.5.24 Hydrogen Adsorption

The effect of electronegative additives on H; chemisorption is of importance,
as hydrogen is a main reactant in many catalytic reactions of industrial
importance (Fischer-Tropsch synthesis, ammonia synthesis etc). All relevant
studies have shown that this effect appears mainly as a pronounced reduction
of the hydrogen dissociative adsorption rate and a decrease in the hydrogen
saturation coverage. This is shown, for example, in Figs. 2.35 and 2.36 for
Ni(100).*° It is clear from Fig. 2.35 that the introduction of electronegative
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Figure 2.35. Effect of varying chlorine, sulphur and phosphorus precoverages on the H, TPD
spectra from Ni(100). H, exposure 10 L; T, = 100 K.® Reprinted with permission from
Elsevier Science.
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Figure 2.36. (a) Dependence of the hydrogen saturation coverage, 0, at 100 K on the additive
coverage. (b) The initial sticking for dissociative hydrogen adsorption, Sy, as a function of the
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adatoms on the Ni(100) surface results in a pronounced reduction of the
hydrogen uptake with a parallel small lowering of the peak temperature
(opposite to the case of alkali coadsorption) and broadening of the TPD
peaks. As can be concluded by analysis of the TPD spectra,**® these changes
correspond to a pronounced decrease of both the pre-exponential factor and
the activation energy for desorption, opposite to the case of alkali
coadsorption, as well as a small weakening of the metal-hydrogen bond (by
10 to 30 kJ/mol). The same general behaviour has been observed for other
transition metal surfaces, such as Fe(100), Pd(100) and Pd(11 1).6

Thus, it may again be concluded, as in the case of alkali coadsorption
with H, that chemisorbed H exhibits amphoteric, i.e. both electron donor and
electron acceptor characteristics.

2.5.2.5 Adsorption of Organic Compounds

The adsorption of organic compounds, such as hydrocarbons and
alcohols, is an important step for a large number of industrially important
catalytic reactions. It is thus important to examine the effect of electrone-
gative additives, acting as poisons or promoters, on the adsorption of organic
compounds on metal surfaces. As in the case of alkali additives, we will
focus on the adsorption of C;H; and CH3;0H, as the adsorption of these
organic compounds has been extensively studied and the observed effects,
are to a large extent common for all similar compounds.

2.5.2.5.1 Adsorption of Ethylene

The coadsorption of oxygen as well as of other electronegative additives
on metal surfaces favors in general the n-bonded molecular state of ethylene,
as the latter exhibits, compared to the di-6 bonded state, a more pronounced
electron donor character and a negligible backdonation of electron density
from the metal surface.

On metal surfaces where no secondary reactions take place under UHV
between oxygen and hydrocarbon radicals originating from ethylene (due to
the high strength of the metal-oxygen bond), e.g. on Ru and Fe,™'® the
presence of oxygen adatoms reduces the total amount of adorbed ethylene. It
also reduces the fraction of adsorbed ethylene molecules which decompose
at high temperatures, as it causes stabilization of the adsorbed intermediates
originating from ethylene decomposition. For example, on Ru(001) the
saturation coverage of the metal surface reduces from 0.3 on the clean
surface to 0.1 on Ru(001) covered with a p(2xl) 0.5 O overlayer.99 In
addition the dissociation of ethylene is fully suppressed.

On the contrary, on oxygen-modified metal surfaces where secondary
reactions between the adsorbed oxygen and ethylene decomposition products
can easily occur, the effect of oxygen on the adsorptive capacity of the



2. PROMOTION IN HETEROGENEOUS CATALYSIS 69

surface and the dissociation propensity of ethylene is negligible at low and
moderate oxygen coverages. Typical examples are Pt, Pd and Ir surfaces,'®"
19 which are known to be active for CO and hydrogen oxidation reactions.
On these metal surfaces the effect of oxygen coadsorption is mainly
restricted to stabilization of the w-state of adsorbed ethylene.

Most of the studies concerning the effect of electronegative additives on
ethylene adsorption deal with the effect of coadsorbed oxygen and chlorine
on different Ag crystallographic planes. This is due to the industrial
importance of ethylene epoxidation. As already mentioned (section 2.5.1.7.1),
HREELS and IR studies'*'"” have shown that, contrary to the case of other
metals, even at fairly high temperatures the adsorption of ethylene on clean
Ag (as well as the molecular adsorption of higher olefins) corresponds to a x-
bonded (not rehybridized) state with the C-C bond parallel to the surface and
with transfer of electron density from the double bond to the surface. The
addition of an electron-acceptor species, such as oxygen, increases the
amount of adsorbed ethylene, as the w-state exhibits a pronounced electron
donor character. The increase in the amount of molecularly adsorbed ethylene
and its stabilization on the silver surface is also observed in the presence of
other electronegative additives, such as chlorine, which is used as moderator
in the selective oxidation of ethylene on silver in order to increase the
selectivity to ethylene oxide. This is shown on Fig. 2.37 for the case of ethy-
lene and Cl coadsorption on Ag(111)),”® where increasing Cl coverage up

C,H4/C,H4/Ag(110) + Cl
T.=134K

QMS intensity at m/e=27 a.u.

Figure 2.37. C;H, TPD spectra from Ag(110) surfaces with various Cl coverages. Exposure:
10°® mbars, T, = 134 K. Reprinted with permission from Elsevier Science.



70 CHAPTER 2

to 0.5 causes an increase in the ethylene TPD peak and a shift of the peak to a
higher desorption temperature. The opposite effect is observed at high chlorine
coverages, due to the increased occupation by Cl of sites available for ethylene
adsorption. For the same reason chlorine also hinders the adsorption of atomic
oxygen when it is used as moderator in the ethylene epoxidation reaction.
However its introduction has a beneficial effect on selectivity to ethylene
oxide as it favors the adsorption of atomic oxygen in its more loosely bound
conformation which is responsible for ethylene epoxidation.

The effect of electronegative additives on the adsorption of ethylene on
transition metal surfaces is similar to the effect of S or C adatoms on the
adsorption of other unsaturated hydrocarbons.® For example the addition of
C or S atoms on Mo(100) inhibits the complete decomposition
(dehydrogenation) of butadiene and butene, which are almost completely
decomposed on the clean surface.'™ Steric hindrance plays the main role in
certain cases, i.e the addition of the electronegative adatoms results in
blocking of the sites available for hydrocarbon adsorption. The same effect
has been observed for saturated hydrocarbons.log’109 Overall, however, and at
least for low coverages where geometric hindrance plays a limited role,
electronegative promoters stabilize the adsorption of ethylene and other
unsaturated and saturated hydrocarbons on metal surfaces.

2.5.2.5.2 Adsorption of Methanol.

The influence of the presence of sulfur adatoms on the adsorption and
decomposition of methanol and other alcohols on metal surfaces is in general
twofold. It involves reduction of the adsorption rate and the adsorptive
capacity of the surface as well as significant modification of the
decomposition reaction path. For example, on Ni(100) methanol is adsorbed
dissociatively at temperatures as low as ~100K and decomposes to CO and
hydrogen at temperatures higher than 300 K. As shown in Fig. 2.38 pre-
adsorption of sulfur on Ni(100) inhibits the complete decomposition of
adsorbed methanol and favors the production of HCHO in a narrow range of
sulfur coverage (between 0.2 and 0.5).

The inhibition of the complete dissociation of the methoxy species in the
presence of sulfur can be attributed to the preferable adsorption of the
methoxy species in the weakly bonded 1,(C) configuration, as the latter
exhibits an electron acceptor character, which favors the molecular
desorption of methanol from the metal surface (in general 1, (or ") denotes
a ligand bonding with n-atoms to the surface). On the other hand, the
observed volcano-type behavior in the dependence of HCHO production on
sulfur coverage has been attributed to the competition between the sulfur
induced increase in the activation energy for complete dehydrogenation of
the methoxy species (stabilization of the methoxy species) and the blocking
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Figure 2.38. Effect of preadsorbed S on the amount of H,CO and CO formed as a result of
CH;OH interaction with Ni(100).'" Reprinted with permission from the American Vacuum
Society.

by the adsorbed sulfur of the surface sites necessary for dissociative adsorption
of methanol to form the methoxy species.''® This explanation agrees with the
complete suppression of HCHO formation at sulfur coverages above 0.4 (Fig.
2.38), where no dissociation of adsorbed methanol is observed.

Carbidic carbon affects the adsorption capacity of metal surfaces for
methanol in the same way as sulfur, although the poisoning effect of carbon
is less pronounced. Concerning the effect of oxygen coadsorption on
methanol adsorption, it has to be taken into account that in this case oxygen
acts both as a reactant and as a poison. Similar to the effect of sulfur and
carbon coadsorption, the presence of oxygen favors the formation of
formaldehyde, inhibiting the complete decomposition of the adsorbed
methanol. For example, on Fe(100)'"" formation of HCHO is maximized at
oxygen coverages between 0.2 and 0.25, while at oxygen coverages above
0.4 methanol decomposition is completely inhibited and only molecular
desorption of methanol is observed in the TPD spectra. Methoxy formation
is promoted at low oxygen coverages due to the oxygen assisted abstraction
of hydrogen from the methanol molecule, but it is inhibited at high oxygen
coverages due to blocking of the methoxy species adsorption sites.
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2.6 CATALYTIC ACTIVITY ON SURFACES MODIFIED
BY PROMOTERS OR POISONS

In section 2.5 we have examined the effect of promoters and poisons on
the chemisorption of some key reactants on catalyst surfaces.We saw that
despite the individual geometric and electronic complexities of each system
there are some simple rules, presented at the beginning of section 2.5 which
are always obeyed. These rules enable us to make some predictions on the
effect of electropositive or electronegative promoters on the coverage of
catalytic reactants during a catalytic reaction.

Thus referring to the very simple promotional LHHW rate expression
(2.17) we can already write it as:

r = (1-8p)k-kn(8;) Ka(8) PoPa/[ 1+kn(8,) Potka(B)pal”  (2.25)

where the subscripts “D” and “A” from now on and throughout this book
refer to an electron donor and an electron acceptor reactant, respectively. By
writing kp(8,) and ka(8,) we emphasize that the adsorption equilibrium
constants kpand ka are functions of the coverage, 6,,of the promoter, p, and
in fact, according to the rules of section 2.5 that:

kp 0 Ok a

0 226
%, 0, (2.26)

oD . . .
when — <0, i.e. when p is electropositive and
P

kp 20 k5

<0 2.27
08, 08, (2.27)

when —— >0, i.e. when p is electronegative.
p

Rules 2.26 and 2.27 can be rewritten as:

kp
oD

s0 XKa g (2.28)
o
and thus equation (2.25) can also be expressed as:

r = (1-8p)kn-kn(@)ka(®)popa/[ 1 +ko(@) Potka(@)-pal’  (2.29)
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It should be emphasized that @ is the actual, promoter modified, work
function of the catalyst surface and not that of a clean metal surface for
which we reserve the symbol ®,. It should also be clarified that the kinetic
constant kg is also expected to vary with @. Since, however, we have no
rules on how it varies with ® we will attempt here to rationalize some
classical promotional kinetics treating it as a constant. What is amazing is
that this procedure works, which indicates that the promoter action effect on
kp and k,, together with the 1-8, term, is dominant.

Needless to remind that Equation (2.29) is a very approximate expression
which can be expected to provide only a qualitative description and not a
quantitative fit to actual promotional kinetic data.

Most of the published promotional kinetic studies have been performed
on well defined (single crystal) surfaces. In many cases atmospheric or
higher pressure reactors have been combined with a separate UHV analysis
chamber for promoter dosing on the catalyst surface and for application of
surface sensitive spectroscopic techniques (XPS, UPS, SIMS, STM etc.) for
catalyst characterization. This attempts to bridge the pressure gap between
UHYV and real operating conditions.

In the following we will concentrate on three important cases, i.e. CO
oxidation on alkali doped Pt, ethylene epoxidation on promoted Ag and
synthesis gas conversion on transition metals. We will attempt to rationalize
the observed kinetic behaviour on the basis of the above simple rules.

2.6.1 CO Ogxidation on Li-doped Pt(111) Surfaces

The oxidation of CO on Pt is one of the best studied catalytic systems. It
proceeds via the reaction of chemisorbed CO and O. Despite its
complexities, which include island formation, surface reconstruction and
self-sustained oscillations, the reaction is a textbook example of a Langmuir-
Hinshelwood mechanism the kinetics of which can be described qualitatively
by a LHHW rate expression. This is shown in Figure 2.39 for the
unpromoted Pt(111) surface.'™* For low pco/po, ratios the rate is first order in
CO and negative order in O,, for high pco/po, ratios the rate becomes
negative order in CO and positive order in O,. Thus for low pco/po, ratios
the Pt(1 11) surface is covered predominantly by O, at high pco/po, ratios the
Pt surface is predominantly covered by CO.

What predictions can we make about the effect of an electropositive
additive, such as Li, on the basis of the rules of Section 2.5 or, equivalently,
from equations (2.28) and (2.29)?
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Figure 2.39. (a) Effect of pco/po, on the rate of CO oxidation (measured as pco,) on Pt(111)
covered with various Li coverages 68;;''* (b) Effect of Li coverage on the rate of CO oxidation
at various fixed peo/po, values.''? Reprinted with permission from Elsevier Science.

It is clear that as we introduce Li on the Pt(111) surface, the work
function ® will decrease (Eq. 2.21) and thus (Eq. 2.28) kp will decrease and
ka will increase.

It is also clear that in the present case oxygen is the electron acceptor (A)
while CO is the electron donor (D). It has been already discussed that CO is
an amphoteric adsorbent, i.e., its chemisorptive bond involves both electron
donation and backdonation and that, in most cases, its electron acceptor
character dominates. However, in presence of the coadsorbed strong electron
acceptor O (see section 2.5.2.1) it always behaves as an electron donor.

Consequently upon adding Li on the Pt surface kco(=kp) decreases and
ko (=ka) increases. Thus from Eq. (2.29) one expects a decrease (poisoning)
in the rate under CO lean conditions and an increase (promotion) in the rate
under CO rich conditions. This is exactly what Figure 2.39 shows for
moderate Li coverages. Note that when the Li coverage, 0, becomes too
high (>0.4) then the (1-8,) term in Eq. (2.29) dominates and Li poisons the
rate under both CO lean and CO rich conditions.

Thus the promoting and poisoning role of Li, or any other alkali, can be
predicted in a qualitative way from the simple rules of section 2.5 or,
equivalently, from equations (2.28) and (2.29).

2.6.2 Ethylene Epoxidation

The epoxidation of ethylene on Ag is a reaction of great industrial
importance which has been studied extensively for many decades. From a
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promotional viewpoint this is an extremely interesting and complex system,
as the goal here is not so much to increase the rate but rather to enhance the
selectivity to ethylene oxide vs CO,. Thus the promotional rules of section
2.5 have to be adjusted for selectivity maximization by recognizing that the
selectivity to ethylene oxide depends crucially on the state of chemisorbed
ethylene and oxygen which can be significantly affected by promoters.

Ethylene is currently converted to ethylene oxide with a selectivity of
more than 80% under commercial conditions. Typical operating conditions
are temperatures in the range 470 to 600 K with total pressures of 1 to 3
Mpa. In order to attain high selectivity to ethylene oxide (>80%), alkali
promoters (e.g Rb or Cs) are added to the silver catalyst and ppm levels of
chlorinated hydrocarbons (moderators) are added to the gas phase. Recently
the addition of Re to the metal and of ppm levels of NO, to the gas phase has
been found to further enhance the selectivity to ethylene oxide.

Understanding the mechanism of ethylene epoxidation has been the focus
of a large number of studies using supported and single crystal surfaces. A
summary of the work in this area can be found in a comprehensive review.”’
There is a general agreement that atomic oxygen is the active oxygen species
both for ethylene epoxidation and deep oxidation,”**'"*!'* while molecularly
adsorbed oxygen is rather inactive and behaves as a “spectator” species.' >
Subsurface oxygen plays also an important role, as it is necessary for obtaining
high selectivity to ethylene oxide, although it does not directly participate in
catalytic events.”"">"'* As ethylene oxide formation involves insertion of
atomic oxygen into the ethylene molecule carbon-carbon bond, epoxidation
requires that ethylene is molecularly adsorbed on the silver catalyst at the
reaction temperature, which is the case since silver (d'%) has no open (unfilled)
d-shell (section 2.5.1.7.1). As mentioned in section 2.5.2.5.1, the weak zn-type
ethylene adsorption on clean silver is enhanced in the presence of preadsorbed
oxygen, which acts as electron acceptor and creates positively charged
adsorption sites necessary for ethylene adsorption.

It is generally agreed in the literature that the selectivity to ethylene oxide
is governed by the binding state of atomic oxygen,””*!">!'® which can exist
on the catalyst surface in two extreme conformations (Fig. 2.40) rather than
two intrinsically distinct forms.”'"* Weakly bound, electrophilic adsorbed
oxygen (a-oxygen or electrophilic oxygen) reacts preferentially with the m-
electrons of adsorbed ethylene thus producing epoxide. On the other hand,
strongly bound, bridging oxygen atoms coordinated to Ag ions of low charge
(B-oxygen or ionic oxygen) attack preferentially the hydrogen atoms of adsorbed
ethylene with concomitant C-H bond rupture and CO, formation.”'"* This
mechanism explains the role of subsurface oxygen, the presence of which
causes a weakening in the bond strength of adsorbed atomic oxygen via
withdrawal of electrons from the silver sites, thus favoring the formation of
the electrophilic oxygen atoms which produce ethylene oxide. The ability of
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silver to adsorb ethylene molecularly (in the m-state) at fairly high temperatures
and also to adsorb oxygen in a weakly bound electrophilic atomic state is most
likely the reason that Ag is rather unique for the epoxidation of ethylene.

The role of alkali promoters and electronegative moderators in ethylene
epoxidation is related to their effect on the coverage and binding strength of
adsorbed atomic oxygen and of ethylene,””*®!'"*"" according to the basic
ideas described in the previous sections. The effect of chlorine moderator
can be understood as follows: Chlorine atoms replace strongly adsorbed
oxygen atoms, as they compete with them for the same sites.''” Chlorine can
also adsorb into the subsurface layer®”''"®!'"” weakening the bond strength of
co-adsorbed oxygen by withdrawal of electrons from the silver atoms and by
creation of sites for the adsorption of weakly bound electrophilic oxygen,
which interacts with the double bond of ethylene molecule producing
ethylene oxide.”” Regarding ethylene adsorption, the presence of chlorine
atoms stabilize the molecularly adsorbed n-state, similar to the effect of
oxygen co-adsorption. However, the induced increase in the strength of the
chemisorptive bond of ethylene may render it at high chlorine coverages
more susceptible to preferential complete oxidation

The presence of alkali promoters has been reported to destabilize the
molecular adsorption state of ethylene (electron donor) and to increase both
the adsorption rate and the saturation coverage of adsorbed oxygen but also
the bond strength of adsorbed oxygen.'”’ As a result, in the absence of
chlorine moderator alkali adsorption does not increase the selectivity to
ethylene oxide or does so only slightly. On the other hand, the alkali induced
increase in selectivity in the presence of chlorine has been attributed'”' to
stabilization of the adsorbed chlorine and maintainance of a high chlorine
coverage. In effect, alkali stabilizes the silver-oxychloride surface complex,
which is formed by attachement of oxygen and chlorine to the same silver

(a) (b)

o* o
a-oxygen A9 Ag
B-oxygen

Figure 2.40. Schematic of the two extreme conformations of adsorbed atomic oxygen on Ag:
covalently bonded electrophilic oxygen (o-) and ionically bonded oxygen (B-).® Reprinted
with permission from Academic Press.
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atom and which is actually the ethylene epoxidation agent. The inhibition of
the isomerization of ethylene oxide to acetaldehyde,'** which is considered
as the rate determining step in the further conversion of ethylene oxide to
complete oxidation products,”® may also contribute to the alkali induced
selectivity increase.

In summary one can view the ethylene epoxidation system as one where
selectivity maximization requires the coexistence of the following two
adsorption reactant states:

(a) m-bonded electron donor ethylene (D)

(b) weakly bonded electrophilic oxygen (A)

According to the first rule of section 2.5 both desired states are stabilized
by:
(i) coadsorbed Cl
(ii) coadsorbed ionically bonded O
(iii) subsurface oxygen

In this sense subsurface oxygen is also acting as a promoter. The role of
the alkali promoter is then to stabilize Cl and anionically bonded O (or
nitrate ions) on the catalyst surface, so they can exert their promotional
action. Thus alkalis in this system, which requires electronegative promoters
according to the rules of section 2.5, are not really promoters but rather
promoter stabilizers. This is proven by their inability to promote selectivity
in absence of Cl.

The commonly held view of the uniqueness of Ag for ethylene
epoxidation may soon change in view both of the propene epoxidation work
of Haruta and coworkers on AwTiO, catalysts upon cofeeding H, ' and
also in view of the recent demonstration by Lambert and coworkers'**'° that
Cu(111) and Cu(110) surfaces are both extremely efficient in the
epoxidation of styrene and butadiene to the corresponding epoxides. In fact
Cu was found to be more selective than Ag under UHV conditions with
selectivities approaching 100%.'**'*® The epoxidation mechanism appears
to be rather similar with that on Ag as both systems involve O-assisted
alkene adsorption and it remains to be seen if appropriately promoted Cu'*"
126" can maintain its spectacular selectivity under process conditions.

2.6.3 Synthesis Gas Conversion Reactions

Synthesis gas (CO+H,) can be converted into a wide range of products,
which range from methane (methanation reaction), through longer chain
alkanes and alkenes (Fischer-Tropsch synthesis), to methanol or higher
oxygenates (alcohols and aldehydes). The distribution of products depends
upon the nature of the catalyst and the reaction conditions employed. Typical
catalysts used are Ni/ALO; for methanation, Fe/SiO, for transformation to
higher alkanes and alkenes, Cu/ZnO (or Pd/La,0;) for methanol synthesis
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and Rh/SiO, for transformation to higher oxygenates. It is obvious that in the
CO hydrogenation catalytic system selectivity is the most interesting aspect.
In this respect, the role of promoters (including alkali promoters) is critical,
especially for methanol or higher oxygenates synthesis.

The hydrogenation of CO is very appropriate for single crystal studies as it
is structurally insensitive. Furthermore, the activation energies and turnover
frequencies measured using single crystal surfaces agree well with the values
measured for supported catalysts, which facilitates the extrapolation of the
results of single-crystal studies to real catalysts. In order to understand the role
of alkali promoters in this reaction it is important to refer to the main steps of
its mechanism, which are: (i) The adsorption of CO (dissociative or
associative), (ii) the dissociative adsorption of hydrogen, (iii) the surface
reaction of adsorbed hydrogen atoms with CO or the CO dissociation products
to form a wide range of adsorbed reaction intermediates and water and (iv) the
formation and desorption of the final products.

The mode of chemisorption of CO is a key-factor concerning selectivity
to various products. Hydrocarbons can only be produced if the carbon-
oxygen bond is broken, whereas this bond must stay intact for the formation
of oxygenates. It is obvious that catalysts favoring the production of
hydrocarbons must chemisorb carbon monoxide dissociatively (e.g. Fe)
while those favoring the formation of oxygenates must be able to chemisorb
carbon monoxide molecularly (e.g. Rh).

It is also clear that in the former case electropositive promoters (alkalis)
should enhance the rate of hydrocarbon formation while in the latter case a
beneficial effect is to be expected only if CO is weakly adsorbed and to the
extent that the alkali does not induce CO dissociation.

To confirm these predictions we examine here in some detail only the
case of hydrocarbon production where alkali promoters play an important
role in industrial practice.

There is a general agreement in literature - that two carbon types are
present on the catalyst surface during CO hydrogenation under conditions
and catalysts favoring the dissociative adsorption of CO: (i) a reactive
carbonacious species, which is commonly termed 'carbidic carbon' and (ii) a
graphitic inactive phase which is formed after carbidic carbon has reached a
certain coverage and is responsible for the deactivation of the catalyst
surface. Carbidic carbon can be hydrogenated before or after the formation
of carbon-carbon bonds, resulting either in methane or in higher hydrocarbon
formation. The latter case is favored with increasing surface coverage of
carbonaceous species. The steady state reservoir of carbidic species on the
catalyst surface is controlled by the surface concentration of the
competitively adsorbed hydrogen atoms, thus it is expected that besides CO
adsorption, the role of alkali promoters should also involve their effect on
hydrogen chemisorption.

127
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2.6.3.1 Effect of Alkali Promoters

It is obvious that one can use the basic ideas concerning the effect of alkali
promoters on hydrogen and CO chemisorption (section 2.5.1) to explain their
effect on the catalytic activity and selectivity of the CO hydrogenation
reaction. For typical methanation catalysts, such as Ni, where the selectivity to
CH, can be as high as 95% or higher (at 500 to 550 K), the modification of the
catalyst by alkali metals increases the rate of heavier hydrocarbon production
and decreases the rate of methane formation.'*® Promotion in this way makes
the alkali promoted nickel surface to behave like an unpromoted iron surface
for this catalytic action. The same behavior has been observed in model
studies of the methanation reaction on Ni single crystals.'®

According to the results of such model studies of the methanation
reaction on Ni(100) concerning the effect of added K,'® the rate of methane
formation decreases almost linearly with potassium coverage, 0, up to 6¢
~0.15, whilst the rate of heavier hydrocarbon production increases. These
rate changes are accompanied by an increase of the steady state coverage of
carbon (typically 30%), compared to the K-free surface, which manifests
directly the enhancement of the dissociative adsorption of CO on the K-
promoted nickel surface. The observed shift of the selectivity from methane
to hydrocarbons with longer chains and a lower hydrogen content shows
clearly that the alkali promoter ihnibits the hydrogen dissociation rate and
thus stabilizes on the catalyst surface the carbidic species (mainly in the
form of hydrogenated CH, species), also in view of the fact that the strength
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Figure 2.41. X-ray photoemission spectra of Fe foil after CO hydrogenation at 548 K in
CO/Hy=1:20 at | bar total pressure and varying reaction times. (a) C s spectra from K-free
Fe. (b) K 2p and C Is spectra from K-covered Fe, 8;~0.3."® Reprinted with permission of the
American Chemical Society.
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of the carbon-metal bond increases, promoting the preferential formation of
C-C bonds rather than C-H bonds.

The effect of alkali promoters is basically the same for typical catalysts
used in Fischer-Tropsch synthesis, such as iron. On an unpromoted Fe surface
in contact with synthesis gas under reaction conditions, coverage by carbidic
carbon is extensive. Alkali promotion (e.g. by potassium, which in the present
reaction acts most effectively compared to the other alkalis) would be
expected to enhance the dissociative adsorption rate of CO and inhibit the H,
dissociation rate, thus leading to even higher carbidic carbon coverage and to
the suppression of the hydrogen coverage. This is clearly shown on Fig. 2.41
which compares Cls XPS spectra for a clean and a K-covered Fe foil surface
after different reaction times at 548K and lbar total pressure. Both the
carbidic carbon peak at 283.6eV and the graphitic carbon peak at 285.8 eV
are increased in the case of the K-promoted Fe surface compared to the
unpromoted one.

It is obvious that the higher ratio of carbon to hydrogen on the alkali
promoted iron surface will enhance the formation of C-C bonds, thus the
formation of longer chain hydrocarbons, and the formation of unsaturated
products, as the availability of the chemisorbed hydrogen atoms is reduced and
the reactive desorption by hydrogenation is suppressed. This is exactly the
behavior observed in alkali promoted iron catalysts, either supported or
unsupported ones. When the surface concentration of alkali promoters is too
high, formation of waxes’ or even a decrease in the total reaction rate is
observed, due to the alkali induced increase of the coverage of the unreactive
graphitic carbon (Fig. 2.41). Thus there is always an optimum concentration of
promoters, different for different Fischer-Tropsch catalysts. In commercial
iron catalysts some nitrogen is also introduced on the alkali promoted surface,
as it has been found to enhance the promoting action of alkalis.’

Summarizing, the main promoting action of alkali additives in the CO
hydrogenation reaction is the induced change of the selectivity of the
promoted catalysts towards the formation of higher hydrocarbons and
unsaturated products. A decrease in the overall reaction activity can be
observed in certain cases, such as for Fe catalysts, above a certain alkali
concentration. The promoting action is due (i) to the enhancement of the CO
dissociation propensity, which increases the coverage of the carbon species
(i) the inhibition of the hydrogen dissociation, which decreases the coverage
of adsorbed hydrogen atoms (iii) the suppression of the hydrogenation
reactions, due to the preferential formation of C-H bonds under the
conditions of high carbon to hydrogen ratio on the catalyst surface and (iv)
the destabilization of the adsorbed state of the unsaturated hydrocarbons, as
the alkali presence results in decrease of their adsorption energy.
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2.6.3.2 Effect of Electronegative Additives

As in the case of alkali promoters, the basic ideas concerning the effect of
electronegative additives on hydrogen and CO chemisorption (section 2.5.2)
can be used to to explain their effect on the catalytic activity and selectivity of
the CO hydrogenation reaction. The electronegative additive most thoroughly
studied is sulfur, which in a variety of chemically combined forms is a
commonly encountered impurity in the CO hydrogenation rections. Most
studies focus on nickel catalysts, either supported or single crystals. The
poisoning action of sulfur and other electronegative adatoms may reflect both
geometrical and electronic effects and depends also on the specific substrate
and the difference in the electronegativities of the adatom and the substrate.

The influence of electronegative additives on the CO hydrogenation
reaction corresponds mainly to a reduction in the overall catalyst activity."”!
This is shown for example in Fig. 2.42 which compares the steady-state
methanation activities of Ni, Co, Fe and Ru catalysts relative to their fresh,
unpoisoned activities as a function of gas phase H,S concentration. The
distribution of the reaction products is also affected, leading to an increase in
the relative amount of higher unsaturated hydrocarbons at the expense of
methane formation.® Model kinetic studies of the effect of sulfur on the
methanation reaction on Ni(100)"**'* and Ru(001)"**"** at near atmospheric
pressure attribute this behavior to the inhibition effect of sulfur to the
dissociative adsorption rate of hydrogen but also to the drastic decrease in the
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Figure 2.42. Relative steady-state methanation activity profiles for Ni (@), Co (4), Fe (O),
and Ru (O) as a function of gas-phase H,S concentration. Reaction conditions: 100 kPa,
400°C, 1% CO/99%H, for Co, Fe, and Ru, 4% CO/96% H, for Ni.'*' Reprinted with
permission from Academic Press.
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Figure 2.43. Methanation rate, Tcy, as a function of S or P coverage on a Ni(100) catalyst at
120 Torr. py, /pco=4 and reaction temperature 600 K.'**'* Reprinted with permission from
Elsevier Science.

mobility (surface diffusion coefficient) of the hydrogen adatoms.**'** The
latter decrease justifies the observed more severe decrease in the
methanation rate compared to the decrease in the coverages of the
reactants®®'*® and results in a reduced H/C ratio on the modified surface,
although the coverage of the adsorbed CO is also reduced due to the
presence of the electronegative adatoms. Consequently, the fraction of
heavier and unsaturated hydrocarbons is increased. At high sulfur coverages
the carbidic carbon formation step (CO dissociation) is also severely
inhibited, as confirmed by the absence of surface carbon after the reaction.
This is also corroborated by the observed change in the methanation reaction
order on S/Ni(100) with respect to CO, from zero to first order for sulfur
coverages higher than ~0.1."%

Figure 2.43 shows the effect of S and P on the rate of methane
production'** on Ni(100) at 600 K.The observed smaller poisoning effect in
the case of P is in agreement with the less pronounced effect of P on the
adsorption of the reactants (Section 2.3).

2.7 SUMMARIZING COMMENTS AND RULES

Despite the individual complexities of the systems surveyed here, several
simple rules must have emerged in the reader’s mind. Aside from the
omnipresent site-blocking geometric effects, chemical or classical promotion
can be understood, at least qualitatively, in terms of two simple and
complementary rules, already outlined is section 2.5:
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Rule 1: Electropositive adsorbates strengthen the chemisorptive bond of
electron acceptor (electronegative) adsorbates and weaken the chemi-
sorptive bond ofelectron donor (electropositive) adsorbates.

Rule 2: Electronegative adsorbates weaken the chemisorptive bond of
electron acceptor (electronegative) adsorbates and strengthen the chemi-
sorptive bond of electron donor (electronegative) adsorbates.

These rules must be supplemented by the following two “amphoteric”
rules already discussed in section 2.3.2.1, which supplement the definition of
electron acceptor and electron donor adsorbates.

Rule 3: In presence of a strong electron donor (electropositive) adsorbate
(e.g. K, Na) a weaker electron donor (e.g. NO on Pt(111)) behaves as an
electron acceptor.

Rule 4: In a presence of a strong electron acceptor (electronegative)
adsorbate (e.g. O) a weaker electron acceptor (e.g. CO on Ni(111)) behaves
as an electron donor.

The reader can check through the figures of this chapter to confirm that
there are no exceptions to these simple rules. There are two molecular
mechanisms which lead to these rules:

Direct electrostatic (“through the vacuum”™) dipole attraction or repulsion
which, in the case of attraction, may lead even to surface compound
formation.

Indirect (“through the metal”) interaction due to the redistribution of
electrons in the metal. In this case an electropositive promoter decreases the
work function of the surface and this in turn weakens the chemisorptive
bond of electropositive (electron donor) adsorbates and strengthens the
chemisorptive bond of electronegative (electron acceptor) adsorbates.

The extent of the contribution of each of these two mechanisms varies
from one system to the other as recent quantum mechanical calculations
have shown.*" In either case, however, linear variations are often obtained
in the change in heat of adsorption vs the change in the work function, with
slopes on the order of +1, in good agreement with experiment as shown in
Chapter 5.

On the basis of the above simple rules one can formulate the following
two promotional rules:

Rule 5:  Ifa catalyst surface is predominantly covered by an electro-
negative (electron acceptor) adsorbate then an electronegative promoter is
to be recommended.

Rule 6: Ifa catalyst surface is predominantly covered by an electro-
positive (electron donor) adsorbate then an electropositive promoter is to be
recommended.

As will be shown in Chapter 6, but also Chapters 8 to 10, these simple
rules are in excellent agreement with experiment.
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CHAPTER 3

SOLID ELECTROLYTES, CATALYSIS AND
SPILLOVER

“In fact, the key to understand electrochemical promotion is to understand
the mechanism by which the effect of polarization at the catalyst/electrolyte
interface propagates to the catalyst/gas interface

G. Foti, S. Wodiunig and Ch. Comninellis, Current topics of Electrochemistry, 2000

3.1 SOLID ELECTROLYTES

Michael Faraday was first to observe in 1834 that solid PbF,, when
heated at 500°C, becomes an electrical conductor. It took almost a century to
explain this observation and establish that PbF, is a F™ ion conductor. In the
meantime, other solid electrolytes such as Agl, a Ag+ conductor, had been
discovered by Tubandt and Strock and it soon became apparent that ions can
diffuse as rapidly in some solids as in aqueous salt solutions. The atomistic
interpretation of ionic conduction in solids was largely established by the
pioneering work of Joffé, Frenkel, Wagner and Schottky in the twenties and
early thirties." These works established that ion conduction can take place
either by hopping of ions through a series of interstitial sites (Frenkel disorder)
or by hopping of vacancies among lattice positions (Schottky disorder).

Today, the term solid electrolyte or fast ionic conductor or, sometimes,
superionic conductor is used to describe solid materials whose conductivity
is wholly due to ionic displacement. Mixed conductors exhibit both ionic
and electronic conductivity. Solid electrolytes range from hard, refractory
materials, such as 8 mol% Y,0;-stabilized ZrO,(YSZ) or sodium B"-Al,O;
(NaAl;0y7), to soft proton-exchange polymeric membranes such as Du
Pont’s Nafion and include compounds that are stoichiometric (Agl), non-
stoichiometric (sodium p"-Al,03;) or doped (YSZ). The preparation,
properties, and some applications of solid electrolytes have been discussed in
a number of books”” and reviews.*’ The main commercial application of
solid electrolytes is in gas sensors.*” Another emerging application is in
solid oxide fuel cells.*>'!!
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The classification of solid electrolytes is usually based on the ion mainly
responsible for the conductivity. There exist:

6))] Oxygen ion conductors: They are solid solutions of divalent and
trivalent metal oxides (e.g. Y03, Yb,0;, CaO) in quadrivalent metal oxides
(e.g. ZrO;, ThO,, CeO,. Calcia- or Yttria-stabilized Zirconia (YSZ),

containing 5-15 mol% CaO or 6-10 mol% Y,0; in ZrO,, is widely used in
oxygen sensors, normally in the temperature range 400° to 1200°C.

(ii) H' and Li" conductors: Several polymeric solid electrolytes belong
here. Of particular importance are the Proton Exchange Membranes (PEM),
such as Nafion 117, which is a copolymer of polytetrafluoroethylene and
polysulfonylfluoride containing pendant sulfonic acid groups, which exhibit
substantial conductivity at room temperature. High cationic conductivity is
also exhibited by several alkali salt solutions in polyethyleneoxide. Proton
conduction is also exhibited by CsHSO,,'* by H-substituted p"-AlOs;’ and

by SrCeQ;"* and CoslIng,ZrO;.,*"* based compounds.

(iii) Na® conductors: These are B- and B”-aluminas which are non-

stoichiometric compounds corresponding to Naj+xAl;1O017.x2 (0.155x<0.3)
and Na.xM,Al 1,017, respectively, where M is a divalent metal (e.g. Mg*",
Ni*, Zn*"). They exhibit high conductivity in the range 150-300°C.

(v) K, Cs", Rb’, TI' conductors: They are substituted p- and B”-ALO;
and are conductive in the range 200- 400°C.

v) Ag’ conductors, e.g. a-Agl, RbAg)s, and Ag,Hgl,, which are
conductive in the range 150-350°C.

(vi) Cu" conductors, e.g. Cu,Se and KCu,ls are conductive in the range
250-400°C.

(vii)  F conductors, e.g. PbF, and CaF,, which are conductive above 500
and 600°C, respectively.

Detailed information about the conductivity of solid electrolytes can be
found elsewhere.””**!®!!" A5 shown in Fig. 3.1, the temperature dependence
of the ionic conductivity ¢ can, in general, be described by the semiempirical
equation:

o=(0,/T)exp(-E, /k,T) (3.1)

where o, is a function of the ionic charge, the concentration of the mobile
ions and the frequency with which these ions attempt to move to a
neighboring site (attempt frequency); Ex is the activation energy for defect
motion and k;, is the Boltzmann constant. The activation energy Ej is usually
on the order of 0.5-2 eV. The minimum ionic conductivity value of a solid
electrolyte for practical fuel cell applications™'*!" is 0.1-1 Q'cm™. This
places very stringent restrictions on the choice of material and operating
temperature. For catalytic (promotional) and sensor applications, however,
much lower conductivity values (~10™ Q'em™) are usually sufficient. This
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Figure 3.1. Temperature dependence of the ionic conductivity of some solid electrolytes. The
conductivity of concentrated H,SO, (37 wt%) is included for comparison.'® Reprinted with
permission from WILEY-VCH.
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permits the use of a large variety of solid electrolytes over a very wide tempe-

rature range. Electrochemical promotion (EP) studies'®! have so far utilized:

(i) Yttria-stabilized-zirconia (YSZ), an O” conductor, at temperatures 280
and 650°C.

(i) PB"-AlLOs, and Na;Zr,S1,PO;; (NASICON) which are Na’ conductors at
temperatures between 180° to 400°C.

(iii) CsHSQ,, CaZryln, 0., and Nafion, which are proton conductors at
temperatures 150 and 25°C, respectively.

(iv) CaF,, a F conductor, at temperatures between 550 and 700°C.

(v) Aqueous alkaline or acidic solutions at temperatures 25 and 60°C.

(vi) Mixed ionic-electronic conductors such as TiO; and CeOs.

(vii) Molten salts, such as V,05-K,S,0.

A complete classification of electrochemical promotion (EP) studies on
the basis of the type of solid electrolyte used is given in Table 4.1 of Chapter
4 together with the corresponding references. These studies are further
discussed in detail in Chapters 8 to 10.

3.2 SOLID ELECTROLYTE POTENTIOMETRY (SEP)

When a solid electrolyte component is interfaced with two electronically
conducting (e.g. metal) films (electrodes) a solid electrolyte galvanic cell is
formed (Fig. 3.3). Cells of this type with YSZ solid electrolyte are used as
oxygen sensors.® The potential difference U that develops spontaneously
between the two electrodes (W and R designate working and reference
electrode, respectively) is given by:

USr =(RT/4F)In(po,.w /Po,.») (3.2)

where F is Faraday’s constant (96487 C/mol) and pg, w and po,r are the oxygen
partial pressures over the two electrodes. The superscript “’ designates
hereafter open-circuit conditions, i.e., there is no current (I=0) flowing between
the two electrodes. The Nernst equation (3.2) is valid provided there is
equilibrium between gaseous oxygen and oxygen, O(tpb), adsorbed at the solid
electrolyte-metal-gas three-phase-boundaries (tpb). It is also necessary that the
net-charge-transfer (electrocatalytic) reaction at the tpb is:

O(a)+2e <> O*(YSZ) (3.3)

i.e., that there is no interference from other gases, e.g. H,, CO, which may
react with O (YSZ) at the tpb establishing mixed potentials.?

Wagner first proposed the use of such galvanic cells in heterogeneous
catalysis, to measure in situ the thermodynamic activity of oxygen O(a)
adsorbed on metal electrodes during catalytic reactions.”’ This led to the
technique of solid electrolyte potentiometry (SEP).?2
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Figure 3.3. Electrode configuration for SEP (a) and for electrochemical promotion (or
NEMCA) studies (b). The latter can be carried out using the fuel-cell type configuration (c) or
the single chamber type configuration (d).

In this technique the working electrode W (e.g. Pt) is exposed to the

reactive gas mixture (e.g. C,H4 plus O) and also serves as the catalyst for a
catalytic reaction, e.g.:

C,H+30; - 2CO,+2H,0 3.4)

The measured potential difference U¢y is related to the oxygen activity,
0, on the catalyst surface via:*>™>’

wr = (RT/4F)In(ad /poy ») (3.5)

which is again derived on the basis of the equilibrium (3.3). The SEP
technique, used in conjunction with kinetic studies, is a useful tool for
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mechanistic investigations, particularly suitable for the study of oscillatory
reactions.””’ The limitations of Eq. (3.5) together with detailed reviews of
the SEP literature can be found elsewhere.'”?® Today it is well established
both theoretically'®*® and experimentally'***° that SEP with metal catalyst
electrodes is a work-function (e®) measuring technique:

eUgp = Dy ~Dr ' (3.6)

where @w and Qg are the actual, adsorption and spillover modified, work
functions ® of the gas-exposed surfaces of the working (W) and reference
(R) electrodes. Equation (3.6) is more general than equation (3.5) as it does
not depend on the nature of the solid electrolyte and does not require the
establishment of any specific charge-transfer equilibrium (e.g. Eq. (3.3)) at
the tpb.'? It also holds under closed-circuit conditions. It shows that solid
electrolyte galvanic cells are work function probes and work function
controllers for their gas-exposed, i.e. catalytically active, electrode surfaces.
This important point is analyzed in detail in Chapters 4, 5 and 6, in relation
to the effect of electrochemical promotion.

In addition to solid electrolyte potentiometry, the techniques of cyclic
voltammetry®'*? and linear potential sweep™ have been also used recently in
solid electrolyte cells to investigate catalytic phenomena occuring on the
gas-exposed electrode surfaces. The latter technique, in particular is known
in catalysis under the term Potential-programmed reduction (PPR).** With
appropriate choice of the sweep rate and other operating parameters both
techniques can provide valuable kinetic*' and thermodynamic®* information
about catalytically active chemisorbed species and also about the NEMCA
effect®?as analyzed in detail in Chapter 5.

3.3 ELECTROCATALYTIC OPERATION OF SOLID
ELECTROLYTE CELLS

Solid electrolyte fuel cells have been investigated intensively during the
last four decades.'®**>" Their operating principle is shown schematically in
Fig. 3.4. The positive electrode (cathode) acts as an electrocatalyst to
promote the electrocatalytic reduction of O, (g) to O*:

1/20,(g) +2e~ —» O* 3.7

Although several metals, such as Pt and Ag, can also act as electrocatalysts
for reaction (3.7) the most efficient electrocatalysts known so far are
perovskites such as La;.«St,MnQO;. These materials are mixed conductors, i.e.,
they exhibit both anionic (0%) and electronic conductivity. This, in principle,
can extend the electrocatalytically active zone to include not only the three-
phase-boundaries but also the entire gas-exposed electrode surface.
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Cathode Anode
(e.g. La; Sr,Mn0O;) (e.g. Ni-ZrO,-cermet)

1/20, +26” »0%  Hy +0% »H,0+2e"

«— 2e

Cathode Anode
(e.g. Lay_4Sr,MnO,) (e.g. Pt-Rh)
1120, + 2e 502 2/5NH; + 02~ —» 2/5NO +3/5H,0 + 2e:

Figure 3.4. Operating principle of a solid oxide fuel cell (a) and of a chemical cogenerator (b).*!
Reprinted with permission from the American Chemical Society.

The negative electrode (anode) acts as an electrocatalyst for the reaction
of O% with the fuel, e.g. Ha:

H,+0% - H,0 + 2¢ (3.8)

A Ni-stabilized ZrO, cermet is used as the anodic electrocatalyst in state-
of-the-art solid oxide fuel cells. Nickel is a good electrocatalyst for reaction
(3.8) and the Ni-stabilized ZrO, cermet is used to create a large metal-gas-
solid electrolyte three-phase-boundary length, since it is exactly at these
three phase boundaries (tpb) where electrocatalytic reactions usually take
place in solid electrolyte cells. Thus the use of Ni in a Ni-ZrO, cermet to
carry out electrocatalytic reactions is analogous to the use of Ni, or other
transition metals, in a highly dispersed form on Si0O,, Al,O5 or TiO, supports
to carry out catalytic reactions. Throughout this book the term electroca-
talytic reaction is used to denote reactions such as (3.7) and (3.8) involving a
net charge transfer.
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Fuel cells such as the one shown on Fig. 3.4a convert H, to H;O and
produce electrical power with no intermediate combustion cycle. Thus their
thermodynamic efficiency compares favorably with thermal power
generation which is limited by Carnot-type constraints. One important
advantage of solid electrolyte fuel cells is that, due to their high operating
temperature (typically 700° to 1100°C), they offer the possibility of "internal
reforming” which permits the use of fuels such as methane without a
separate external reformer.**°

One can only admire the insight of the first researchers who used Ni as
the active electrode material in the Ni/YSZ cermet anodes: In addition to
being a good electrocatalyst for the charge transfer reaction (3.8), Ni is also
an excellent catalyst for the steam or CO,-reforming of methane:

CH,+H,0 <> CO+3H, (3.9)

CH4+CO, & 2CO+2H, (3.10)

as well as for the water-gas-shift reaction:

CO+H,0< CO, +H, 3.1

Reactions (3.9) to (3.11) proceed rapidly to equilibrium in most anodic
solid oxide fuel cell (SOFC) environments and thus H, (Eq. 3.8) rather than
CH, is oxidized electrochemically resulting in low polarization losses. Upon
doubling the stoichiometric coefficients of equation (3.8), summing equations
(3.8) to (3.11) and dividing the resulting coefficients by two one obtains:

CH, + 0% —CO +2H, + 2¢" (3.12)

Thus indeed CH4 oxidation in a SOFC with a Ni/YSZ anode results into
“partial oxidation” and the production of synthesis gas, instead of generation
of CO; and H,O as originally believed. The latter happens only at near-
complete CH4 conversion. However the partial oxidation overall reaction
(3.12) is not the result of a “partial oxidation” electrocatalyst but rather the
result of the -catalytic reactions (3.9) to (3.11) coupled with the
electrocatalytic reaction (3.8). From a thermodynamic viewpoint the partial
oxidation reaction (3.12) is at least as attractive as complete oxidation to
CO, and H,0.

In recent years it was shown that solid electrolyte fuel cells with
appropriate electrocatalytic anodes can be used for chemical cogeneration
i.e. for the simultaneous production of electrical power and useful chemicals.
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This mode of operation, first demonstrated for the case of NH; conversion to
NO™* combines the concepts of a fuel cell and of a chemical reactor (Fig.
3.4b). The economics of chemical cogeneration have been discussed and
modelled.*"** Several other exothermic reactions have been investigated
more recently, including the oxidation of H,S to 802,43 of CH;OH to H2C044
and of methane to ethylene.” In the latter case it was found that ethylene
yields up to 85% can be obtained in a gas-recycle solid electrolyte cell
reactor-separator using a Ag-Sm,0; anode and a molecular sieve
adsorbent.” It is possible that if solid electrolyte fuel cells operating on H, or
natural gas become commercially available, then they can be also used, with
appropriate anodic electrocatalysts, by several chemical industries.

Table 3.1 lists some of the anodic reactions which have been studied so
far in small cogenerative solid oxide fuel cells. A more detailed recent
review has been written by Stoukides.*® One simple and interesting rule
which has emerged from these studies is that the selection of the anodic
electrocatalyst for a selective electrocatalytic oxidation can be based on the
heterogeneous catalytic literature for the corresponding selective catalytic
oxidation. Thus the selectivity of Pt and Pt-Rh alloy electrocatalysts for the
anodic NH; oxidation to NO turns out to be comparable (>95%) with the

Table 3.1. Electrocatalytic reactions investigated in doped ZrO, solid electrolyte fuel
cells for chemical cogeneration

Reaction Electrocatalyst Reference(s)

2NH;+50% — 2NO+3H,0+10¢ Pt, Pt-Rh 38-40
CH, +NH;+30% — HCN+3H,0+6¢" Pt, Pt-Rh 47
CH;0H+0% — H,CO+H,0+2¢" Ag 44

CgHs-CH,CH; + O — C¢Hs-CH=CH, + H,0 + 2¢’ Pt, Fe,0, 48,49
H,S + 30% — SO, +H,0+6¢" Pt 43
C;He+O* = C; dimers+2e Bi,0:-La,0, 50
2CH,+20% — C,H+2H,0 + 4¢” Ag,Ag-Sm,0, 45

selectivity of Pt and Pt-Rh alloy catalysts for the corresponding commercial
catalytic oxidation.™®*® The same applies for Ag which turns out to be
equally selective as an electrocatalyst for the anodic partial oxidation of
methanol to formaldehyde**:

CH,0H+0* — H,CO + H,0 + 2¢ (3.13)
as it is a catalyst for the corresponding catalytic reaction:
CH;0H+ 1/20, - H,CO + H,0 (3.14)

Aside from chemical cogeneration studies, where the electrocatalytic
anodic and cathodic reactions are driven by the voltage spontaneously
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generated by the solid electrolyte cell, several other electrocatalytic reactions
have been investigated in solid electrolyte cells.”’ These reactions are listed
in Table 3.2. Earlier studies by Kleitz and coworkers had focused mainly on
the investigation of electrocatalysts for H,O electrolysis. Huggins, Giir and
coworkers were first to show that other electrocatalytic reactions, such as NO
decomposition’* and CO hydrogenation can be carried out in zirconia cells.
Later the groups of Otsuka™ and Stoukides,”’ among others, have
concentrated on the study of the oxidative coupling of CH, utilizing a variety
of metal and metal oxide electrodes. Interesting electrocatalytic partial
oxidation work has been produced for years by the group of Hayakawa and
Takehira.”®

Table 3.2. Electrocatalytic reactions investigated in doped ZrO, solid electrolyte fuel
cells with external potential application

Reaction Electrocatalyst Reference(s)

H,0 +2¢" — H+0> Ni 51,59

2NO+4e” — Np+20% Pt, Au 52,53

CO+2H,+2e — CH+0* Pt, Ni 60,61

C;Hg + 0% = C3HO + 2¢ Au 58

CH4+yO* — C,Hg, C,H,, CO, CO,, H,0+2ye Ag,Ag-MgO, 54-57
Ag"BizO]
Ag-Sm,0,

With the exception of H,O electrolysis®”” it is likely that, for all other

electrocatalytic reactions listed on Table 3.2, catalytic phenomena taking place
on the gas-exposed electrode surface or also on the solid electrolyte surface,
had a certain role in the observed kinetic behaviour. However, this role cannot
be quantified, since the measured increase in reaction rate was, similarly to the
case of the reactions listed on Table 3.1, limited by Faraday's law, i.e.:

Ar = I/2F (3.15)

where 1 is the cell current and Ar (expressed in mol O) is the measured
change in global reaction rate. As already mentioned, the fact that no non-
Faradaic, i.e., no NEMCA behaviour was observed during these interesting
early studies can be safely attributed to the high operating temperature and
concomitant low polarizability of the metal-solid electrolyte interface. This
dictated that electrocatalysis at the three-phase-boundaries, rather than
catalysis on the gas-exposed electrode surface, dominated the global kinetic
picture. The limits between electrocatalysis | ar|<|1/2F| and electroche-
mical promotion | 4r|» | 1/2F| will become apparent in Chapters 4 and 5 of
this book.
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3.4 SPILLOVER-BACKSPILLOVER PHENOMENA

3.4.1 Phenomenology

The effect of spillover plays an important role in heterogeneous catalysis
and was extensively studied during recent years. It was first noticed in the
1950s by Kuriacose.”> Work in this area has been reviewed by Teichner®
and by Conner et al.*

The spillover effect can be described as the mobility of sorbed species
from one phase on which they easily adsorb (donor) to another phase where
they do not directly adsorb (acceptor). In this way a seemingly inert material
can acquire catalytic activity. In some cases, the acceptor can remain active
even after separation from the donor. Also, quite often, as shown by Delmon
and coworkers,”®” simple mechanical mixing of the donor and acceptor
phases is sufficient for spillover to occur and influence catalytic kinetics
leading to a Remote Control mechanism, a term first introduced by Delmon.®
Spillover may lead, not only to an improvement of catalytic activity and
selectivity but also to an increase in lifetime and regenerability of catalysts.

The effect of spillover was observed for different species such as H,®
O,69 N,70 NO* or CO.® Most of the research has been carried out with
hydrogen spillover.

Bond et al® reported one of the first examples of spillover of
nonhydrogen species. They observed a spillover of O and CO from Pd onto
SnO, during the oxidation of CO. On pure SnO, the rate-limiting step is the
oxidation of CO by SnO,. Adding Pd to the SnO, leads to a change in the
rate-limiting step towards reoxidation of the SnO, due to spillover of O and
CO. The rate of CO oxidation was greatly increased by adding Pd to SnO,.

The simplest example of oxygen spillover is found in the adsorption of
oxygen on carbon. The spillover oxygen migrates from the basal carbon (donor)
to carbon atoms exposed at steps between layers of the graphite surface, where it
reacts with the edge carbons (acceptor).” In this case the donor and acceptor
phase consist of the same material with different surface properties.

Examples of reverse spillover (or backspillover) are the dehydrogenation
of isopentane and cyclohexane on active carbon. Deposition of a transition
metal on the active carbon accelerates the recombination of H to H; due to a
reverse spillover or backspillover effect.”

34.2 Mechanisms: Donor and Acceptor Phases

In cases of spillover in heterogeneous catalysis the usual kinetic models
can no longer be applied in a direct way. The creation of new surface sites or
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modification of the surface concentrations leads to new terms in the rate
equations. A general reaction scheme of oxygen spillover formation,
transfer, activation, and deactivation was proposed by Delmon, Block and
coworkers.”® A schematic representation of reactions (3.16) to (3.20) is given
in Fig. 3.5.

0,+2D—>20D production of spillover species O on donor D (3.16)
20D->0,+2D recombination of O, 317N

A+OD > D+0-A transfer of O between donor D and acceptor A (3.18)

OA+B-—>C formation of active site C (3.19)

E+C—>F deactivation of C by reaction with E (3.20)

Equations (3.16) and (3.17) describe the dissociative adsorption and
recombination of oxygen on a donor D. The transfer between the donor D and
acceptor A is described by eq. (3.18). The spillover oxygen (O) is a mobile
species which is present on the acceptor surface without being associated with
a particular surface site. The mobile spillover species can interact with a
particular surface site B forming an active site C (eq. 3.19). Eq. (3.20)
represents the deactivation of the active site C by interaction with a reactant E.

Delmon and coworkers” presented the following mathematical model for
the dehydration of formamides on the donor/acceptor system a-Sb,O4/MoOs;.
The net rate of spillover oxygen formation on a-Sb,O, (donor) is described by
the dynamic balance between dissociation of molecular oxygen from the gas
phase and recombination of spillover oxygen (e.g. egs. (3.16) and (3.17)):

r7 = [Ka - Poy + (1 = Os0.0)* — k- 8s0.0°] - Sp (3.21)

where 1r is the net rate of formation of spillover oxygen expressed in mol-s™
per gram of the mixture of a-Sb,O4 and MoQ;, Bso.p is the surface fraction
occupied with spillover oxygen on the donor, kq and k.4 are the rate constants
for the formation and recombination of spillover oxygen respectively, and Sp
is the surface area developed by the donor phase per gram of the mixture of
a-Sb,04 and MoOs;. The rate of migration of the spillover oxygen from the
donor phase onto the acceptor phase (ry) depends on the fraction of surface
sites occupied by spillover oxygen on the two phases
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E E'
02\‘ ] e ol
O+A+B— C—F
O ?*/ -‘_ Acceptor(A)

]
! BB
~ Donor(D)

Figure 3.5. Schematic representation of the spillover mechanism described in reactions (3.16)
to (3.20).

v = kmFm(Bs0.0-850.4) (3.22)

with the rate constant ky and the contact factor Fm. The contact factor Fy
accounts for the contact quality Qu between the two phases, which depends
on the mixing procedure of the donor and acceptor phases and the surface
areas developed by the donor (Sp) and acceptor (Sa) phases per gram of the
mixture of a-Sb,04 and MoO;:

Fy=QmSpSa (3.23)

The rate of creation of active sites (r¢) on the acceptor is proportional to
the fraction of the acceptor covered with spillover oxygen (8s0.4) and to the
fraction of inactive MoQs surface sites (1-at)

Ic= kca(l—(l)esovASA (324)

where k¢ is the rate constant of creation of active sites, a is the maximal
density of active sites on the acceptor, @ is the fraction of active sites on the
acceptor surface, and S, is the surface area developed by the acceptor phase
per gram of the mixture of 0-8b,0,4 and MoO;. The rate of destruction of the
active surface sites on the acceptor (rp) is linked to the catalytic process. The
destruction of the active surface site is seen as a side reaction occurring with
a rate proportional to the turnover rate. The turnover rate depends on the
partial pressure of the reactant (pg), in this case on the partial pressure of
formamide. The rate of destruction is described by

p = kpaaprSa (3.25)
where kpis the rate constant of destruction of the active surface sites on the

acceptor phase. At steady state the rates of spillover oxygen formation (rg),
migration (ry) and creation of active sites (rc) are equal:
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rr =TIy =I¢ (3.26)

and so are the rates of creation (rc) and destruction (rp) of active sites:
Tc=TIp 3.27)

The mathematical model was found to describe well the observed activity
increase for numerous mechanical mixtures of a-Sb,0O4/MoQ; at different
oxygen partial pressures and temperatures.”

It is now well established that spillover-backspillover phenomena play an
important role in numerous catalytic systems. It is worth reminding that the
effect of strong-metal-support interactions (SMSI), which was discovered by
Tauster”* and attracted the intense interest of the catalytic community for the
least a decade”” was eventually shown to be due to backspillover of ionic
species from the TiO, support onto the supported metal surfaces.

For reasons which will become apparent in Chapters 4,8 and 11 of this
book it is very likely that the increasing commercial importance of ZrO, and
CeO, supports for conventional supported metal catalyst is due to the ability
of these supports to continuously provide backspillover anionic oxygen on
the surface of the supported metal catalyst.

Also the similarity between the “remote control” spillover mechanism of
Fig. 3.5 and the mechanism of electrochemical promotion (NEMCA) already
outlined in Figure 1. 4c and thoroughly proven in Chapter 5, should be noted.
In electrochemical promotion the solid electrolyte is the “donor” phase and
the conductive catalyst is the “acceptor” phase, using Delmon’s terminology.

A difference between the two systems is that in NEMCA experiments the
spillover-backspillover rate can be accurately measured and controlled by
simply measuring the imposed current or potential. Another difference is that
in electrochemical promotion experiments backspillover provides a
promoting species, not an active site, to the catalyst surface. This latter
difference can however be accommodated by a broader definition of the
“active site”.

3.4.3 Thermodynamics and Kinetics of Spillover-Backspillover
Between a Solid Electrolyte and a Metal Catalyst-Electrode

Based on the preceding discussion on spillover-backspillover and in
anticipation of Chapter 4 it is worth to briefly examine the thermodynamic
driving force for ion (e.g. O%) backspillover between a solid electrolyte (e.g.
YSZ) and the gas-exposed surface of a metal (e.g. Pt) electrode.

We start from equation (3.7) which under open-circuit conditions is at
equilibrium at the three-phase-boundaries (tpb) metal (M)-gas-YSZ:
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1/204(g) + 26(M) 5 O*(YSZ) (3.7
The equilibrium condition is:

172110, (€)+2He M)=1 2- (YSZ) (3.28)

where Mo,(g) is the chemical potential of O, in the gas phase (assumed
constant) [.(M) is the electrochemical potential (or Fermi level) of
electrons in the metal (which is also constant over the entire metal electrode)
and Fy2- (YSZ) is the electrochemical potential of O% in the YSZ.

We then note that the equilibrium condition for reaction (3.7) now taking
place not only at the tpb (three phase boundaries), but over the entire gas
exposed Pt electrode surface is very similar to Eq. (3.28), i.e.

172100, (8)+2He M)=1 2- (M) (3.29)

Ysz
Ho2{YS8Z) Hoz(M)
< (A)
N
I X
—
z

Figure 3.6. Spatial variation of the electrochemical potential, [T .2- , of O* in YSZ and on a
metal electrode surface under conditions of spillover (broken lines A and B) and when
equilibrium has been established. In case (A) surface diffusion on the metal surface is rate
limiting while in case (B) the backspillover process is controlled by the rate, I/nF, of
generation of the backspillover species at the three-phase-boundaries. This is the case most
frequently encountered in electrochemical promotion (NEMCA) experiments as shown in
Chapter 4.
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where now [,>-(M) is the electrochemical potential of 0> on the gas
exposed metal electrode surface. Thus at equilibrium, i.e. when spillover-
backspillover is not kinetically frozen, one has:

Hor- (M) =llox- (YSZ) (3.30)

Thus the driving force for o* backspillover from YSZ to the gas
exposed, i.e. catalytically active, electrode surface exists and equals
Ho2- (YSZ) - Ho2- (M). It vanishes only when o* backspillover has taken
place and established the “effective” double layer shown in Fig. 3.6.

The kinetics of ion backspillover on the other hand will depend on two
factors: On the rate, I/nF, of their formation at the tpb and on their surface
diffusivity, Dy, on the metal surface. As will be shown in Chapters 4 and 5
the rate of electrochemically controlled ion backspillover is normally limited
by I/nF, i.e. the slow step is their transfer at the tpb. Surface diffusion is
usually fast. Thus, as shown in Chapter 5, for the case of Pt electrodes where
reliable surface O diffusivity data exist, obtained by Gomer and Lewis
several years ago,”® D is at least 4.-10™" cm¥s at 400°C and thus an 0" ion
can move at least 1 pm per s on a Pt(111) or Pt(110) surface. Therefore ion
backspillover from solid electrolytes onto electrode surface is not only
thermodynamically feasible, but can also be quite fast on the electrode
surface. But does it really take place? This we will see in the next Chapter.
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CHAPTER 4

ELECTROCHEMICAL PROMOTION OF
CATALYTIC REACTIONS

“One of the most remarkable advances in electrochemistry since 1950 is
described ..... It is the effect of electrical potential changes on catalyst
surfaces. The subject-though only a few years old-is fully described in a
remarkable chapter”

J.O’M. Bockris, B.E. Conway, R.E. White, Editors “Modern aspects of
electrochemistry ”, 1996

4.1 EXPERIMENTAL SETUP

4.1.1 The Reactor and the Gas Analysis System

A typical experimental setup for NEMCA studies is shown in Figs. 4.1
and 4.2. Two types of catalytic-electrocatalytic reactors can be used:

In the fuel cell type reactor (Fig. 4.1a) the catalyst-working (W) electrode
is exposed to the catalytic reactants (e.g. C,Hs+QO,) and products (e.g.
CO,+H,0) but the counter (C) and reference (R) electrodes are in a separate
compartment and are exposed to a reference gas, e.g. air.

In the single-chamber type reactor (Fig. 4.1b) all three electrodes
(catalyst-working (W), counter (C) and reference (R)), electrode are all in
the same chamber and are all exposed to the reactants and products.'™ In this
case the counter and reference electrodes must be made from a catalytically
inert (e.g. Au) material for otherwise the catalytic rate on them will obscure
the measured (via gas-chromatography or mass-spectrometry, Fig. 4.2) rate
on the catalyst-working electrode.
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Figure 4.1. Electrode configuration for NEMCA studies using (a) the fuel cell type reactor
and (b) the single-chamber type reactor.
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In both designs the catalyst-working electrode acts simultaneous as a
catalyst for the catalytic reaction (e.g. C;H4 oxidation by gaseous O,) and as
an electrode for the electrochemical charge transfer reaction:

0¥ o O(a) +2¢ 4.1

taking place at the three-phase boundaries (tpb) metal-gas-solid electrolyte.

Both reactor designs of Figure 4.1 give similar results. The single-
chamber design offers ease of scale-up but has the disadvantage of a quasi-
reference electrode which can easily cause inaccuracies of 0.1 V in
measuring the thermodynamic catalyst potential (see section 4.1.3). The fuel
cell type design has an accurate reference electrode but suffers from all the
scale-up difficulties of fuel cells.

4.1.2 The Catalyst Film

4.1.2.1 General Features

The catalyst film, typically 1-10 pm thick is connected to a wire which
acts as electron collector or supplier. The film must have enough porosity so
that its gas-exposed, i.e. catalytically active, surface area Ag can give a
measurable catalytic reaction rate in the desired operating temperature range.
Typically Ag must be 30 to 3000 times larger than the electrolyte surface
area Ag on which the catalyst film is supported. Scanning electron
micrographs of Pt and Ag catalyst films used in some NEMCA studies are
shown on Figs. 4.3, 4.5 and 4.6. Both the top view of the films and cross-
sections of the catalyst film-solid electrolyte interface are shown. Figure 4.4
shows a scanning tunneling micrograph (STM) of the surface of a Pt catalyst
film.

(b)GcAas

Figure 4.3. Scanning electron micrographs of the top side of a porous Pt catalyst film (a) and
of a section perpendicular to the Pt catalyst-yttria-stabilized zirconia (YSZ) interface (b).*
Reprinted with permission from Academic Press.
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Figure 4.4. Scanning tunneling micrograph of the surface of a Pt catalyst used in NEMCA
studies: Scan size 62 A; Vi;=0.5 V, Lume=15 nA.' Reprinted with permission from Elsevier

Science.
1670) EKET

Figure 4.5. Scanning electron micrographs of a porous Ag catalyst film (a) and of a section
perpendicular to the Ag catalyst-yttria-stabilized zirconia interface (b).' Reprinted with
permission from Elsevier Science.

As discussed below, the porosity and surface area of the catalyst film is
controllable to a large extent by the sintering temperature during catalyst
preparation. This, however, affects not only the catalytically active surface
area Ag but also the length, ¢, of the three-phase-boundaries between the
solid electrolyte, the catalyst film and the gas phase (Fig. 4.7).

Electrocatalytic reactions, such as the transformation of O% from the
zirconia lattice to oxygen adsorbed on the film at or near the three-phase-
boundaries, which we denote by O(a), have been found to take place
primarily at these three phase boundaries.”® This electrocatalytic reaction
will be denoted by :

0" —» O(a)+2e (4.1a)

or, in Kroger-Vink notation,9
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Figure 4.6.Scanning electron micrographs of a Ag catalyst-electrode deposited on YSZ and
used for NEMCA studies'® (a) Top view (b) Cross section of the Ag/YSZ interface. Reprinted
with permission from Academic Press.

Op—> O(a)+ Vg +2¢ (4.1b)

where, Og denotes an oxygen anion O in the yttria-stabilized-zirconia
(YSZ) lattice and V& stands for an O% vacancy in the lattice with a double
positive charge. There is some experimental evidence that reaction (4.1) can
also take place, to some extent, at the two phase boundaries between the
zirconia and the metal, followed by diffusion of oxygen through the metal or
through the two phase boundaries to the three phase boundaries.” However,
this scheme becomes important apparently only with metals having a high
oxygen solubility, such as Ag,'"'> or when metal foils are used instead of
porous metal films or with very dense non-porous metal films acting as
blocking electrodes. There is also some evidence that under reducing gas
phase conditions and large applied negative (cathodic) currents, so that the
applied potential is near the potential required for the decomposition of
zirconia (~2.4 V at 800 K), then the electrocatalytic reaction can also take
place directly at the zirconia-gas interface.'” The above conditions are
usually referred to as "zirconia blackening" conditions, as the electrolyte
surface indeed turns black. Such operation has not been employed, at
least intentionally, in the NEMCA studies reviewed here. Also the porosity
of the catalyst films employed was usually high enough so that the
electrocatalytic reaction (4.1) can be safely assumed to occur at the three-
phase-boundaries only, with the exception of Ag electrodes, which act as
oxygen “sponges”'"'* and where the reaction in Eq. (4.1) takes place at the
Ag/YSZ interface as well.'"'* Methods for estimating the three-phase
boundary length by the use of solid electrolyte cyclic voltammetry® or AC
Impedance spectroscopy'* will be discussed in Chapter 5.
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Figure 4.7. Schematic representation of the location of electrocatalytically and catalytically
active sites in a section perpendicular to the catalyst film-solid electrolyte interface.

In order to complete our discussion about the location where the
electrocatalytic reaction (4.1) takes place (tpb) it is useful to note the
following regarding the ultimate fate of the metal-adsorbed species O(a)
generated at the tpb via reaction (4.1). As already noted in Chapter 1 (Fig.
1.4) this species (which as we will see in Chapter 5 is very ionic and
resembles O® with a compensating +2 charge in the metal) may desorb as
0,, may react with a combustible molecule (e.g. CO or C;Hs) or may
migrate (backspillover) on the entire metal/gas interface acting as a strong
electronegative promoter and causing NEMCA. In absence of an oxidizable
species O(a) will at steady state eventually desorb as O, so that the net
electrochemical (anodic) reaction will be:

0% — 1/204(g) + 2¢° 4.2)

This electrochemical reaction contains the elementary step (4.1) and under
conditions of backspillover can be considered to take place over the entire
metal/gas interface including the tpb."'>'® This is usual referred to as
extension of the electrochemical reaction zone over the entire metal/gas
interface. But even under these conditions it must be noted that the elementary
charge transfer step 4.1 is taking place at the three-phase-boundaries (tpb).

4.1.2.2 Catalyst Preparation

Metal catalyst films used in NEMCA studies"*'""'*'* are usually prepared
by using commercial unfluxed metal pastes although there have been also
several recent reports using evaporated metal films. When using a metal
paste, thin coatings of the paste are applied on the solid electrolyte surface,
followed by drying and calcining. The calcination temperature program
depends on the metal to be deposited and on paste composition and plays a
key role in obtaining a well-adhered film, which is, of course, essential for
NEMCA studies. Thus for Pt catalyst preparation a proven procedure"*' is
to use a thin coating of Engelhard A1121 Pt paste, using a fine brush,
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followed by drying and then calcining in air first for 2h at 400°C and then for
20 min at 820°C. When using a Demetron Pt paste, final calcination
temperatures of at least 100°C higher were found necessary to produce
sufficiently polarizable Pt-zirconia interfaces. For Ag catalyst film
preparation one may use thin coatings of Ag solution in butyl acetate'"'
followed by drying at 80°C and calcining at 650°C. In general it appears
preferable to use a slow heating rate (e.g. 2°C/min) during calcination and to
always maintain a high flowrate of air (e.g. 0.2 1/min) through the furnace.
Increasing calcination temperatures even by only 20-30°C for a given metal
paste leads to increased sintering and loss both in catalyst surface area and in
metal-gas-zirconia three-phase-boundaries length. The latter has a beneficial
effect for increasing the polarizability of the metal-solid electrolyte interface
and thus observing strongly non-Faradaic catalytic rate changes. The
decrease in catalyst surface area may, however, be undesirable in many
cases, if the intrinsic catalytic rate is very small. In general, the optimal
calcination temperature for each catalyst and paste has to be found by trial
and error. Some details are given in Appendix B.

A proven procedure for enhancing the adherance of metal or metal oxide
films on flat YSZ surfaces is to first roughen the YSZ surface by adding a
slurry containing fine (1-2 um) YSZ powder, followed by drying and
calcining at 1450-1500°C. Catalyst deposition on such a roughened surface
may, of course, lead to a long three-phase-boundary line length and to a
concomitant decreased polarizability of the zirconia-solid electrolyte
interface, but this is definitely preferable than a not well-adhered film.

The deposition of thin conductive oxide films on flat zirconia components
has also received considerable attention both for fuel cell applications® and
also for SEP*' and NEMCA studies.”>* The interested reader is referred to
the original references for experimental details.

A final, obvious but important, caution about catalyst film preparation: Its
thickness and surface area Ag must be low enough, so that the catalytic
reaction under study is not subject to external or internal mass transfer
limitations within the desired operating temperature range. Direct impinge-
ment of the reactant stream on the catalyst surface’" is advisable in order to
diminish the external mass transfer resistance.

4.1.3 Counter and Reference Electrodes

As shown on Fig. 4.1, the counter and reference electrodes are deposited
on the opposite side of the gas-impervious solid electrolyte component,
which is typically 500 pm to 2 mm thick. The electrolyte thickness is not
crucial, but it is preferable to keep it low, so that the ohmic drop in it is small
during operation, preferably below 100-600 mV.
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Both the counter and the reference electrodes are essential for
fundamental NEMCA studies. They need not be of the same material with
the catalyst. The counter electrode-solid electrolyte interface does not have
to be polarizable. In fact, it is advantageous when it is not, because then most
of the applied potential difference ends up as overpotential at the catalyst
and not at the counter electrode.

The reference electrode-solid electrolyte interface must also be non-
polarizable, so that rapid equilibration is established for the electrocatalytic
charge-transfer reaction. Thus it is generally advisable to sinter the counter
and reference electrodes at a temperature which is lower than that used for
the catalyst film. Porous Pt and Ag films exposed to ambient air have been
employed in most previous NEMCA studies.""’

4.1.4 Quasireference Electrodes

When using the so called “single-chamber design'® (Fig. 4.1(b)) the
reference and counter electrodes are exposed to the reacting gas mixture itself.
Consequently it is advantageous to use a reference electrode whose potential is
weakly dependent on gaseous composition. Au electrodes have been shown to
act as satisfactory quasi-reference electrodes since their potential has been
found to vary little (0.1 V) with changing gaseous composition®** at fixed po,.
This has also been recently confirmed by measuring the work function of Au
reference electrodes deposited on solid electrolytes."”

4.2 Catalyst-Electrode Film Characterization

Since electrochemical promotion (NEMCA) studies involve the use of
porous metal films which act simultaneously both as a normal catalyst and
as a working electrode, it is important to characterize these catalyst-
electrodes both from a catalytic and from an electrocatalytic viewpoint. In
the former case one would like to know the gas-exposed catalyst surface area
Ag (in m® or in metal mols, for which we use the symbol Ng throughout this
book) and the value, ro, of the catalytic rate, r, under open-circuit conditions.

In the latter case one would like to know the length €y of the metal-solid
electrolyte-gas three-phase-boundaries (tpb) (in m or in metal mols, for
which we use the symbol Ny throughout this book) and the value of the
exchange current I, where (Io/2F) expresses the value of the (equal and
opposite under open-circuit conditions) forward and reverse rates of the
charge-transfer reaction 4.1.

When one starts NEMCA experiments only o is important to measure
and this is very easy. However the subsequent measurement of Ng and Iy is
quite important for a better understanding the system and this we will
discuss here. The measurement of €, and Ny, is discussed in Chapter 5.
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4.2.1 Catalytic Characterization: Measurement of the Metal/Gas
Interface Area Ag

As already noted SEM, but also STM, provide useful information on the
morphology of metal films deposited on solid electrolytes. As with every
catalyst used in fundamental studies, one would like to know as much as
possible about the cleanliness of the catalyst surface. This can be examined
using ex-situ surface spectroscopic techniques such as X-ray photoelectron
spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS) and
Auger electron spectroscopy (AES). Such studies have shown that the
surface of metal catalyst-electrodes prepared from Engelhard metal pastes
contain no detectable metal impurities and are overall surprisingly clean,
even from C, as long as they have been calcined under oxidizing
conditions.”**® This may be due to the large amounts of oxygen emitted from
YSZ upon heating in vacuum above 600°C.**!
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Figure 4.8. (a) Experimental apparatus for measuring the catalyst-electrode metal/gas
interface area Ag. (b) typical yco, peak obtained upon reacting the preadsorbed O with C;H,
or CO; its area gives Ng. (c) Plot of N vs the O, desorption time, ty,, to obtain Ng.
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On the other hand metal films deposited on B”-Al,Os, a Na* conductor,
are usually found after calcination to contain on their surface large amounts
of sodium, which can nevertheless be easily pumped backed into the B”-Al,053
lattice via electrical current application.’**

In principle any standard catalytic metal surface area measuring
technique, such as H, or CO chemisorption can be used to measure the
metal/gas interface area Ag or Ng. This is because solid electrolytes such as
YSZ chemisorb practically no H, or CO at any temperature.

Most reported Ag and Ng measurements have been carried out using the
isothermal titration technique."'****"**3% The basic apparatus is shown in
Figure 4.8. In this technique the catalyst-electrode is initially exposed to a
flowing stream of O, for a time denoted to, sufficiently long (e.g. 10-15 min)
to reach equilibrium coverage of atomic oxygen on the surface. The
operating temperature T, which is kept constant throughout the entire
experiment, is chosen so that the following two conditions are met:

a. The equilibrium oxygen coverage is near saturation.

b. The reaction of chemisorbed O with a combustible gas, such as CO

or C;Hy, is fast.

For Pt catalyst-electrodes a good operating temperature is 350-380°C>**
while lower temperatures (300-330°C) are suitable for Ag.2**

After the oxygen equilibrium period, to,, the catalyst-electrode is
immediately exposed to a flowing stream of ultrapure (99.999%) He. During
this time period, denoted tg,, molecular O, desorption is taking place. One
must choose tye to be at least 8 times longer than the residence time (V/Fy) of
the catalytic reactor (V is the reactor volume and F, is the volumetric
flowrate) to ensure that all gaseous O, is removed from the reactor.

Subsequently the catalyst-electrode is immediately exposed to a flowing
stream of C;H, (or CO) in He and an infrared CO, analyzer is used to monitor
the mole fraction, yco,, of CO; formed by the reaction of C;Hy (or CO) with
adsorbed oxygen. By integrating the peak area one determines the amount No
(mol O) of O adsorbed on the surface after the desorption time tye.

The above procedure is then repeated by varying the O, desorption time,
the, and measuring the corresponding No value.

Subsequently one plots InNg vs tye and extrapolates to tye=0. This plot
provides the O, desorption kinetics at the chosen temperature T. The
intersect with the No axis gives the desired catalyst surface area Ng (Fig.
4.8) from which Ag can also be computed. More precisely Ng is the
maximum reactive oxygen uptake of the catalyst-electrode but this value is
sufficient for catalyst-electrode characterization.

Alternative variations of the isothermal titration technique utilize CO
adsorption followed by reaction with gaseous O,. Experiment has shown that
similar Ng values are obtained.""
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4.2.2 Electrochemical Characterization: Measurement of the Catalyst-
Solid Electrolyte Exchange CurrentI,

Although NEMCA is a catalytic effect taking place over the entire
catalyst gas-exposed surface, it is important for its description to also discuss
the electrocatalytic reactions taking place at the catalyst-solid electrolyte-gas
three phase boundaries (tpb). This means that the catalyst-electrode must
also be characterized from an electrochemical viewpoint. When using YSZ
as the solid electrolyte the electrochemical reaction taking place at the tpb is:

0¥ & O(a)+2¢ 4.1

In the presence of oxidizable reactants over the catalyst surface, other
electrocatalytic reactions may also take place in parallel with reaction (4.1)
at the tpb. Thus in presence of high CO concentrations, direct reaction of CO
with O can also take place:

CO(a)+O% & COy(g)+2¢ (4.3a)

The extent to which such reactions take place in parallel with the dominant
reaction (4.1) is, in general, difficult to quantify as the overall reaction (4.3a)
may consist of the elementary step (4.1) followed by reaction between
adsorbed CO and adsorbed oxygen on the metal surface:

CO(2)+0(a) <> COx(g) (4.3b)

When other types of solid electrolyte are used, such as the Na* conducting
B"-Al;0;, then the dominant electrocatalytic reaction at the tpb is:

Na*+e” ¢ Na(a) 4.4)

where Na(a) stands for Na adsorbed on the catalyst surface. However, in the
presence of H,0, other parallel reactions can also take place®® such as:

H,0+¢ <> OH+H(a) (4.5)

Again the extent to which such parallel reactions contribute to the
measured current is not very easy to quantify. However, fortunately, such a
quantification is not necessary for the description of NEMCA. What is
needed is only a measure of the overall electrocatalytic activity of the metal-
solid electrolyte interface or, equivalently, of the tpb, and this can be
obtained by determining the value of a single electrochemical parameter, the
exchange current Iy, which is related to the exchange current density iy via:

10=Io/Ag (4.6)
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Strictly speaking I, is a measure of the electrocatalytic activity of the tpb for
a given electrocatalytic reaction. It expresses the rates of the forward (anodic)
and reverse (cathodic) electrocatalytic reaction under consideration, e.g.
reaction (4.1), when there is no net current crossing the metal-solid electrolyte
or, equivalently, the tpb. In this case the rates of the forward and the reverse
reactions are obviously equal. It has been recently shown that, in most cases,
as one would intuitively expect, I, is proportional to the length, £ 5, of the tpb.®

The measurement of Iy, or i, is based on the classical Butler-Volmer’ !

equation:
I=Io[exp(0eF N, /RT)-exp(-0FNac /RT)] @7

where a, and a. are the anodic and cathodic transfer coefficients and My is
the activation overpotential of the electrode j under consideration. Before
discussing the use of the Butler-Volmer equation (4.7) to extract the values
of I, and of ¢, and a., it is important to first discuss some issues regarding
the activation overpotential.

When a current I flows in an electrochemical cell, such as the one shown in
Fig. 4.1, between the catalyst, or working electrode (W) and the counter
electrode (C), then the potential difference Uwc deviates from its open-circuit
value U$,.. . The electrochemical cell overpotential Mwc is then defined from:

Nwc = Uwe = Uy (4.8)
The cell overpotential nwc is the sum of three terms:

nWC=nW+nC+nohmic.WC (4 . 9)

where mw, 1c are the overpotentials of the catalyst (W) and counter (C)
electrodes, respectively, and NMewmic,we 1S the ohmic overpotential due to the
resistance of the electrolyte between the working and counter electrodes.

The latter equals IRwc where Ry is the ohmic resistance between the
working and counter electrode. Experimentally it is rather easy to measure
the Nohmic,we term using the current interruption technique as shown in Figure
4.9. Upon current interruption the ohmic overpotential Nonmic,we Vvanishes
within less than 1 psand the remaining part of the overpotential which vanishes
much slower is nw+nc (Eq. 4.9).

It is worth emphasizing that although overpotentials are usually associated
with electrode-electrolyte interfaces, in reality they refer to, and are
measured as, deviations of the potential (¢ or f, as we will discuss in
Chapter 5) of the electrodes only. Thus the concept of overpotential must be
associated with an electrode and not with an electrode-electrolyte interface,
although the nature of this interface will, in general, dictate the magnitude of
the measured overpotential.
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Figure 4.9. Use of the current interruption technique to measure the ohmic overpotential,
Nohmic,we, Detween the working (W) and counter (C) electrode.

When studying the catalyst-electrode in electrochemical promotion
(NEMCA) studies, or more generally when studying a working electrode in
electrochemistry one would like to separate the nw and nc terms in order to
know ny for any fixed value of . How can this be done? Simply via the use
of a reference electrode (Fig. 4.10). For the non-electrochemist it is worth
reminding that a galvanostat always fixes the current between the working
(W) and counter (C) electrode at a desired value. A potentiostat always fixes
the current between the working and counter electrode so that the potential
between the working (W) and reference (R) electrode is at a fixed desired
value Uwg. In either case the current, I, is flowing between the working and
counter electrodes. In principle no current at all passes through the reference
electrode. In practice a usually very small current is passing through the
reference electrode and an appropriate correction has to be made as
discussed below.

We start by rewriting equations (4.8) and (4.9) but now considering the
working (W) and reference (R) electrodes:

Nwr = Uwr - Ui (4.10)
where nwr is the working-reference overpotential and U$ is the open-
circuit (I=0) value of the potential difference Uwr. Again nwr consists of

three terms:

Mwk =N + MR + Nohmic.wr (4.11)
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Figure 4.10. Use of the current interruption technique to measure the uncompensated ohmic
drop, Newmic.wr, between the working (W) and reference (R) electrode.

Ideally no current flows through the reference electrode, therefore it
should be Mr=0 and Mommic,wr=0. In practice the first assumption is usually
good for reasonably non-polarizable reference electrodes, since the parasitic
uncompensated current flowing via the reference electrode is usually very
small." The ohmic drop, however, between the working and reference
electrodes, i.e., Mommic,wrs May in general be not negligible and must be
determined using the current interruption technique in conjunction with a
recording oscilloscope.'>"” The ohmic component decays to zero within less
than 1 ps and the remaining part of Mwris Mw (Fig. 4.10). As in aqueous
electrochemistry, the reference electrode must be placed as near to the
catalyst as possible to minimize Nokmic, wRr-

The overpotential 1 of an electrode, e.g. (W), can be considered to be the
sum of three terms, i.e.:

Nw = Nae,w T Neone,w + Mohmic,w (412)

The activation overpotential N, w is due to slow charge transfer reactions
at the electrode-electrolyte interface and is related to current via the Butler-
Volmer equation (4.7). A slow chemical reaction (e.g. adsorption,
desorption, spillover) preceding or following the charge-transfer step can
also contribute to the development of activation overpotential.

The concentration overpotential Teene,w iS due to slow mass transfer of
reactants and/or products involved in the charge-transfer reaction. There
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exist simple equations for computing its magnitude in terms of mass transfer
coefficients or, more frequently, in terms of the limiting current I, which is
the maximum current obtained when the charge-transfer reaction is
completely mass-transfer controlled.*** Contrary to aqueous electroche-
mistry, where concentration overpotential is frequently important due to low
reactant and/or product diffusivities in the aqueous phase, in solid electrolyte
cells mass transfer in the gas phase is fast and, consequently, gaseous
concentration overpotential is usually negligible, particularly in NEMCA
applications where the currents involved are usually very small.

The ohmic overpotential NMopmic,w 1S also negligible, provided the catalyst-
electrode is sufficiently conductive.

Thus, to a good approximation the w determined via current interruption
(Fig. 4.10) can be considered to be an activation overpotential.

The usual procedure for extracting the exchange current I, is then to measure
Nw (FAUwgr) as a function of I and to plot Inl vs Nw (Tafel plot). Such plots are
shown on Figs. 4.11 and 4.12 for Pt and Ag catalyst electrodes. Throughout
the rest of this book we omit the subscript "W" from mMw and simply write 1,
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Figure 4.11. Typical Tafel plots for Pt catalyst-YSZ interfaces during C,H, oxidation on Pt;
the large difference in I, values between the two Pt films (Jabeled R1 and R2) is due to the
higher calcination temperature of Pt film R2 vs Pt film R1.* Reprinted with permission from
Academic Press.
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Figure 4.12. Effect of temperature on the Tafel plots and corresponding I, values of a Ag
catalyst-YSZ interface during C,H, oxidation on Ag.'’ Reprinted with permission from
Academic Press.

since the only overpotential of interest is that of the catalyst film. When
[n/>100 mV then the Butler-Volmer equation (4.7) reduces to its "high field
approximation" form, i.e.:

In(VIp)=a,F/RT 4.13)
for anodic (I>0, n>0) operation and to:
In(-I/Ip)=-a.Fn/RT (4.14)

for cathodic (I<0, n<0) operation. Thus by extrapolating the linear part of the
Inlll vs m plot to =0 one obtains I;. The slopes of the linear parts of the plot
give the transfer coefficients o, and 0. One can then plot I vs | and use the
"low field" approximation of the Butler-Volmer equation which is valid for
i< 10 mV, ie.,

Vl=(as+ae)FryRT (4.15)

in order to check the accuracy of the extracted I, o, and o, values.

It is worth noting that Ip is, in general, strongly dependent both on
temperature and on gaseous composition. It increases with temperature with
an activation energy which is typically 35-45 kcal/mol for Pt and 20-25
kcal/mole for Ag films deposited on stabilized zirconia.'”7*
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The I, dependence on gaseous composition is usually complex. Thus
Manton™ has shown that I, goes through a maximum with increasing po, at
any fixed temperature for Pt|ZrO,(Y,0s) catalyst films. These results can be
described adequately on the basis of Langmuir-type adsorption of oxygen at
the tpb, i.e.:

00 =Kopy2 /(1+Kopl? (4.16)

where 8o is the oxygen coverage. It can be shown’” that:
Io~[80(1-80)]"" (4.17)
or, equivalently:

Ko plt /(1+Ko oy )" (4.18)

which explains nicely the observed maxima and the fact that I, is
proportional to pg for low po, and to pg/* forhigh Po, """ According
to this successful model, the I, maxima correspond to 8o=1/2. It has been
found, however, that for low T and high po, the situation becomes more
complicated due to the formation of surface Pt oxide PtO, Y

When other gases are present in the gas phase in addition to O,, then I
can be affected in two different ways: First because 6o may be affected due
to a catalytic reaction and/or due to competitive chemisorption. Second
because these gases may react with O at the tpb. In general it is difficult to
determine experimentally which one of these two factors is more important.

The exchange current I, is an important parameter for the quantitative
description of NEMCA. As subsequently analyzed in this chapter it has been
found both theoretically and experimentallyl’4’19 that the order of magnitude
of the absolute value |A] of the NEMCA enhancement factor A defined from:

A=Ar/(1/2F) (4.19)

where Ar is the NEMCA-induced change in catalytic rate and I is the applied
current, can be usually estimated for any catalytic reaction from:

| A | =2Fry/I, (4.20)

where 1y is the regular, i.e., open-circuit catalytic rate. When using equation
(4.20) to estimate the order of magnitude of the enhancement factor A
expected for a given catalytic reaction, one must use the I, value measured in
the presence of the reacting gas mixture. The fact that I, increases
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exponentially with temperature in conjunction with the fact that A is
inversely proportional to I, explains why NEMCA is limited usually to
temperatures below 600°C.

4.3 A NEMCA EXPERIMENT: GALVANOSTATIC AND
POTENTIOSTATIC TRANSIENTS

4.3.1 Electrochemical Promotion Using 0" Conductors

A typical electrochemical promotion (EP), or in situ controlled promotion
(ICP) or NEMCA experiment utilizing YSZ, an o* conductor, as the
promoter donor is shown in Fig. 4.13. The reaction under study is the
oxidation of C,H, on Pt:

C,H4+30; — 2CO,+2H,0 (4.21)

The Pt film, with a surface area corresponding to Ng=4.2-10"° mol Pt, measu-
red via surface titration of oxygen with C;H,, is exposed to po, = 4.6 kPa,
Pcons = 0.36 kPa at 370°C in a continuous flow gradientless (CSTR) reactor
of volume 30 c¢m’. The rate of CO, formation is monitored via an infrared
analyzer."*
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Figure 4.13. NEMCA. Rate and catalyst potential response to step changes in applied current
during C;H, oxidation on Pt; T=370°C, po,=4.6 kPa, pc,u,~0.36 kPa. The experimental (1)
and computed (2FNg/I) rate relaxation time constants are indicated on the figure. See text for
discussion. 1,=1.5-10% mol Oss, Ar=38.5-10® mol O/s, I/2F=5.2:10"2 mol O/s, pma=26,
Amax=74000, Ng=4.2.10"° mol Pt.* Reprinted with permission from Academic Press.
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Figure 4.13 depicts a typical galvanostatic transient experiment. Initially
(t<0) the circuit is open (I=0, U =-150 mV) and the unpromoted catalytic
rate, To, is 1.5-10°° mol O/s. The corresponding turnover frequency, TOF,*
based on the reactive oxygen uptake of 4.2:10° mol O, i.e. oxygen atoms
reacting per surface site per s, is 3.57 st

At t=0 the galvanostat is used to apply a constant current I=1 pA between
the catalyst and the counter electrode (Fi%. 4.1). Consequently O* is supplied
to the catalyst at a rate I/2F=5.2-10"" mol Ofs. The catalytic rate, r,
increases gradually to a steady-state value of 4-107 mol Ofs, which is 26
times larger than ro. The new TOF is 95.2 5. The increase in catalytic rate
Ar=r-1=3.85-107 mol Of/s is 74,000 times larger than the rate, I/2F, of
supply of O* to the Pt catalyst. Thus each O” supplied to the catalyst,
creating a backspillover o* species, causes at steady-state 74,000 additional
chemisorbed oxygen atoms to react with C;H, and form CO, and H,O. This
is why this phenomenon was termed Non-Faradaic Electrochemical
Modification of Catalytic Activity (NEMCA)'*" The apparent Faradaic
efficiency, A, of the process defined as:

A = Ar/(V2F) (4.19)

equals 74,000 for the experiment of Figure 4.13. If all the electrochemically
supplied O were reacting with C;H, and the catalytic rate were unaffected
then one would have A=1 and the rate increase in Figure 4.13 would be
74,000 times smaller, i.e. hardly measurable.

How can one explain such a huge Faradaic efficiency, A, value? As we
shall see there is one and only one viable explanation confirmed now by
every surface science and electrochemical technique, which has been used to
investigate this phenomenon. We will see this explanation immediately and
then, in much more detail in Chapter 5, but first let us make a few more
observations in Figure 4.13. It is worth noting that, at steady-state, the
catalyst potential Uwg, has increased by 0.62 V. Second let us note that upon
current interruption (Fig. 4.13), r and Uwgr return to their initial unpromoted
values. This is due to the gradual consumption of o* by C;H,.

Then let us examine the rate relaxation time constant T, defined as the
time required for the rate increase Ar to reach 63% of its steady state value.
It is comparable, and this is a general observation, with the parameter
2FNg/1, (Fig. 4.13). This is the time required to form a monolayer of oxygen
on a surface with Ng sites when oxygen is supplied in the form of O>. This
observation provided the first evidence that NEMCA is due to an
electrochemically controlled migration of ionic species from the solid
electrolyte onto the catalyst surface,"** as proven in detail in Chapter 5
(section 5.2), where the same transient is viewed through the use of surface
sensitive techniques.
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Figure 4.14. NEMCA: Rate and catalyst potential response to step changes in applied current
during C2H4 oxidation on Rh; T—350°C Po,=2.6 kPa, pc 52},,‘—5 .9 kPa, ry=1.8-10" mol O/s,
Ar=1.6-10"® mol Ofs, 1/2F=2.1-10" mol O/s, p=88, A=770.” Reprinted with permission from
Academic Press.

So the explanation for Figure 4.13 and for all NEMCA studies utilizing
o* conductors such as YSZ, is simply the following: Promoting anionic
species o> (accompanied by their compensating charge 6+ in the metal) are
generated in an electrochemical step at the tpb:

O*(YSZ) - [O%- §+] + 2¢ (4.22)

at a rate I/2F. The promoting backspillover species [O%-8+] (most likely
O%-2+) migrates all over the catalyst surface. At steady-state it is consumed
by reaction with C,H, at the same rate it is produced, i.e. I/2F. Normally
chemisorbed atomic oxygen O(a), coming from the gas phase, is now
consumed at a rate rg+Ar~Ar which is A times larger than I/2F. This simple
model can explain Fig. 4.13 and implies that A, as defined by equation
(4.19), also expresses the ratio of the reactivities (for C,H4 oxidation) of
chemisorbed O(a) at the electrochemically promoted state and of the
electrochemically generated promoting o~ species.

How can we confirm this sacrificial promoter model? By simply looking
at the r vs t transient behaviour of Figure 4.13 or of any galvanostatic
NEMCA experiment upon current interruption (1=0).

The TOF of O(a) at the promoted state of Fig. 4.13 is 95.2 s as already
noted. Thus if the sacrificial promoter model is correct the TOF of the
promoting O species is A (=74,000) times smaller, i.e. equals, 1.3-10° s
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Thus the average lifetime, 7, of O” on the catalyst surface (t=TOF") equals
770 s or 13 min. This then should be the time needed for the rate, r, to decay
to its unpromoted value upon current interruption. This is in excellent
agreement with experiment (Fig. 4.13) and nicely confirms the sacrificial
promoter concept of NEMCA: The promoter (O%) is “sacrificed” by
eventually reacting with the oxidizable species (C.H,). But before being
“sacrificed”, i.e. consumed, it has caused on the average the reaction of A
extra oxygen atoms with the oxidizable species.

This is the essence of NEMCA. The reader can check the validity of the
sacrificial promoter concept in all NEMCA galvanostatic transients of this
book.

Figure 4.14 shows a similar galvanostatic transient obtained during C,H,
oxidation on Rh deposited on YSZ.® Upon application of a positive current
=400 pA with a concomitant rate of O> supply to the catalyst I/2F=2.1-10"
mol O/s the catalytic rate increases from its open-circuit value r,=1.8'10"®
mol OF/s to a new value r=1.62-10° mol O/s which is 88 times larger than the
initial unpromoted rate value. The rate increase Ar is 770 times larger than
the rate of supply of O* ions to the Rh catalyst surface.

Both C;H,; oxidation on Pt/YSZ (Fig. 4.13) and C,H,; oxidation on
Rh/YSZ (Fig. 4.14) are electrophobic reactions, i.e. the rate r is an increasing
function of catalyst potential Uwg. They are therefore enhanced with positive
currents (I>0) which leads to an increase in Uwgr. As we will see soon this is
one of the four main types of experimentally observed r vs Uwg behavior.

4.3.2  Electrochemical Promotion Using Na* Conductors

4.3.2.1 CO Oxidation on Pt/B"-Al,Os

A typical electrochemical promotion experiment utilizing B"-AlO;, a
Na® conductor, as the promoter donor is shown in Fig. 4.15. The reaction
under study is the oxidation of CO on Pt.”’

The Pt film with a surface area corresponding to NG=6.3~10'7 mol Pt, as
measured via surface titration of O with CO, is exposed to pco = 2 kPa,
po, = 2 kPa at 350°C in a gradientless continuous flow reactor. The Pt
surface has been cleaned from Na via previous (t<-1min) application of a
positive potential (Uwr=0.4 V, Fig. 4.15). The steady-state unpromoted rate
of CO oxidation is r;=3.5-107 mol Ofs. At t=-1 min the galvanostat is
disconnected (I=0) and Uwg relaxes to ~0 V, i.e. to the value imposed by the
gaseous composition and corresponding surface coverages of O and CO.
There is a small (~30%) corresponding increase in r. Then at t=0 the
galvanostat is used to impose a constant current I=-20 pA with a
concomitant supply -I/F = 2.07-10"°mol Na/s of Na" to the catalyst surface:
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Figure 4.15. Rate and catalyst potential response to application of negative currents (a,b), for
the case of “volcano-type” behaviour, see text for discussion. Conditions: pco=2 kPa, po,=2 kPa,
T=350°C. Catalyst C1.>! Reprinted with permission from Academic Press.

Na*(B"-ALOs)+e — Na(Pt) (4.23)

The corresponding Na coverage on the Pt surface, 6y, can be computed
from Faraday’s law, i.e.:

-1t
FNg

Ona (4.24)

where Ng is the Pt surface area (Ng=6.3-107 mol Pt) and t is the time of
current application.

As shown in Fig. 4.15, increasing Oy, up to 0.02 causes a linear decrease
in Uwg and a concomitant 230% increase in catalytic rate. The rate increase
Ar~5.5:10"7 mol O/s is 2600 times larger than —I/F. Upon further increasing
Ona in the interval 0.02<8y,<0.06, Uwr remains practically constant while r
decreases sharply and reaches values below the initial unpromoted value 1.
When 6y, exceeds 0.06, Uwr starts decreasing sharply while r decreases
more slowly. The system cannot reach steady state since Oy, is constantly
increasing with time due to the applied constant current.

Setting I=0 gradually restores Uwg to —0.3 V while r remains practically
unaffected. Restoration of the initial r value requires potentiostatic setting of
Uwr at 0.4 V, and thus removal of Na(Pt) from the Pt catalyst surface.
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Figure 4.16. Effect of catalyst potential, dimensionless catalyst potential Il(=FUyg/RT),
corresponding linearized®' Na coverage O, and pco on the rate of CO oxidation on P/p"-
ALO;. T=350°C, po,=6 kPa.”' Reprinted with permission from Academic Press.

The complex transient r vs t, or equivalently r vs Oy, or r vs Uwyg
behaviour of Fig. 4.15 parallels the steady-state r vs Uwg behaviour shown in
Fig. 4.16, where for each point Uwr has been imposed potentiostatically,
until the current I has vanished and the corresponding rate value, r, has been
measured. This shows that the catalyst surface readjusts fairly fast to the
galvanostatically imposed transient 8y, values (Fig. 4.15). The dashed and
dotted line transients on the same figure were obtained with the same
gaseous composition but with initial Uwg values of 0 and -03 V
respectively. It is noteworthy that the three transients are practically identical
which shows the reversibility of the system.

There is an important point to be made regarding Uyg vs t transients such
as the ones shown in Fig. 4.15 when using Na* conductors as the promoter
donor. As will be discussed in the next section (4.4) there is in solid state
electrochemistry an one-to-one correspondence between potential of the
working electrode (Uwgr) and work function (®) of the gas exposed
(catalytically active) surface of the working electrode (eAUwr=A®, eq.
4.30). Consequently the Uwg Vs t transients are also A® vs t transients.

On the other hand, as already discussed in Chapter 2, Eq (2.21), A® is
directly related to the coverage, Bya,, of the backspillover Na® species and to
its dipole moment Py, via the Helmholz equation (2.21). Thus one can
directly derive the equations:

AU wr _ NuPra _AeNa O%a = -€0AUwr /Py - Ny (4.25)
At € At
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where Ny is the surface atom density (atom/m?) of the surface under
consideration, £=8.85-10"2 C¥J-m and Ox,is a linearized’' Na coverage
scale computed on the assumption that the Na dipole moment, Py,, can be
treated as a constant.”’

This equation would enable one to predict the Uywg vs t behaviour in
galvanostatic transients such as those of Fig. 4.15 if the value of the Na
dipole moment on Pt were exactly known. The surface science literature
(Chapter 2) suggests PJ,=5.2 D for the initial dipole moment of Na on
Pt(111). This value has been used, in conjunction with Eq. (4.25) to draw the
lines labeled “Eq. (4.25)”] in Fig. 4.15 and in subsequent figures throughout
this book. As shown in Fig. 4.15 there is very good qualitative agreement
between Eq. (4.25) and the initial Uwg vs t transient. This supports the
approach and underlines the similarities between electrochemical and
classical promotion.

Experiment5 ' has shown that the linearized Bna scale provides a
reasonably good approximation (within 50%) of the actual O, scale,
computed from Eq. 4.24, when using an average Py, of 1.2.10% C-m, or 3.6
D, for polycrystalline Pt catalysts.”' An actual comparison of Oy, and 8%, will
be seen subsequently in Figure 4.31.”' The usefulness of the O}, scale is that
it enables one to estimate the Na coverage only on the basis of AUwg or AD
data, without having to carry out galvanostatic experiments of the type
shown in Figure 4.15 in conjunction with Eq. 4.24.

As will be seen in Chapter 5, STM has shown that the subsequent
leveling of the Uwr vs t transient of Fig. 4.15 is due to the formation of an
ordered (12x12) Na structure (adlattice) on the Pt surface.™

As evidenced both by the galvanostatic transient of Fig. 4.15 and by the
steady-state results of Fig. 4.16, the oxidation of CO on Pt/ ”-Al,O; under
CO rich conditions exhibits volcano-type behaviour, i.e. the rate passes
through a maximum upon varying Uyg or, equivalently, upon varying the
coverage of the promoting Na species on the catalyst surface. This volcano
type r vs Uwr behaviour is one of the four main types of experimentally
observed r vs Uwr dependence in electrochemical promotion studies and its
physical origin is discussed in Chapter 6.

4.3.2.2 NO Reduction by H; on Pt/ ”-Al,O;

Figure 4.17 shows another galvanostatic transient obtained on Pt/B"-
ALQO; at 375°C. The reaction under study is the reduction of NO by H,, a
reaction of significant technological interest™*:

2NO + 2H, —» N, + 2H,0 (4.26)

which is accompanied by the undesirable side reaction:

2NO + H,; - N,O+ H,0 (4.27)
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The same experimental procedure used in Fig. 4.15 is followed here. The
Pt surface is initially (t < - 1 min) cleaned from Na via application of a
positive potential (Uwr=0.2 V) using the reverse of reaction (4.23). The
potentiostat is then disconnected (I=0, t=-1min) andUwg relaxes to ~0 V, i.e.
to the value imposed by the gaseous composition and corresponding
surface coverages of NO and H. Similar to the steady-state results depicted
in Fig. 4.18 this decrease in catalyst potential from 0.2 to O V causes a six-
fold enhancement in the rate, rn;, of N, production and a 50% increase in the
rate of N,O production. Then at t=0 the galvanostat is used to impose a
constant current I=-20 pA; Na” is now pumped to the Pt catalyst surface at a

1

02V _1=0 . 1=-20 pA 1=0 02V

NO+H,
atmosphere

I ' / b T=375°C
He Pro=0.63 kPa
atmosphere py.=0.3 kPa

t/ min

Figure 4.17. NO reduction by H, on Pt/B"-Al,0;.°? Transient effect of applied constant
negative current (Na supply to the catalyst) on catalyst potential (a) under reaction conditions
(solid line) and in a He atmosphere (dashed line) and on the rates of formation of N, and N,O
(b). Potentiostatic restoration of the initial rates; see text for discussion. Reprinted with
permission from Academic Press.



136 CHAPTER 4

rate —1/F=2.07-10""" mol Na/s (eq. (4.23)). The corresponding Na coverage,
Bna, starts increasing according to eq. (4.24, Ng=3.8-10" mol Pt) causing a
pronounced decrease in the catalyst potential Uwr and a pronounced
increase in the rates of N, and N,O production (electrophilic behaviour)
which go through a maximum at Uyr=-0.2 V. At this point ty, has increased
by a factor of 20. This rate increase is 10° times larger than the rate —I/F of
Na supply to the catalyst. The selectivity to Ny, Sy, , has also increased
substantially. The latter is defined from:

SN2 = N /(er + rNZO) (428)

Upon current interruption at t=4 min, Uwg relaxes to -0.3 V causing
Inyand ry,oto return to their corresponding values at this potential during
the previous galvanostatic transient. Potentiostatic imposition of the initial
Uwr value (=0.2 V) restores both rates to their initial, unpromoted, values
showing the reversibilty of the system. Again the transient behaviour of Fig.
4.17 can be better understood on the basis of the steady-state behaviour
shown in Figure 4.18. Both 1y, and Ty;0 exhibit predominantly electro-
philic behaviour, i.e. they increase with decreasing Uwg (6r/0Uwr<0) but
they do go through a small maximum so that their overall behaviour can be
described as volcano-type.
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Figure 4.18. NO reduction by H, on Pt/f”-Al,0;. Effect of catalyst potential on the rates of
formation of N, and N,O and on the selectivity to N,.>2 Reprinted with permission from
Academic Press.
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It is important to observe that the electrochemically promoted Pt surface
(Uwr<0 V) gives Sk, selectivity values above 70% vs 35% on the unpro-
moted surface (Uwr>0 V). The Pt surface is thus made as selective as a Rh
surface would be under similar conditions. The ability of electrochemical
promotion to alter the product selectivity of catalyst surfaces is one of its
most attractive features for practical applications.

4.3.3 General Features and Comparisons

It is instructive at this point to make some comparisons between the
galvanostatic transients obtained with O* conductors (Figs. 4.13 and 4.14)
and those obtained with Na" conductors (Figs. 4.15 and 4.17) and also to
explain some of the salient and distinguishing features of the latter including
the dotted straight lines marked “eq. (4.25)” on Figs. 4.15 and 4.17.

The common feature of galvanostatic electrochemical promotion
experiments is that, both in the case of 0% and Na'-conductors, one obtains
pronounced changes in catalytic rate which are orders of magnitude larger
than the rate of supply of ions onto the catalyst surface.

The main difference is that in the case of O conductors galvanostatic
operation leads to a steady state (Figs. 4.13 and 4.14) while in the case of Na’
conductors galvanostatic operation does not lead to a steady state, as the Na
coverage on the catalyst surface is continuously increasing (Fig. 4.15 and 4.17).

This is easy to understand: In the former case the backspillover species (O3
is also a reactant in the catalytic reaction. Thus as its coverage on the catalyst
surface increases during a galvanostatic transient its rate of consumption with
C,H, also increases and at steady state its rate of consumption equals its rate of
creation, I/2F. This means that the backspillover O” species reacts with the
fuel (e.g. C;H,) at a rate which is A times slower than the rate of reaction of
more weakly bonded chemisorbed oxygen formed via gaseous chemisorption.

In the latter case, however, Na is not involved as a reactant in the
catalytic reaction, thus cannot be removed from the surface and consequently
its coverage, Oy,, can only increase in time as long as the current, I, remains
constant. Thus no steady-state can be achieved (Figs. 4.15 and 4.17).

Conclusion: when using ionic conductors where the conducting, i.e. back-
spillover ion participates in the catalytic reaction under study (e.g. O ions in the
case of catalytic oxidations) then both galvanostatic and potentiostatic operation
lead to a steady-state and allow one to obtain steady-state r vs Uwg plots.

When using, however, ionic conductors where the conducting, i.e.
backspillover, species does not participate to the catalytic reaction and does
not desorb from the surface at an appreciate rate, then only potentiostatic
operation allows one to obtain steady-state r vs Uwgr plots such as the ones
shown in Figures 4.16 and 4.18.

In the latter case, however, galvanostatic transients such as the ones
shown in Figures 4.15 and 4.17 should not be considered useless, as they
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provide important information about the properties of the backspillover
species as analyzed in the next section 4.5. The reader may, for example, be
intrigued by the peculiar Uyg vs time behaviour obtained during such
galvanostatic transients (Figs. 4.15 to 4.17) including the near constant Uwr
values with increasing 6y, over relatively wide 6y, ranges. As will be shown
in Chapter 5, scanning tunneling microscopy (STM) has shown that these
near constant Uwr regions correspond to the formation of ordered
chemisorbed adlattices on the catalyst surface by the backspillover Na ions.

44 CATALYST WORK FUNCTION VARIATION WITH
POTENTIAL IN SOLID ELECTROLYTE CELLS

As discussed already in Chapter 2 the work function, ®, of a solid surface
is one of the most important parameters dictating its chemisorptive and
catalytic properties. The work function, ® (eV/atom) of a surface is the
minimum energy which an electron must have to escape from the surface
when the surface is electrically neutral. More precisely @ is defined as the
energy to bring an electron from the Fermi level, E, of the solid at a distance
of a few pm outside of the surface under consideration so that image charge
interactions are negligible.

The work function, ®,, of a clean metal surface is as low as 2 eV/atom for
alkali metals and as high as 5.5 eV/atom for transition metals such as Pt (Fig.
4.19).°

It is important to notice that the work function, ®, of a given solid
surface changes significantly with chemisorption. Thus oxygen chemi-
sorption on transition metal surfaces causes up to 1 eV increase in @ while
alkali chemisorption on transition metal surfaces causes up to 3 eV decrease
in @. In general electronegative, i.e. electron acceptor adsorbates cause an
increase in @ while electropositive, i.e. electron donor adsorbates cause a
decrease in @. Note that in the former case the dipole vector P formed by the
adsorbate and the surface points to the vacuum while in the latter case P
points to the surface (Fig. 4.20).

The work function, ®, of a metal surface can be measured relatively

easily and when using the Kelvin probe technique, in situ, i.e., during
catalyst operation.”*** Three techniques are the most commonly used™*>*:
1. The Kelvin probe technique where a flat Au element of known work
function (~5 eV) is brought at a distance of ~0.5 mm from the metal sample
and is vibrated via a piezocrystal element while monitoring via an
oscilloscope the ac current generated in the circuit due to the oscillating
capacitance of the vibrating capacitor.s“'56 The applied voltage U, is adjusted
until the ac current vanishes. At this point the electrostatic potentials (Volta
potentials, Chapter 5) outside the metal sample and the Au element become
equal and the work function ® of the sample is given by:
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Figure 4.19. Experimental work function values, @y, for the 3d, 4d and 5d series including the
alkali, alkaline-earth, and noble metals for polycrystalline surfaces (open circles) and for single
crystal surfaces (filled circles).” Reprinted with permission from the American Physical Society.

Figure 4.20. Schematic of an electron acceptor (left) and an electron donor (right) adsorbate on
a metal surface. The former increases the metal work function, ®, the latter decreases it.

O =Py, tel, (4.29)

2. The UPS technique (ultra violet photoelectron spectroscopy), by
measuring the cutoff energy of secondary electrons.”®’

3. The PEEM technique (photoelectron emission microscopy),”™ which
additionally allows for spatial resolution of about 1 mm?®.

All three techniques are quite straightforward to use. The Kelvin probe
technique has the advantage that it does not require vacuum conditions, thus
a catalyst can be studied under atmospheric or higher pressure.

One of the most important, but not too surprising experimental
observations after the discovery of electrochemical promotion is that the
work function, ®, of the gas exposed catalyst-electrode surfaces changes
significantly (up to 2 eV) during galvanostatic transients such as the ones
shown in Figures 4.13, 4.14, 4.15 and 4.17 as well as at steady-state and in
fact that, over wide experimental conditions, it is (Fig. 421y

AD =eAUwy (4.30)
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Figure 4.2]. Effect of catalyst-electrode potential Uyg on the work function of the gas exposed
catalyst-electrode surface. Open symbols: open circuit operation varying gas composition.
Closed symbols: closed circuit operation C,H,, O,, He and NH,, O,, He mixtures.**** Reprinted
from ref. 55 with permission from Elsevier Science.

where AUwg is the change in (ohmic-drop-free) catalyst-electrode potential
induced either by changing the gaseous composition or by imposing a new
Uwr value via a potentiostat.

The implications of Equation (4.30) for solid state electrochemistry and
electrochemical promotion in particular can hardly be overemphasized: It
shows that solid electrolyte cells are both work function probes and work
Jfunction controllers for their gas-exposed electrode surfaces.

It also allows for the first time to perform catalytic experiments under
conditions of independently controllable catalyst work function.

Another implication is that, for all practical purposes, one can use
interchangeably €Uwr and ® in all figures related to electrochemical
promotion, such as the Figs. 4.13 to 4.17.

4.5 DEFINITIONS, PHENOMENOLOGY AND KEY
ASPECTS OF ELECTROCHEMICAL PROMOTION

4.5.1 NEMCA Time Constantt

The NEMCA time constant, T, is defined"* as the time required for the
rate increase Ar to reach 63% of its steady-state value during a galvanostatic
transient, such as the one shown in Fig. 4.13 and 4.14. Such rate transients
can usually be approximated reasonably well by:
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A=At [ 1-exp(-t/T)] 4.31)

A general observation in NEMCA studies with O% conductors is that the
magnitude of T can be predicted by:

T ~2FNy/I (4.32)

where Ng (mol) is the reactive oxygen uptake of the metal catalyst"'® which
expresses, approximately, the surface mols of metal. The parameter 2FNg/I
expresses the time required to form a monolayer of O% on the metal surface.
Equation (4.32) is nicely rationalized on the basis of recent XPS investigations
of Pt films during electrochemical promotion studies™>' which showed that
the maximum coverages of O%*and normally chemisorbed, i.e. reactive, atomic
oxygen are comparable.

4.5.2 Enhancement Factor or Faradaic Efficiency A:

As already noted, the enhancement factor or faradaic efficiency, A, is
defined from:

A=Ar/(I/2F) (4.19)

Ar /108 molOfs

& 450°C
A 425°C
e 398°C
m 368°C

I I S U |
20 40 60 80

10 15
(12F) / 10-2 mol Ofs

Figure 4.22. Effect of the rate of O supply to the catalyst electrode on the increase in the rate
of C;H, oxidation on Pt deposited on YSZ.'* Dashed lines are constant faradaic efficiency, A,
lines. Reprinted from ref. 4 with permission from Academic Press.
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where Ar is the promotion-induced change in catalytic rate expressed in mol O
per s. More generally, A is computed by expressing Ar in g-equivalent and
dividing by I/F.

In the experiments of Figs. 4.13 and 4.14, the A value at steady-state are
74,000 and 770 respectively. A reaction is said to exhibit the NEMCA effect
when |[A[>1.

Figure 4.22 shows the steady-state effect of current, or equivalently rate,
I/2F, of O* supply to the catalyst on the rate increase Ar during C,H,
oxidation on Pt/YSZ. According to the definition of A (Eq. 4.19), straight
lines passing from the (0,0) point are constant faradaic efficiency A lines.

As shown on the figure, small I/2F values lead to A values up to 3.10°.
This implies that each O® supplied to the catalyst causes up to 3-10°
coadsorbed O atoms to react and form CO; and H,O.

An important step in the elucidation of the origin of NEMCA was the
observation''” that the magnitude of |A| for any reaction can be estimated
from:

where 1, is the unpromoted catalytic rate and I, is the exchange current of the
catalyst-solid electrolyte interface. As previously noted, this parameter can be
measured easily by fitting vs I data to the classical Butler-Volmer equation:

I/Iy=exp(a,Fn/RT)- exp(-a.Fn/RT) 4.7

where g, and @, usually on the order of unity, are the anodic and cathodic
transfer coefficients.

As analyzed in section 4.6, equation (4.20) can be derived theoretically
and is in good qualitative agreement with experiment over five orders of
magnitude (Fig. 4.23). This important relationship shows that:

1) Highly polarizable, i.e. low I,, metal-solid electrolyte interfaces are
required to obtain large |A| values. The magnitude of I, is proportional to the
tpb length®'® and can be controlled during the catalyst film preparation by
appropriate choice of the sintering temperature which in turn determines the
metal grain size and thus the tpb length.’

i) The measurement of A is important for determining if a reaction exhibits
the NEMCA effect but its magnitude is not a fundamental characteristic of a
catalytic reaction, since for the same reaction different |A| values can be
obtained by varying I, during catalyst preparation. Thus the magnitude of |A|
depends both on catalytic (ro) and on electrocatalytic (Io) kinetics.

For A»1, the Faradaic efficiency A has, as already noted, an interesting
physical meaning™: For oxidation reactions it expresses the ratio of the
reaction rates of normally chemisorbed atomic oxygen on the promoted
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Figure 4.23. Comparison of predicted and measured enhancement factor A values for some of
the early studies of catalytic reactions found to exhibit the NEMCA effect.’'® Reprinted with
permission from Elsevier Science.!

surface and of backspillover oxide ions with the oxidizable species, e.g. C;Ha.
As already discussed and as further proven in Chapter 5 the backspillover o*
ions are significantly less reactive than normally chemisorbed oxygen.

The maximum A values measured so far in NEMCA studies utilizing
YSZ is 3x10°, "* as shown in Table 4.1 which lists all catalytic reactions
studied so far under electrochemical promotion conditions.

When the promoting, ion does not react at all with any of the reactants
(e.g. Na") then, in principle, “infinite” A values are expected. In practice Ais
always measurable due to a very slow consumption of Na'to form surface
oxides and carbonates.”*®>' Nevertheless in all cases the most important
parameter from a catalytic viewpoint is the promotion index'’, PI;, defined in
Chapter 2 (eq. 2.19) and also shown in Table 4.1.

Table 4.1 lists all published electrochemical promotion studies of 58
catalytic reactions on the basis of the type of electrolyte used. Each of these
reactions is discussed in Chapters 8 to 10 which follow the same reaction
classification scheme.

The table also gives the catalyst material, the operating temperature range,
the maximum (for A>1) or minimum (for A<-1) measured A value and the
maximum (for p>1) or minimum for (p<1) rate enhancement, p, value. It
also provides the maximum measured promotion index, PI, value. An
asterisk in the p column indicates that electrochemical promotion causes also
a change in product selectivity.
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Table 4.1. Electrochemical promotion studies classification based on the type of solid

electrolyte

1. EP studies utilizing YSZ. Promoting ion: o

Reactants
Anax(>0) pmax(>1)
Electron Electron Products Catalyst T (°C) or or Plg- Ref.
Donor Acceptor
(D) (A) Amin(<0) pmin(cl)
C,H, 0, CO, Pt 260-450 3x10° 55 55 4,59,60
C,H, 0, Co, Pt 270-500 300 20 20 24
-100 7 2
CH, 0, Co, Pt 600-750 5 70 70 19,61
Cco 0, co, Pt 300-550  2x10° 3 2 62
-500 6 -
CcO 0, Co, Pt 468-558 1000 5 5 19,63,64
CH.OH O, H,CO,CO;, Pt 300-500 1x10*  4,15* 3 19,65
CiHi 0, CO, Pt 350-480 -3x10° 6 g 25
CH,OH g;[co,co, Pt 400-500  -10 3* - 65,66
4
C,H, NO g%co?ﬂz’ Pt 380-500  -50 7 = 67
2
C,H, 0, Co, Rh  250-400 5x10* 90 90 50,68,69
H, Co, CH,, CO Rh  300-450 200 3* 2 19
C;H, NO, O, N,,N,0,CO, Rh  250-450 1x10°  150* 15 70
Cco NO, O, N,,N,0,CO, Rh  250-450 20 20%* 20 71
C,H, 0, CO, Pd 290360  10* 2 2 14,72
Cco 0, CO, Pd  400-550 1x10° 2 1 19,66
H, Cco CH,CHO, Pd  300-370 10 3* 2 19
H,S 8.1, Pt 600-750 - 11 10 19,73
CH, 0, CO, Pd  380-440 2x10° 90 90 14,74
H, CO, Cco Pd  500-590  -50 10 - 19,66
Cco NO CO,,N,,N;0 Pd  320-480  -700 3 x  g576
Cco N,O CO.N, Pd 440 -20 2 s 75
CH, O, CHOCO,  Ag 320470 300 30+ 30 'BI2Y
C;H& 02 C3H60,C02 Ag 320-420 300 2% 1 ]9,78
CH, O, g?{z‘CZH‘“ Ag  650-850 5 30 30 19,79
2115
Cco 0, co; Ag  350-450 20 15 15 19,80
CH,OH g;fo’ €O, Ag 550750 25 6 - 1981
4
CH,OH 0O, H,CO, CO, Ag 500 95 2 ” 10
CHy4 0, ggl"’CEH"” Ag  700-750  -1.2 8* - 82,83
2
co 0, COo, Ag-Pd  450-500 30 5 4 84
CH,4 H,0 Co, CO, Ni  600-900 12 2% - 19,85
CcO 0 Co, Au  450-600  -60 3 - 8283
CH, O CO, Au  700-750 3 3* - 82,8386
C,H, 0, CO, Ir0, 350-400 200 6 5 87,88
C,H, 0, CO, RuO, 240-500 4x10° 115 115 23
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2. EP studies utilizing F conductors
Reactants
3 AI'I'lﬂ)’.(>{)) pl’l!l!(>1 )
s Products Catalyst Sulld T(C) or or Pl Ref.
Donor Acceptor Electrolyte Aninl(<0) puin(<1)
(D) ( A) min min
CO 0, CO, Pt CaF, 500-700 200 2.5 1.5 19,89
3. EP studies utilizing mixed conductors
Reactants
. Amax()o) pml!(>1)
Electron  Electron p oo cocatatyst . 59 Tec) or  or Pl Ref.
Donor  Acceptor Electrolyte
Amln(‘q{}) pmin((“])
(D) (A)
C,H, 0, CcO, Pt TiO, 450-600 5x10° 20 20 90
(TiO;, 0%)
C,H, 0, Co, Pt CeO, 500 -10° 3 - 91
(CeO;,0%)
CH, 0, CO, Pt YZTil0* 400-475 -250 2 -9
C;3Hg 0, CO, Pt YZTi10* 400-500 1000 24 - 92
-1000
4. EP studies utilizing Na* conductors
Reactants
: Apax(>0) pmax(>1)
Edcotroh, Elestron Products Catalyst sella T (°C) or or Ply,+ Ref.
Donor Acceptor Electrolyte
Amin(qo) pmin(ﬁl)
) (A)
CHs, O, Co, Pt B"-Al,O; 180-300 5x10* 025 -30 19,36
co 0, CO, Pt B"-Al,O; 300-450 1x10° 03  -30 19,51
-1x10° 8 250
H, CgHe CeHia Pt p"-AlO;  100-150 - ~0 -10 93,94
H, GCH, M Pt B-ALOs 100300 - w95
C;Hg
C,Hy NO EOS‘NZ’ Pt p"-Al,O;  280-400 - o 500 32
2
co No M prALO, 320400 - 13+ 200 9698
2
CH, NO EOS'N?” Pt B-ALO, 375 - 10 - 9799
2
H, NO N2, N,O Pt p"-Al,O;  360-400 - 30 6000 52
CH,, CiH,, it
H, C,H, C,H, Pd p"-Al,O;  70-100 0.13 100
GH,; O ggﬁ(}, Ag B"-ALO; 240-280 - - 40 101
¥
co 0, CO; Ag B"-Al,Os 360-420 - 2 - 19
C;H.{, 02 C02 Pt Na3ZrESi2PO|2 430 5 10 300 102
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5. EP studies utilizing K' conductors

Reactants Auar0)Prn(>1)
Elestron: Electron Products Catalyst St .,T or m;r Ply+ Ref.
Donor  Acceptor Electrolyte (°C) Ain(<0) pruin(<1)
(D) (A) min min
NH, N,, H, Fe  K,YZr(PO,); 500-700 - 4.5 - 103
6. EP studies utilizing H conductors
Reactants
s Amax(""“) max }l
Electron Electron Products Catalyst Sulld T (°C) or g oE‘ )PlH+ Ref.
Donor Acceptor Electrolyte Ain(<0) Prin(<1)
(D) (A} min 'min
C,H, 0, CO, Pt CaZryolng 05, 385-470 -3x10* 5 - 104
H, N, NH, Fe  CaZryolng0;, 440 [§} @ 6 105
NH; N,, H, Fe  CaZrslng 04, 530-600 150 3.6 - 103
CH, C,H,, Ag  SrCepgsYbgosO; 750 - 8* 10 19,
C-H, 106
H, C,H, C,H, Ni CsHSO, 150-170 300 2 12 19,
107
H, 0, H,O Pt Nafion 25 20 6 5 108
1-C4Hg C4H,p, Pd Nafion 70 -28 40* - 109
2-C4Hg
(cis,trans)

7. EP studies utilizing aqueous alkaline solutions

Reactants
S o i—— . AI’IIS!(>0) pmlx(>l)
Electron Electron Products Catalyst Salid T.('C) or or  Plgy- Ref.
Donor Acceptor Electrolyte Aua(<0); pus(<1)
(D) ( A] min' X min
H, 0, H,O Pt H,O - 0.IN 25-50 20 6 20 19,110,
KOH 111
8. EP studies utilizing molten salts
Reactants
: Anax(>0) pmax(>1)
Eiectron Electron Lo i Ctalyat ... 008 °C)  or or  Ref.
Donor Acceptor Electrolyte Awin(<0)s Prinl(<1)
(D) ( A) min x Fmin
SO, 0, SO, Pt V,0,-K,S04 350-450 -100 6 112

*: Change in product selectivity observed.
: 4.5 mol% Y,0;- 10 mol% TiO; - 85.5 mol% ZrO,

4.5.3 Rate Enhancement Ratio p

The rate enhancement ratio, p, is defined as the ratio of the promoted, r,
and unpromoted, ry, catalytic rate:

p=t/ry (4.33)
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In the galvanostatic transient experiment of Fig. 4.13 the steady-state p
value is 26. The maximum p value measured with C,H, oxidation on Pt/'YSZ
is 60" (Fig. 4.24) vs 100 for the same reaction on Rh/YSZ (Fig. 4.14).”°
Even higher p values have been obtained by Lambert and coworkers™ for the
NO reduction by C,Hs on Pt/B"-AlL,O; and by Yiokari et al'® for the
synthesis of ammonia on Fe/Calng;Zry90;,. The catalytic rate was
practically nil on the unpromoted surfaces and quite significant on the Na-
promoted Pt surface®® or H'-promoted Fe surface.'” At the opposite extreme
Cavalca and Haller” have obtained p values approaching zero for the
hydrogenation of benzene to cyclohexane on Pt/f"”-Al,0;. They showed that
Na coverages of less than 0.1 suffice to completely poison the rate of
hydrogenation.”

Figure 4.25 shows the effect of catalyst potential and work function ® on
the measured p values for the formation of CO, and N, during NO reduction
by CsHg on Rh/YSZ™®"" in presence of gaseous O,. This is a catalytic system of
great practical significance. Figure 4.25 shows pco, values up to 70 and
PN, values up to 16. Interestingly both reactions are enhanced electrochemically
both with positive and with negative A® and AUywg. This type of r vs ®
behaviour is called inverted volcano behaviour.

®
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Figure 4.24. Effect of gaseous composition on the regular (open-circuit) catalytic rate of C,H,
oxidation on Pt/YSZ and on the NEMCA-induced catalytic rate on the same Pt catalyst film
maintained at Uyg=1V. T=370°C, pc,H4 =0.65 kPa.* Reprinted with permission from
Academic Press.
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Figure 4.25. Dependence of pco, and pn, on the catalyst potential and on the oxygen
concentration during NO reduction by C;H, in presence of O, on Rh/YSZ.” Reprinted with
permission from Elsevier Science.

4.5.4 Promotion Index PI;

From a catalytic viewpoint this is the most important phenomenological
parameter for quantifying the promoting or poisoning effect of a given
coadsorbed species i (e.g. 0%, F,Na’, H") on the rate of a catalytic reaction.

Similarly to the case of classical promotion (eq. 2.19), it is defined from:

PI,‘ - Ar/ro
AB;

(4.34)

where 1 is the unpromoted catalytic reaction rate and ©; is the coverage of
the promoting or poisoning species. Thus for a coadsorbed species i which
just blocks surface sites it is PIi=-1. When PI;>0 the species i is a promoter
for the reaction. When PIi<-1 it is a poison for the reaction. Promoter index
Pln, values up to 250 and down to -30 have been measured during CO
oxidationon Pt/B"-A12035 U at different gaseous compositions and Oy, values,
implying strong electronic interactions. Similar or even higher Ply, values
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Figure 4.26. Transient response of the rate of CO, formation and of the catalyst potential
during NO reduction by CO on Pt/p"-Al,0,°® upon imposition of fixed current (galvanostatic
operation) showing the corresponding (Eq. 4.24) Na coverage on the Pt surface and the
maximum measured (Eq. 4.34) promotion index Ply, value. T=348°C, inlet composition:
Pro = peo = 0.75 kPa. Reprinted with permission from Academic Press.

have been measured on transition metals during the reduction of NO by Ha,”*
CO™ or light hydrocarbons.”> Two examples are shown in Figs. 4.26 and
4.27 for the reduction of NO on Pt/B"-Al,0; by CO” and H,** respectively.
Figure 4.26 shows a galvanostatic transient (I=-50 pA) which, as previously
noted, allows one to directly examine the effect of 6y, on r and Uygr. As shown
on Fig. 4.26, Ply, values exceeding 200 are obtained at low 8y, values.

Figure 4.27 presents steady-state potentiostatic r vs 6y, results during NO
reduction by H, on Pt/p"-Al,05;* Ply, values well in excess of 4000 are
obtained for Oy, values below 0.002. This is due to the tremendous
propensity of Na to induce NO dissociation on transition metal surfaces.
Since PI; is often found to be strongly dependent on 8; (Figs. 4.26 and 4.27),
it is also useful to define a differential promotion index pi; from:

. dI'/I'o

i 4.35
1 3, (4.35)

which is proportional to the slope of the r vs 8y, curves of Figs. 4.26 and 4.27.
It follows then that:

i
Pl = Ipi;dGE (4.36)
0
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Figure 4.27. Steady state effect of the Na coverage on the rates of formatior;20f N; and N,0
and on the selectivity to N, during NO reduction by H; on Pt/f"-Al,0;.”" Straight lines
correspond to fixed Ply, values. Reprinted with permission from Academic Press.

The measurement of PI; and pi; is quite straightforward when the
promoting species (e.g. Na") does not react appreciably with any of the
reactants or products. In this case, as already noted, the coverage O, of
sodium on the metal surface can be easily measured coulometrically via:

t

Idt’
One =-— 437
N OJFNG (4.37)

where Ng is the catalyst surface area (mol metal) and t is the time of current
application. When I is constant then equation (4.37) simplifies to:

Ona=-It/FNg (4.24)

When the promoting species is also partially consumed by one of the
reactants, as e.g. in the case of C,H4 oxidation when using YSZ as the solid
electrolyte catalyst support (in which case C;Hy4 reacts with the promoting
species O™ at a rate A times smaller than with normally chemisorbed
oxygen), then the measurement of PI; is more complicated due to the
difficulties in measuring the surface coverage of O%. In such cases a
conservative estimate of PL; can be obtained from PI=(Ar/ro)max, i.€., by
assuming™'” that the maximum rate enhancement is obtained for ABy#=1.
With this assumption it can be shown easily that:
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Pli=pmax-1 (4.38)

Consequently the maximum PI,3- values measured so far are on the order
of 60 and 100, respectively, for the oxidation of C;H, on Pt**? and on Rh.”

4.5.5 Electrophobic and Electrophilic Reactions

Depending on the rate behaviour upon variation of the catalyst potential
Uwr and, equivalently work function @, a catalytic reaction can exhibit two
types of behaviour, electrophobic or electrophilic. These terms, introduced
since the early days of electrochemical promotion, are synonymous to the
terms electron donor and electron acceptor reaction introduced by
Wolkenstein'" in the fifties. Electrochemical promotion permits direct
determination of the electrophobicity or electrophilicity of a catalytic
reaction by just varying Uwg and thus ®.

A catalytic reaction is termed electrophobic
with increasing catalyst work function ®:

L1954 when its rate increases

or/dd > 0 (4.39)

There are several equivalent definitions:

or/oUwg > 0 (4.40)

A > 0 (oxidations) 4.41)

A <0 (hydrogenations) (4.42)
Pl .- >0; PI,,, <0 (4.43)

A typical example of an electrophobic reaction is the oxidation of C;H,on
Pt** (Fig. 4.13), Rh’>° and Ag'""'***"" under fuel-lean conditions.”

A catalytic reaction is termed electrophilic"'*** when its rate increases with
decreasing catalyst work function ®:

Or/od<0 (4.44)
or, equivalently:

Ar/dUwx <0 (4.45)

A <0 (oxidations) (4.46)
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A > 0 (hydrogenations) (4.47)

PI,. <0; P, >0 (4.48)

Typical examples of electrophilic reactions are the reduction of NO by
ethylene on Pt*> and the CO oxidation on Pt under fuel-rich conditions.”"®*

Many reactions exhibit both electrophobic and electrophilic behaviour
over different Uyg and ® ranges leading to volcano-type’' (Fig. 4.16) or
inverted-volcano-type (Fig. 4.25) behaviour.”

As analyzed in Chapter 6 the electrophobicity or electrophilicity of a
catalytic reaction depends strongly on the electron donor or electron acceptor
characteristics of the adsorbates and on their binding strength. It can also
depend on the polarity of the metal-adsorbate or intra-adsorbate bond broken
in the rate limiting step (rls). Thus all catalytic oxidations on metals under
fuel lean conditions are found to be electrophobic reactions™ (Table 4.1). In
these cases the surface is predominantly covered by chemisorbed O and
cleavage of the metal-chemisorbed oxygen bond is involved in the rls. As
discussed in Chapter 6 increasing catalyst potential Uwr and work function ®
weakens metal-electron acceptor bonds"" thus leading to a rate increase
with increasing @, i.e. to electrophobic behaviour as experimentally observed.
In the case of electrophilic reactions, such as NO reduction or CO
hydrogenation, decreasing @ is known to strengthen the metal-adsorbate bond
and thus to weaken the intra-adsorbate N=O or C=0 bonds, the cleavage of
which is usually rate limiting. Consequently decreasing Uwr enhances the
catalytic rate, leading to electrophilic behaviour as experimentally observed. A
qualitative but rigorous model is presented in Chapter 6.

4.5.6 Dependence of Catalytic Rates and Activation Energies on
Catalyst Potential Uwg and Work Function ®

4.5.6.1 Catalytic Rate Dependence on Uwg and ®

A general observation which has emerged from electrochemical promotion
studies is that over wide ranges of catalyst work function @ (0.2 - 1.0 eV)
catalytic rates depend exponentially on catalyst work function ®:

In(t/to)=a(D-@ " )/k T (4.49)

where o and @ are catalyst and reaction - specific constants. The “NEMCA
coefficient” a, positive for electrophobic reactions and negative for
electrophilic ones, typically takes values between -1 and 1.

Typical examples of electrophobic reactions are shown on Fig. 4.28 for
the catalytic oxidation of C,H, and of CH4 on Pt/YSZ. As also shown in this
figure, increasing ® also causes a linear variation in activation energy Ea:
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Ex= B3 +oyAd (4.50)

where oy is a constant which is usually negative for electrophobic reactions.
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Figure 4.28. Electrophobic behaviour: Effect of catalyst work function @ on the activation
energy E and catalytic rate enhancement ratio r/r, for C,H, oxidation on Pt; po,=4.8 kPa,
Pcyis=0.4 kPa (a) and CH, oxidation on Pt; pg, =2.0 kPa, pcy, =2.0 kPa (b)."" Reprinted with

permission from Elsevier Science.
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Figure 4.29. Electrophilic behaviour: Effect of catalyst potential and work function change
A® on the rate of C,H, oxidation on a Pt film deposited on CaZryslng,0s., which is a H
conductor.'® Reprinted with permission from the Institute for Ionics.
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Figure 4.30. Volcano-type behaviour: Effect of catalyst potential Uy on the rate of ethylene
oxidation on a Pt film deposited on NASICON (Na;Zr,Si,PO;), a Na'" conductor: T=430°C, po,
=7.2 kPa, peyu=1.9 kPa.'” Reproduced by permission of The Electrochemical Society.
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Figure 4.31. Transition from volcano-type behaviour at low po, to electrophobic behaviour at
high po, during CO oxidation on Pt/B"-Al,0;.°" Effect of Uwg and linearized® Na coverage
6. on the rate of CO oxidation on Pt/p”-Al,0;, at varying po,. Other conditions: pco=2 kPa,
T=350°C. The top part of the figure shows the corresponding variation of the actual® Na
coverage, Oy,, with Uyg. Reprinted with permission from Academic Press.
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Figure 4.32. Volcano type behaviour. Effect of Uy on the rates of CO,, N,, N,O formation
and on the selectivity to N, during NO reduction by propene on Pt/f"-Al,05.°%%° Reprinted
from ref. 98 with permission from Elsevier Science.
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Figure 4.33. Inverted volcano behaviour. Effect of catalyst potential and work function on the
rate of C,H, oxidation on Pt/YSZ. po, =1.07 kPa, pcyne=1.65 kPa; @, T=500°C; W,
T=460°C, A, T=420°C.** Reprinted with permission from Academic Press.

Electrophilic reactions also frequently conform to Eq. (4.49) with a<0. An
example is shown in Fig. 4.29 for the case of C,H, oxidation on Pt supported
on Calng,Zr 03,4, a H" conductor. At a first glance it is surprising that the
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same reaction, i.e. ethylene oxidation on Pt, can exhibit both electrophobic and
electrophilic behaviour depending on the solid electrolyte and on the
experimental conditions. As analyzed in detail in Chapter 6 this is not too
uncommon, since the electrophobicity or electrophilicity of a reaction depends
on the work function of the film, which is influenced by the solid electrolyte via
ion backspillover and this is turn affects the chemisorptive propensity of the
electron acceptor (O,) and electron donor (C,Hy) reactants in a different way.

Actually, as shown in Fig. 4.30, C,H, oxidation on Pt/Na;Zr,Si,PO1,, where
Na;Zr,Si,PO;; (NASICON) is a Na® conductor, can exhibit volcano-type
behaviour, i.e. electrophobic behaviour at low potentials followed by
electrophilic behaviour at higher potentials.

The transition from volcano-type behaviour to electrophobic behaviour
upon changing po, is shown in Fig. 4.31 for the case of CO oxidation on
Pt/p"-Al,05. Another example of volcano-type behaviour is shown in Fig.
4.32 for the case of NO reduction by C;Hs on Pt/B”-A1203.98’99

A fourth important case of r vs ® dependence is the inverted volcano
behaviour depicted in Figure 4.33 for the case of C,H¢ oxidation on
Pt/YSZ.* The rate is enhanced by a factor of 7 for negative potentials and by
a factor of 20 for positive ones.

4.5.6.2 Local and Global r vs @ Dependence

In view of the previous section and of Figs. 4.28 to 4.33 one may
conclude the following:

When examining the r vs @ behaviour of a catalytic system at a local level,
i.e. for small (<0.1 eV) variations in work function @ there are two types of
behaviour (Fig. 4.34a):

1. Electrophobic, i.e. or/0® > 0.

2. Electrophilic, i.e. or/o® < 0.

When examining the r vs @ behaviour at a global level, i.e. over the
entire experimentally accessible ® range (typically over 1.5 to 2eV) then
there are four types of behaviour (Fig. 4.34b).

1. Purely electrophobic, i.e. or/0® >0

2. Purely electrophilic, i.e. 0r/0® <0

3. Volcano-type, i.e. 8r/0® > 0 followed by Or/0® < 0
4. Inverted volcano-type,i.e. &r/0® < 0 followed by &r/0® > 0.

Table 4.2 classifies the catalytic reactions of Table 4.1 on the basis of
reaction type and shows their global r vs ® behaviour. In Chapter 6 we will
provide simple rules which enable one to rationalize and predict the
behaviour of any given catalytic reaction both at the local and at the global
level. Table 4.2, which classifies the 58 catalytic reactions of Table 4.1 on
the basis of reaction type, also provides two additional pieces of information
for each reaction:
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Figure 4.34. The types of local (a) and global (b) rate-work function dependence.

(a) The investigated range of the ratio, pa/pp of partial pressures of the
electron acceptor (A) and of the electron donor (D) reactant. As we
shall see in Chapter 6 this information is quite useful.

(b) The type of global r vs ® dependence observed (purely electrophobic,
purely electrophilic, volcano, inverted-volcano). One may notice that all
four types of global behaviour are equally common.

Is there any way to predict the local or global r vs ® behaviour of a
catalytic reaction? The picture which emerges from Table 4.2 is, at a first
glance, rather discouraging. Even for the same reaction and same metal
catalyst the r vs @ behaviour often changes from one type to the other
upon changing the solid electrolyte support or the gaseous composition.
There is no clear pattern formation regarding the r vs ® behaviour except
for some limiting observations, e.g. that C;H, oxidation is always
electrophobic at very high pa/pp (=Poy/Pcsua) ratios.”
It is a recent discovery, presented in Chapter 6, that behind the apparent
chaos of Table 4.2 there are some simple regularities which enable one to
predict the r vs ® local and global behaviour on the basis of the open-circuit
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catalytic kinetics, i.e. on the basis of the unpromoted catalyst r vs p, and r vs
po dependency.'""

Thus in Table 4.3 we add to Table 4.2 the last, but quite important,
available piece of information, i.e. the observed kinetic order (positive order,
negative order or zero order) of the catalytic reaction with respect to the
electron donor (D) and the electron acceptor (A) reactant. We then invite the
reader to share with us the joy of discovering the rules of electrochemical
promotion (and as we will see in Chapter 6 the rules of promotion in
general), i.e. the rules which enable one to predict the global r vs @
dependence (purely electrophobic, purely electrophilic, volcano, inverted
volcano) or the basis of the r vs ps and r vs pp dependencies.

If an additional hint is needed the reader may jump to Table 6.1 in
Section 6.2. Table 6.1 is the same with Table 4.3, except that the reactions
are there listed on the basis of their r vs @ global behaviour.

Table 4.2. Classification of electrochemical promotion studies on the basis of catalytic reaction.

Ethylene oxidation: Reactants: C,;Hy (D), O, (A).

Solid pmnx{bl} Global
Catalyst El ) PA/Pp T (°C) or rvs® Ref
ectrolyte .
Pmin(<1) behaviour
Pt ZrO,(Y,0,) 12-16  260-450 55 Purely 4,59,60
e T _electrophobic T
. y Purely
G N . S i I 180-300 025 clectrophobic 1?36
- . NayZr,Si,POy, 1338 430 10 ] Volcano type 102
Purely
P CaZteelneOs o A A S clectrophilic 1%
(a) 3‘5-_12 Purely
cf:;ff;ff:% electrophobic
Pt TiO, ) 0. 203 450-600 20 90
(reducing Inverted
______________________________ condiions) _ volemo
Purely
Pt : L N
s e I V3T 03 clectrophilic '
Pt YZTi10 3 400-475 2 Purely 92
__________________________________________________________________ electrophilic "7
Purely
R o e 2 s
______ }f.-.‘___?_r?z_qt?’_)______f)_?_s__zf-...:.Z.S?.f‘_o_o_______{?______?J§§£{qeb9b.i9-..5.9‘_6_?’.6.?_
. Purely
e Z0Y:0) 0210 290360 2 clectrophobic 4
: y Purely 11,12,49
e Z0Y:0y)  OZL1 320470 30 electrophobic .77 .
¥ 4 Purely
T i S Tont M 3 clectrophilic ___ 1%!
. Purely
0 A0 0 W 300 8 asschophobis  SBE8
RuO, Zr05(Y03) 155 240-500 115 Purely 23

electrophobic




4. ELECTROCHEMICAL PROMOTION OF CATALYTIC REACTIONS 159

CO oxidation: Reactants: CO (D), O, (A).

Solid Pmax(>1) Global
Catalyst Pa/Pp T (°C) or rvs® Ref
Electrolyts Pmin(<1) behaviour
S L S Zr0y(Y05) . 0.2-55 __ 468-558 = Volcano type __19,63,64
I . S .0 L6 0.5-20____300-450 ____ . - — Volcano type ___ 19,51 _
Purely
L. . . electrophobic____ 1%
Purely
i ) 00 A0 2 electrophobic 1290
oAz ZrOy(Y0:) . 06-14 _ 350-450 15 | Inverted volcano __ 19,80 _
A B"-ALOs 0.1-10___ 360-420 ____ : 2 _____Purely electrophilic___19___
':ﬁfd ZrOy(Y,0;)  3.5-12.5 450-500 5 Inverted volcano 84
TTAu T Zr0,(Y,0,) 35537 777450-600 377777 Inverted volcano 82,83
Other oxidation reactions.
Solid Reactants an(}l ) Global
Catalyst pa'pp T (°C) or rvs® Ref
Electrolyt AED
ectrolyte ) (A Pmin(<1) __behaviour
Pt ZrOyY;05) CHs O, 0.06-7 270-500 20 ‘J‘;{g::g 24
Pt ZrOyY,0;) CH, 0, 0.02-7 600-750 70 1\?0\{2::2 19,61
Pt ZrOy(Y,;0;) CH;OH O, 3-45 300-500 4,15 L“g]ﬁ:fg 19,65
Pt  ZrOJ(Y,0y) CiH, O, 09-55 350-480 6 e]eg‘:g‘glfi“c 25
Pt YZTiI0 CH, O, 5 400500 2.4 [unoﬁ::g 92
Pt Nafion T TTH, 70, T 02-5 77256 Volcano type 108
H,O-0.IN Purely 19,110,
S KOH .. B, 0 033 2550 6 ___clectrophobic 111
Pt Va0sK;8,0, SO, O, 18 350450 6 Volcanotype 112
Pd  ZrOy(Y,0;) CH, O, 02-48 380-440 90 eiecff;;{%bic 14,74
Ag  ZiOf(Y;0;) CiHe O, 20-120 320-420 2 elec‘:‘;;]]%bic 19,78
Ag  ZrOyY,0;) CH, O, 0.02-2 650-850 30 eIccl::g‘;I]'l){(}bic 19,79
Ag  ZrOy(Y0:) CHOH O, 02 500 2 ele(‘;‘g‘;‘gﬂic 10
"""""""""""""""""""""" 09 aonaen 4 Purely  ooexo
Au  ZrOyY,0;) CH, O, 0.1-0.7 700-750 3 clectrophilic 52-83:86

Nitrogen oxide reduction reactions.

Puax(>1)  Global

Catalyst ., S°lid Reactants o T(C) ®  Ref
-atalys! PA/Po or rvs e
Electrolyte (D) (A) Puin(<1) _behaviour
Purely
ey AOR00 GHi  NO 08I0 SN T e 97
" Purely
Lt PALG,  GH. NO | OdL1 280400 @ erectrophilic 32
Pt BTALOy,  GHe  NO 270 375 . 10___ Volcano type 97-99
Pt  p"-ALO; CO NO 0.3-5 320-400 13 Purely 9608
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Rh  ZrOs(Y:0:) C:H, NO,O, 0088  250-450 150  Imverted .

e A B S S e e e e v YONARD .

5 ¢ Purely 75,

o a0 5009 B e B eleenopiilis 76
Purely

Pd  ZrOy(Y,0;) CO N0 2-50 440 2 lectrophilic

(*) p#/pp denotes the ratio Prno/Pcshg OF Pno/Deo- The Po, range is 0— 6 kPa.

Hydrogenation and delhydrogenation reactions.

Solid Reactants Pmax(>1) Global
Catalyst Electrolvte paPp T (°O) or rvs ® Ref
’ (D) (A) Pmin(<1) behaviour
"_ " Purely
ot A e 8 8 SRR 2D ot PO
N ¥ i Purely
oo R T SN ismgbie: P
Purely
a0 By COL BT ANG0 3 gemopnage M
Mixed

Pd ZrOy(Y,0,) H, CO 016 300370 3 d:;g:;ii:{:lgjr(;n

R e o theproduet: @
P ZOY0) Wi €O, 0201 500590 10 (N 1966
P BALO,  Hy @ 0159 70100 013 g i 100
JFe GO Hi N 03 40 12 gl 105
N GHSO. My GHe 1 1010 2 g o7
P BOY:0) CHOH - — 400500 3 lith 6566
LR BOM0)  HS - 60070 11 gt 1973
L Ae  ZOY:0) CHOH - O0-6kPa SS0750 6 gl 1981
LAe SCnYbowOy CH - - 750 8 it 10
Fe CafuglnaOu NHy - 412Pa SI0600 36 gouiihy 103
Fe  K,YZr(PO); NH, - 4-12kPa 500-700 4.5 elec‘:;’;;;{}bic 103
*) Po=PcatPesny

Other catalytic reactions.

Catalyst EleSo]id Neactants PA/Pp T (°C) Pm;f"]) (r;]vosb;'l Ref

ctrolyte () (a) Pmin(<1) _behaviour

P Naflon dbuene 70 40 gl 109
Ni  ZrOJ(Y,0:) CH, H,0 00535 600-900 2 Purely 1985

electrophobic
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Table 4.3. Classification of Electrochemical Promotion studies on the basis of catalytic
reaction, showing the observed Kinetic order with respect to the electron donor (D) and
electron acceptor (A) reactant and the corresponding global r vs © behaviour.

T
i

4. Purely electrophobic, N Purely electrophilic, [.}: Volcano-type, \J: Inverted volcano-type
+ : Positive order, - : Negative order, 0 : Zeroth order, ? : Not measured

Ethylene oxidation: Reactants: C;H, (D), O, (A).
Kinetics Kinetiecs Global

Solid

I B PV O e oripge b

Pt ZrO(Y;0y)  12-16 260-450  + 0 ] 45960
R peAO, 238 180300 + 0 [/ 193
P NaZoSiPO, 1338 40 - o+ [V 02
Bt CaZnng Oy, 48 385470 -+ [N 104
"""""""""""""" @ss12 o+ o ]
Pt TiO, 450-600 90

(b)0.2-03 + r

Pt CeO; 1637 500 - + N 91

SR yzmio 3 0415 2 2 N 92
T Rh Zi0(Y,0) 00526 250400 + 0 /] 06869
CPd ZO(Y,0) 0210 290360 <+ 0[] 4
CAe ZO(v:0) 0211 32040 + 0 [/ 1124977
CAe PALO, 0304 24028 -+ N 101
W0,  Z0(Y0) 300 30400 <+ o0 ] suss
CRWO, Zr0(Y:0) 155 240500 + <0 ] 23

CO oxidation: Reactants: CO (D), O, (A).

Kinetics Kinetics Global

Catalyst Elit"::::y @ PVPo TCO D inA rvs® Ref
dr/dpp)e Or/dpa)e behaviour
Pt ZrOy(Y,0;) 0.2-55 468-558  + . 19,63,64
TRt pnALO, 0520 300450 - LN T 1951
BT CaF,  11-17 s00-00  + o | ZE e
" Bd Zi0Y:0) 500 400550 2 )’ ZET
A ZiO(Y.0) 0614 350450  + P v I 1980
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ilgl;;d ZrOy(Y,03) 3.5-125 450-500  + i =
Au ZrO,(Y,0;)  3-53  450-600 + >0 RZ8

Other oxidation reactions
Solid Reactants Kinetics Kinetics Global

N Blecroyte ) ) PP 10O 6r;l’gp2)o 61':;[;:)@ behar
Pt ZrOy(Y,0;) CH, O, 0.06-7 270-500  + + 24
Pt Zi0(Y:0) CH, O, 0027 600750 +  + | BTN
Pt ZI0(Y,0) CHOH O, 345 300500 + 2 | 1965
TRt ZO(Y:0) Gl O, 0955 350480 <0+ [N 25
TR YZTO CH, 0 5 400500 2 2 ) 92
TR Nafion  H, 0, 025 25+ - [V 108
Pt Hzié?_im H, 0, 033 2550  + < ]91’110’
TP V.OKSO SO, O, 18 35040 7 2 [ nz
T Pd Z0Y,0) CH, O, 0248380440 + 0 /] 1474
T Ag Z0(Y.0) CH, O, 20120 320420 <+ <0 /] 1978
Ae ZOY0) CH, O, 0022 650850 <+ 0 /] 1979
TAe ZOv.0) CHOH O, 02 s 7+ [N 10
" Homs B d i N

Nitrogen oxide reduction reactions.
Solid Reactants Kinetics Kinetics Global

R el g gy T O e v
Pt  ZrO,(Y,0:) CH, NO 0.2-10 380-500 0 + N 6
TPt pALO, GH, NO 0111280400 2 2 [N 32
T h pALO, CH, No 270 375 -+ [ 97.99
Pt BLALO, CO NO 035 320400 <0+ [N 9698
Pt peALO, H, NO 036 360400 - o+ [V 52
Rh  ZrOy(Y;05) CiH, NO,O, 0.08-8" 250-450  + ’2)1‘-'{:; 70
Rh  ZrOY,0) CO NOO, 033 250450 + hoO¥ 71
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Pd  ZrO)(Y,0,) CO N,O 2-50 440 - + N T3

(*) pa/po denotes the ratio pyo/pe g 0F puo/peo. The po, range is 0 - 6 kPa.

Hydrogenation and dehydrogenation reactions.

Cata- Reactants Kinetics Kinetics Global
lvst Solid Electrolyte papp T(°C) inD in A rvs® Ref
y D) (A) Or/dpp)e Or/dp.)ebehaviour
B 93,
R e, oE W omeones = oo G
Pt B"-ALO, CH, H, 179 100300 2 9 ] 95
Rh  ZrOJY,0;)  H, CO, 0.03-0.7 300-450  + 0 ]
"""""""""""""""""""""""""""""""""""""""" Mixed
behaviour,
Pd  ZrOi(Y,0;) H, CO  0.1-6 300-370 depending 19
on the
___________________________________________________________________________ product
Pd  ZrOy(Y,0s)  H, CO, 02-1.1 500-590 + + V>
el A A T T s O . .- 66__
Pd B"-Al,O, H, GHa, ) 159% 70-100 20 0 Z 100
................................ CHy T
Fe CaZryolng,0s, H, N, 03 440 ? ? N 105
0 T S T 19,
N oo, B G 1 wsem v DN
i 65,
P EO0G00 GLOH ¢ = Al » N«
19,
B mOgmOy WS - = Wem B A
--------- 19,
Ag  ZrOf(Y,0;) CH,OH - 0-6kPa 550-750 + N =
e B L AW = B
Ag SiChasYbOy CHy - - 70 7 106
Fe CaZrpelng,Os, NH; -  4-12kPa 530-600  + /] 103
Fe K,YZr(PO,; NH, - 4-12kPa 500-700  + ] 103

) Po=PoaitPoany

Other catalytic reactions.
Solid Reactants Kinetics Kinetics Global

Catalyst paPp T(C) inD inA rvs® Ref
Electrotyte D) (A) Or/opp)e Or/dpA)ebehaviour
Pd Nafion  1-CiHs = 10 ? N 109
""" A B [
Ni ZrO,(Y,0,) CH; H,O 0.05-3.5 600-900 + <0 E 85
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4.5.7 Activation Energy and Preexponential Factor Dependence on
Work Function

It has been known since the early days of electrochemical promotion that
upon varying Uwg and thus @, not only the catalytic rates, r, are changing in
a frequently dramatic manner, but also the activation energy of the catalytic
reaction is also significantly affected. An example was already presented in
Fig. 4.28 which shows that both C;H4 and CH,4 oxidation on Pt/YSZ conform
to equation (4.50) with oy values of -1 and -3, respectively.

This linear variation in catalytic activation energy with potential and work
function is quite noteworthy and, as we will see in the next sections and in
Chapters 5 and 6, is intimately linked to the corresponding linear variation of
heats of chemisorption with potential and work function. More specifically we
will see that the linear decrease in the activation energies of ethylene and
methane oxidation is due to the concomitant linear decrease in the heat of
chemisorption of oxygen with increasing catalyst potential and work function.

Such linear or near-linear variations in activation energy E with work
function as the one shown in Fig. 4.28 but also in Figures 4.35 to 4.37 are
quite common in electrochemical promotion studies and are usually
accompanied by a concomitant linear variation in the logarithm of the
preexponential factor, r°, defined from:

= r%exp(-E/k,T) (4.51)
-
- 01
06 |- g
10 - : g 4o
A 5 r'lrru Kis)
L pTin(ke/ kg) N\ =8 .
& r.-%
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kT gIn (k®/k3) - -0.2
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Figure 4.35. Effect of catalyst work function ® on the activation energy E4, preexponential
factor k® and catalytic rate enhancement ratio r/ry for C,H, oxidation on PY/YSZ;* po,=4.8
kPa, pcug=0.4 kPa*** kgis the open-circuit preexponential factor, T is the mean
temperature of the kinetic investigation, 375°C.* T is the (experimentally inaccessible)
isokinetic temperature, 886°C. 4%
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Figure 4.36. Effect of catalyst potential Uwr and work function @ on the activation energy E
(squares) and preexponential factor r° (circles) of C,H, oxidation on Rh/YSZ. open symbols:
open-circuit conditions. Tg is the isokinetic temperature 372°C and 1§ is the open-circuit
preexponential factor. Conditions: po,=1.3 kPa, pc,u, =7.4 kPa.> Reprmted with permission
from Academic Press.
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Figure 4.37. Effect of catalyst potent1a1 Uywr and work function ¢ on the activation energy E
(squares) and preexponentlal factor r° (circles) of C;H, oxidation on Pt/YSZ. open symbols:
open-circuit conditions. Tg is the isokinetic temperature 398°C and ¢ is the open-cnrcun

preexponential factor. Conditions: po, =3 kPa, pcsng =0.4 kPa.”® Reprinted with permission
from Academic Press.
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as shown in Figures 4.35 to 4.37 for the cases of C,H, oxidation on Pt/YSZ,4
C,H, oxidation on Rh/YSZ>® and C;H, oxidation on Pt/YSZ,* respectively.

It is quite interesting that In(r’/ 1 ), where t¢is the open-circuit preexpo-
nential factor, also varies linearly with Uwg and @ (Figs. 4.35 to 4.37) and in
fact, when plotted as k,Teln(r’/t$) where Tg is the isokinetic temperature
discussed below, with the same slope as E,. This decrease in apparent
preexponential factor with increasing @ can be attributed to the reduced
binding strength and thus enhanced mobility of chemisorbed oxygen on the
catalyst surface.

4.5.7.1 Compensation Effect
The observed linear variation in activation energy, E, and in the pre-
exponential factor 1°/rg (Figs. 4.35 to 4.37), which conform to the equations:

E=E’+oyAd (4.50)

kagln(rO/ I'é) )=(X.HACD (452)

leads to the appearance of the well-known compensation effect (Fig. 4.38 and
4.39), where T is the isokinetic temperature, i.e. the temperature where the
rate is the same for all imposed potentials and corresponding work functions.
At this temperature (Figs. 4.38 and 4.39) the NEMCA effect disappears as the
rate, 1, does not depend on Uwg and ®. Also note that a reaction which is
electrophobic below Tg becomes electrophilic above it (Figs. 4.38 and 4.39).
This is because at lower temperatures the enthalpic term dominates, i.e. the
decrease in activation energy, while for T>Tg the entropic term becomes do-
minant, i.e. the decrease in preexponential factor with increasing Uy and ®.
All this is nicely described by the following equation, derived easily via
mathematical manipulation of equations (4.49) to (4.52), which relates the
NEMCA coefficient o (eq. 4.49) with the enthalpic parameter ay (eq. 4.50):

(Te/T)-1

a=(-0y) To/T)

(4.53)

Normally in heterogeneous catalysis compensation effect behaviour is
obtained either for the same reaction upon using differently prepared
catalysts of the same type, or with the same catalyst upon using a
homologous set of reactants. In the case of electrochemical promotion (Figs.
4.38 and 4.39) one has the same catalyst and the same reaction but various
potentials, i.e. various amounts of promoter on the catalyst surface.

As shown in Figs. 4.38 and 4.39 there can be no doubt that the effect is
real. As well known from the heterogeneous catalysis literature its existence
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Figure 4.38. NEMCA-induced compensation effect in the isokinetic point for C,H, oxidation on
Rh/YSZ. Conditions: po,= 1.3 kPa, pc,u, =7.4 kPa.”® Reprinted with permission from Academic
Press.
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Figure 4.39. NEMCA-induced compensation effect in the isokinetic point for C;Hs oxidation on
PY/YSZ. Conditions: po,=3 kPa, pcaue=0.4 kPa®® Reprinted with permission from Academic
Press.

implies a linear relation between activation energy and log of preexpo-
nential factor or, equivalently, enthalpy and entropy of activation. The
experimental equations (4.50) and (4.52) give us one additional piece of
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information, i.e. that both activation energy and log of preexponential factor
vary linearly with catalyst work function. The cause of this linear variation,
at least for the enthalpic part, can be understood both in terms of rigorous
quantum-mechanical calculations (Chapter 5) and in terms of simple
electrostatic considerations (section 4.5.9.2).

It is worth noting that the linear variation in E and log r° with @ is a more
general phenomenon than the actual appearance of an isokinetic point. The
reason is that when equations 4.50 and 4.52 are satisfied (Figs. 4.35 to 4.37)
this guarantees mathematically the existence of an isokinetic Tg, but this Te
may lie in the T region of the investigation (Figs. 4.38 and 4.39, appearance
of an isokinetic temperature) or may lie outside the region of the
investigation (e.g. C,H, oxidation on Pt/YSZ, Fig. 4.35).

4.5.8 Selectivity Modification

One of the most promising features of electrochemical promotion is in
product selectivity modification. A dramatic demonstration of selectivity
modification with varying ® was shown already in Fig. 4.18 for the case of
NO reduction by H, on Pt/B"-A1203.52 The selectivity to the desired product,
N,, increases from 35% on the unpromoted surface (Uwr > 0) to more than
70% on the Na-promoted surface (Uwg <0). Similar is the behaviour when
using CO instead of H; as the reductant®® (Fig. 4.40). Upon decreasing the
Uwr and @ of the Pt/B"-ALO; catalyst, S, increases from 15% to 60%.
Thus Pt becomes as selective as Rh for the reduction of NO toNs.

8 (1X:]
o, T=621 K

Pro=0.75 kPa
p2=0.75 kPa

(rco, « N0 TN/ 107 mol/s
N, selectivity

Upgr I mV

Figure 4.40.Effect of catalyst potential on the rates of formation of CO,, N, and N,O and on
the selectivity to N, during NO reduction by CO on Pt/B"-Al,0,.°® Reprinted with permission
from Academic Press.
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Two more examples regarding the epoxidation of ethylene on Ag are
shown in Figs 4.41 and 4.42. In the former case’’ the Ag film is supported on
YSZ. For Uyr > 0 ethylene oxide and CO; are the only products and the
selectivity to ethylene oxide is 55%. Decreasing the catalyst potential to
Uwgr=-0.6 V causes a dramatic shift in selectivity. The selectivity to ethylene
oxide drops to 0% and acetaldehyde becomes the dominant product with a
selectivity of 55%. Note in Figure 4.41 that the presense of chlorinated
hydrocarbon moderator (C;H,Cl,), as also done in industry, stabilizes the
selectivity to C,H4O to high values almost regardless of the applied
potential. This is because Cl, acting as an electronegative classical promoter,
counterbalances the decrease in ® induced by the applied potential.

In the latter case'” (Fig. 4.42) the Ag catalyst is supported on B"-AlLO;
and traces of C,H4Cl, “moderator” are added again to the gas phase.'”
Ethylene oxide and CO, are the only products. The figure shows the
combined effect of the partial pressure of C,HsCl, and of the catalyst
potential on the selectivity to ethylene oxide. For Uwg=0 and -0.4 V the Na
coverage is nil and 0.04 respectively. As shown in the figure there is an
optimal combination of Uwgr(Bna) and pcongcy leading to a selectivity to
ethylene oxide of 88%. This is one of the highest values reported for the
epoxidation of ethylene. Figures 4.18, 4.41 and 4.42 exemplify how in situ
controlled promotion can be used for a systematic investigation of the role of
promoters in technologically important systems.

AD eV AD/eV
04 03 02 01 o 01 02 04 03 02 -01 0 01 02

Ag/YSZ
8.5% 0,,7.8% C,H,
T=270°C , P=500 kPa
4 0.0 ppm C,H,Cl,
O 0.4 ppm

O 0.8 ppm
(o]
= g 1.2 ppm
S 40 5 1.6 ppm
;‘3 % 8.5%0,;, 7.8%C,H, g
T=270°C , P=500 kPa

4 0.0 ppm C,H,Cl,
O 0.4 ppm
< 0.8 ppm
A 1.2 ppm
| 1.6 ppm
,. 2.0 ppm

-600 -400 -200 0
Upg / MV

Figure 4.41. Effect of Ag/YSZ catalyst potential, work function and feed partial pressure of
dichloroethane on the selectivity to ethylene oxide (a) and to acetaldehyde (b). T=270°C,
P=500 kPa, 8.5% O,, 7.8% C,H,.” Reprinted with permission from Academic Press.
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Figure 4.42. Ethylene epoxidation on Ag/p”"-AL0,."%" Steady-state effect of catalyst potential
on the selectivity to ethylene oxide at various levels of gas-phase dichloroethane (a) and 3-
dimensional representation of the effect of dichloroethane concentration, catalyst potential
and corresponding Na coverage on the selectivity to ethylene oxide (b).'”" Reprinted with
permission from Academic Press.

4.5.9 Promotional Effects on Chemisorption

4.5.9.1 Experimental Results

As already noted the strength of chemisorptive bonds can be varied in situ
via electrochemical promotion. This is the essence of the NEMCA effect.
Following initial studies of oxygen chemisorption on Ag at atmospheric
pressure, using isothermal titration, which showed that negative potentials
causes up to a six-fold decrease in the rate of O, desorption,'’ temperature
programmed desorption (TPD) was first used to investigate NEMCA.*

The power of electrochemistry to affect chemisorption on metals
interfaced with solid electrolytes can be appreciated from figure 4.43%
which shows oxygen temperature programmed desorption (TPD) spectra
obtained upon electrochemically supplying O to the PY/YSZ catalyst
surface during a galvanostatic transient (I=15pA) following previous
exposure to gaseous O,. The corresponding Uwg values are also indicated in
the figure. The TPD spectrum labeled “0 s” corresponds to gaseous O,
chemisorption. As well known from the surface science literature a single
peak is obtained above room T, centered at ~730 K and corresponding to
dissociatively chemisorbed atomic oxygen.
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Figure 4.43. Thermal desorption spectra after gaseous oxygen adsorption on a Pt film
deposited on YSZ at 673 K and an O, pressure of 4x10°® Torr for 1800 s (7.2 kL) followed by
electrochemical O supply (I=+15 pA) for various time periods.**° Reprinted from ref. 30
with permission from Academic Press.
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Figure 4.44. Comparison of the oxygen TPD spectra from Ag deposited on YSZ obtained
with the three different modes of adsorption, gaseous, electrochemical and mixed, under the
same conditions: T,4,=300°C, 5.4 kL of oxygen exposure (for gaseous and mixed adsorption),
and 4.6x10”° mol O of electrochemically supplied oxygen (for electrochemical and mixed
adsorption), i.e. 5 pA for 180 s. (Uyr=+0.7 V, A®d=+1.3 ¢V).* Reprinted with permission
from Academic Press.
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Upon electrochemically supplying O onto the catalyst surface and thus
increasing Uwr and @ (Fig. 4.43) the oxygen TPD spectrum grows
dramatically with the appearance of a weakly bonded state (peak desorption
temperature, Tp, at ~680-700 K) and in addition of a strongly bonded one
(Tp~780K) which develops at higher potentials over a time period 2FNg/I,
i.e. the time required to form a monolayer of atomic oxygen on the Pt
catalyst surface. What figure 4.43 and also 4.44 show conclusively it that:

1. Massive oxygen backspillover from the solid electrolyte onto the catalyst
surface takes place under electrochemical promotion conditions.

2. Increasing catalyst potential and work function leads to a pronounced
increase in total oxygen coverage (which approaches unity even at
elevated temperatures) and causes the appearance of new chemisorption
states. At least two such states are created on Pt/'YSZ (Fig. 4.43): A
strongly bonded one which, as discussed in Chapter 5, acts as a
sacrificial promoter during catalytic oxidations, and a weakly bonded
one which is highly reactive and causes the observed dramatic increase
in catalytic rate.

These important conclusions are not limited to Pt/YSZ only. Similar is
the behaviour of Ag/YSZ"'" (Fig. 4.44) and Auw/YSZ."” In the last case
actually gaseous oxygen adsorption is negligible.'"”

When all the oxygen is supplied on the metal (Pt, Ag) catalyst
electrochemically, i.e. without previous gaseous adsorption, then at
relatively low coverages only the weakly bonded highly reactive oxygen
chemisorption state forms (Fig. 4.45). The Tp of this state depends
significantly on the potential Ujyg applied to the catalyst during the
electrochemical O* supply (Fig. 4.45 and 4.46, inset) which is very close to
Uwr during the TPD run (Fig. 4.45, top). Thus by varying the
electrochemical adsorption temperature and the adsorption time one can
obtain TPD spectra of oxygen at near constant coverage which, nevertheless
correspond to different potentials and work functions on the catalyst surface
(Figs. 4.45 and 4.46). Consequently one can study the dependence of Tp on
Uwr (Fig. 4.45, 4.46 inset). Furthermore by varying the heating rate f (K/s)
during the TPD runs and using the modified Redhead equation of Falconer
and Madix'":

InB/T,)? = In(RvO1-' /E4) - (Eq /R)(1/T,) (2.22)

where v is the preexponential factor and 8, is the initial coverage, one can
obtain directly the activation energy of oxygen desorption, E4, corresponding
to diffent Uwgr values. In Chapter 5 we will see several such Redhead plots,
e, In(B/T¢) vsTy! obtained at different Uwg values in a very detailed
investigation of O, chemisorption on Pt/YSZ,” but here we can see the final
results of this investigation (Fig. 4.47): E4, which for nonactivated oxygen
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Figure 4.45. Thermal desorption spectra (bottom) and corresponding catalyst potential
variation (top) after electrochemical O supply to Ag/YSZ at 260-320°C at various initial
potentials Uwg . Each curve corresponds to different adsorption temperature and current
thus different values of Uwg , in order to achieve nearly constant initial oxygen coverage.®'
Reprinted with permission from Academic Press.
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Figure 4.46. Thermal desorption spectra after electrochemical O* supply to Ag/YSZ through
the electrolyte for 10 min. Each curve corresponds to different adsorption temperature and
current in order to achieve nearly constant initial coverage. Desorption was performed with
linear heating rate, B=1 K/s (Inset) Effect of potential on peak temperature.’' Reprinted with
permission from Academic Press.
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Figure 4.47. Effect of catalyst potential on the desorption activation energy of O, from
Pt/YSZ calculated from the modified Redhead analysis (@) and from the initial slope of the
TPD spectra {O).*° Reprinted with permission from Academic Press.

chemisorption also equals the isosteric (constant coverage) heat of adsorption
of O on the Pt surface, decreases significantly, and in fact linearly, with
Utr and @ and in fact with a slope of—1!

As discussed in detail in Chapter 5 this is not a coincidence. Similar is the
behaviour of oxygen chemisorption on Ag™'"” and on Au'” and the E4 vs @
slopes are —1 and —4 respectively. Furthermore such a linear decrease in E4 with
® is in agreement with rigorous cluster quantum mechanical calculations.™"'

It is important to notice that the observed linear decrease in E4 with ®
with a slope of—1 in the case of oxygen chemisorption on Pt is in excellent
agreement with the observed linear decrease in activation energy, E, with @
in the Pt catalyzed oxidation of C;H, and CH, (figs. 4.28 and 4.35). In fact in
the case of C,H, oxidation where the temperature range of the investigation
was similar to that of the TPD studies the E4 vs @ slope is —1.

This is an important result and shows that the dramatic decrease in
catalytic activation energy, Ea, upon increasing @ is due to the decrease in
Ey and concomitant weakening of the Pt=0 chemisorptive bond upon
increasing Uy and ®.

But why linearly and why with a slope of-1, or something thereabout, the
reader may righteously ask. In anticipation of the quantum mechanical
treatment in Chapter 5 we can briefly discuss here a simple electrostatic
model which fully accounts for the observed behaviour. After all, as the
detailed quantum mechanical treatment has shown, direct electrostatic
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“through the vacuum” forces between coadsorbates account for more than
80% of the observed decrease in Eq with ®.

4.5.9.2 Electrostatic Interactions of Adsorbates in a Double Layer

We can consider now the adsorbates examined in Fig. 4.20 in presence of
the double layer formed by the backspillover ions on the catalyst surface
(Fig. 4.48). The double layer will be assumed homogeneous with a thickness
d and a uniform field strength E which canbe computed from:

E = (AD/ed)H (4.54)

where AD(=D-D,) is the work function difference between that of the actual
surface and that of the surface at its point of zero charge (pzc) where ®=@,,
and i is the unit vector normal to the surface and pointing to the vacuum.

It is clear that the change AH in the potential energy, and thus internal
energy and enthalpy of the adsorbed molecule, j, with dipole moment E due
to the presence of the field is:

AH;= E ‘B, (4.55)

thus

AH; = A® (ﬁj (5%) cos® (4.56)

€

An increase in the enthalpy, H, of the adsorbate causes an equal decrease
in its activation energy for desorption, E4, i.e. AH = -AE,, thus:

AEq; = - A® (ﬁ) (—2%) Cos® (4.57)

€

Thus for the case of O chemisorbed on Pt one may reasonably assume
cosw=1 and ¢ =d to obtain:

. 2.
AEqg;=-| =L | ad; AEy=-L A0 (4.58)
2e 2

where Aj(=nj/e)is the partial charge transfer parameter of adsorbate j, which
is positive for an electron donor and negative for an electron acceptor.
Equation (4.58) is in excellent agreement with experiment (Fig. 4.47) and
allows one to speculate that the partial change transfer Ao is near —2 for the
case of O chemisorption on Pt. In fact equation 4.58 can even account for
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Figure 4.48. Schematic of an adsorbed molecule, modeled as a dipole, in the electric field of
the metal-gas effective double layer.

the decrease in the AE vs @ slope from (-1 to —4) as one goes from C,Hy
oxidation on Pt (T~600-700 K) to CH,4 oxidation on Pt (T~800-900 K) (Fig.
4.28) where the effective thickness d of the double layer can be reasonably
assumed to be smaller. The same applies for the decrease in the AE4 vs @
plots upon going from Pt and Ag (slopex-1) to Au (slope~-4), to be
discussed in Chapter 5 (Figure 5.26), where again d can be reasonably
expected to be smaller on Au than on Pt or Ag due to the sparse o*
adsorption layer on Au.'”

As already noted in Chapter 2 (eq. 2.23), equations (4.56) and (4.58) are
in good qualitative agreement with the classical promotion literature as well.
This type of equation was first discussed as an empirical observation by
Boudart many year ago.'” Today we see that both experiment and theory
support it.

4.5.10 “Permanent NEMCA”

One of the most interesting and potentially important from a practical
viewpoint aspect of electrochemical promotion is the “permanent NEMCA”
effect first discovered and studied by Comninellis and coworkers at
Lausanne.

A typical example is shown in figure 4.49 which depicts a galvanostatic
NEMCA transient during C,H, oxidation on IrQ,”**"* The authors, in
addition to monitoring the rate, r, and the catalyst potential Uyg, were also in
situ moni-toring via a Kelvin probe the change, A®, in the IrO, surface work
function which at steady-state nicely conforms to the fundamental equation
4.30.

Upon positive current application the rate of C,H, oxidation increases by
a factor of 13 (p=14) with a A value of the order of 100. The important
aspect of the figure is that upon current interruption neither the rate nor @
return to their initial open- circuit values (Fig. 4.49). There is a permanent



4. ELECTROCHEMICAL PROMOTION OF CATALYTIC REACTIONS 177

~ 06

- 04
£
@] ;
3 3 2
) g :
r L 02 2

0 20 40 60 80 100
Time/min

Figure 4.49. Transient effect of constant applied current (I=+10 pA) on the rate (1) of C;H,
oxidation on IrQ,/YSZ, on catalyst work function (A®) and on catalyst potential (Uwg).
Conditions: T=380°C, po, =15 kPa and pc,u4 =0.05 kPa.®® Reprinted with permission of
The Electrochemical Society.

rate enhancement, accompanied by a permanent change in ®. Comninellis
87,88 . :
and coworkers™"™ defined a “permanent” rate enhancement ratio yfrom:

Y = TperlTo (4.59)

which in the case of Fig. 4.49 equals 3.

Other examples of permanent NEMCA behaviour are shown in Fig. 4.50
for the case of C;Hy4 oxidation on IrQ,-TiO; mixtures'* deposited on YSZ,
the first NEMCA study utilizing an oxide catalyst (IrO,) and in fact in contact
with a mixed electronic-ionic conductor (Ti0;). As we shall see in Chapter 11
these measurement of Nicole'™ provided the first basis for establishing the
mechanistic equivalence of NEMCA and metal-support interactions.'”

Permanent NEMCA behaviour has been also observed in the case of NO
reduction by propene’”' or CO”" in presence of O, on Rh/YSZ, a system of
great technological interest (Figs. 4.51 and 4.52). In the former case” (C3Hs,
T=380°C) pis 52 and yis 6 (Fig. 4.51) but in the latter case (CO, T=270°C)
p is 17 but y is near 14. There is a very pronounced permanent enhancement
of the Rh catalyst activity and selectivity. This could lead to practical
applications utilizing NEMCA during catalyst preparation.
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Figure 4.50. Transient effect of constant applied current (I=+300 pA) on the rate of C;H,
oxidation on IrO, and on 75mol% IrO, - 25%TiO, and 25% IrO, - 75%TiO, composite
catalysts deposited on YSZ. Note the decrease in p upon increasing the TiO, content and the
appearance of permanent NEMCA in all cases.'*
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Figure 4.51. Transient effect of a constant applied current on the rates of CO,, N, and N,O
production, on NO conversion (Xyo) and on catalyst potential (Uyg) during NO reduction by
propene in presence of gaseous O, on Rh/YSZ.” Reprinted with permission from Elsevier

Science.
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Figure 4.52. Transient effect of a constant applied current on the reaction rate of CO/NO/O,
reaction and on the NO conversion on Rh/YSZ"'; GHSV=25000 h'.”! Reprinted with
permission from the Institute for lonics.

What is the cause of permanent NEMCA? Comninellis and coworkers
have found strong evidence that it is due to the electrochemical creation and
stabilization of a promoting superoxide on the catalyst surface. This is
supported by the fact that permanent NEMCA appears to be more frequent
with metal oxides where the metal has multiple valence states, thus the
ability to form several different oxides. It is also supported by the
observation that the initial catalyst activity and work function can be restored
only after prolonged catalyst exposure to the reacting gas mixture.””" It is
possible that the initial state corresponds to surface Rh,0;,” the high activity
NEMCA state corresponds to O® -decorated reduced Rh™ and the permanent
NEMCA state corresponds to O% decorated surface Rh,0;. This interesting
subject is certainly worth further investigation.

4.6 PREDICTION OF THE MAGNITUDE OF THE
FARADAIC EFFICIENCY A

One of the first steps in understanding electrochemical promotion was the
observation' that the absolute value |A| of the Faradaic efficiency A of
different catalytic reactions could be approximated by (Fig. 4.23)

IA| = 2Fry/Io (4.20)
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It was also quickly observed' that for a given catalytic reaction, A
decreases with increasing temperature (Fig. 4.53) and approaches unity at
temperatures where the reactants do not chemisorb any more on the catalyst
surface. The latter (Fig. 4.53, C,H, oxidation) is easy to understand in view of
the oxygen TPD spectra of Figures 4.43, 4.45 and 4.46: Above 650°C there is
practically no oxygen, chemisorbed or backspillover, on the catalyst electrode
surface, thus no chemisorbed double layer and thus no electrochemical
promotion. Simple mass balance considerations dictate that at this limit (no
gaseous O, adsorption) only electrochemically supplied oxygen will react,
thus A=1 as experimentally observed (Fig. 4.53). Equation 4.20 is also easy
to understand in view of the very commonly observedcatalytic rate dependence
on potential and work function (Eq. 4.51):

In(r/re) = (®-O" )k, T (4.49)

taken in conjunction the high field approximation of the Butler-Volmer
equation:

ln(I/Io) = (IACAUWR/ka (4 13)

and the potential-work function equivalence of solid state electrochemistry
(Eq. 4.30):

/°c
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Figure 4.53. Effect of temperature on the faradaic efficiency, A, values measured in
electrochemical promotion (NEMCA) studies of C,H, oxidation on various metals.®
Reprinted with permission from Academic Press.
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A® =eAUwr (4.30)
which combined lead to the dimensionless equation:

e 2Py (- 0a)A0
I I kT

(4.60)

Thus if p»1, so that Arar the left hand side (1hs) of eq. (4.60) is A and if
o~a,, as frequently observed in practice,' then equation (4.60) reduces to the
experimental equation (4.20) (Fig. 4.23). The absolute magnitude sign (| |) of
Eq. 4.20 is still necessary since during the first years of electrochemical
promotion research, and until very recently''>''® no safe predictions could be
made about the electrophobicity (A>1) or electrophilicity (A<-1) of a catalytic
reaction. Now the situation is changing, as will be surveyed in chapter 6
where, for the first time, rigorous promotional rules are presented.
Nevertheless one should keep in mind that equation (4.20), despite its
frequently impressive success, is only an approximation which can only serve
to predict the order of magnitude of A for different catalytic systems provided
the open-circuit catalytic rate, ro, and the exchange current I, are known.

4.7 SYNOPSIS OF THE PHENOMENOLOGY:
REACTIONS STUDIED SO FAR

In this chapter we have surveyed the key phenomenological aspects of
electrochemical promotion.

These are:

a. The rate enhancement with current and potential which is described
by the parameters A (Faradaic efficiency), p (rate enhancement
ratio), PI; (promotion index of the promoting ion) and, for the case of
permanent NEMCA, v (permanent rate enhancement ratio).

The selectivity modification with current and potential

The work function variation with potential

The activation energy modification with potential and work function.
The chemisorptive bond strength variation with potential and work
function

f. The local electrophobicity or electrophilicity of different catalytic

reactions, which lead to the four types of global r vs ® behaviour (i.e.
purely electrophobic, purely electrophilic, volcano and inverted
volcano).

These features are common regardless of the type of solid electrolyte and
promoting ion used. It is also in general noteworthy that the electrophobicity
or electrophilicity of a reaction studied under the same experimental
conditions sometimes changes upon changing the solid -electrolyte.

o a0 o
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Nevertheless there are some reactions which never change. Thus NO
reduction on noble metals, a very important catalytic reaction, is in the vast
majority of cases electrophilic, regardless of the type of solid electrolyte
used (YSZ or B"-Al,O;). And practically all oxidations are electrophobic
under fuel lean conditions, regardless of the type of solid electrolyte used
(YSZ, p"-Al,O;, proton conductors, even alkaline aqueous solutions).

Table 4.1 summarizes the catalytic systems studied so far in terms of the
solid electrolyte used and shows the measured A, p and PI; values.

Table 4.2 lists the same catalytic systems but now grouped in terms of
different reaction types (oxidations, hydrogenations, reductions and others).
In this table and in subsequent chapters the subscript “D” denotes and
electron donor reactant while the subscript “A” denotes an electron acceptor
reactant. The table also lists the temperature and gas composition range of
each investigation in terms of the parameter pa/pp which as subsequently
shown plays an important role on the observed r vs @ global behaviour.
Table 4.3 is the same as Table 4.2 but also provides additional information
regarding the open-circuit catalytic kinetics, whenever available. Table 4.3 is
useful for extracting the promotional rules discussed Chapter 6.

In Chapters 8 to 10 we will have the opportunity to examine in some
more detail the specific characteristics of each catalytic system presented in
Tables 4.1, 4.2 and 4.3.
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CHAPTER 5
ORIGIN OF NEMCA

“The strong long-range effect implied by the correlation ofwork-function
change with activation-energy change found by Vayenas et al in the
presence of electrochemically induced promotion is therefore particularly
intriguing. So too is the nature of the electrochemically induced oxygen
species that is believed to cause the increase in workfunction and catalytic
promotion, yet which is less reactive than the adsorbed oxygen reactant that
covers most of the surface. There is clearly much surface chemistry to be
explored and it will be interesting to see how general the work function
effect proves to be. In any case, the ability to vary the concentration of
promoters by electrochemical control while under reaction conditions is a
valuable development in catalytic research, and one can expect it to be
rapidly exploited in conjunction with other in situ techniques of surface
analysis.”

J. Pritchard, Nature, 1990

5.1 PROBLEMS AND METHODS

After reading the review of the phenomenology of electrochemical
promotion (or NEMCA) in Chapter 4 the reader may righteously ask: What
is taking place at the molecular level on a catalyst electrode surface under
electrochemical promotion conditions such as e.g. the galvanostatic
transients shown in Figs. 4.13 to 4.15? What is the physical meaning of
faradaic efficiency, A, values up to 300,000 such as the ones shown in these
Figures (e.g. Fig. 4.13) and Table 4.17 Does electrochemical promotion
really violate Faraday’s law? Are there limitations, other than possible
economic ones, for its practical utilization?
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Figure 5.1. Surface science, catalytic and electrochemical techniques employed during the
last few years to determine the origin of electrochemical promotion.

To answer these questions, and many others, a whole arsenal of surface
science, catalytic and electrochemical techniques have been employed during
the last few years (Fig. 5.1). These include:

a) Analysis of time constants during galvanostatic NEMCA transients.
b) Work function measurements via the Kelvin probe technique and via

UPS (Ultra violet Photoelectron Spectroscopy) experiments.

¢) Temperature Programmed Desorption (TPD)

d) Cyclic voltammetric investigations.

e) AC Impedance spectroscopic investigations.

f) XPS (X-ray Photoelectron Spectroscopy) investigations.

g) UPS investigations.

h) AES (Auger Electron Spectroscopic) investigations

1) SERS (Surface Enhanced Raman Spectroscopy) investigations.
j) PEEM (Photoelectron Emission Microscopy) investigations.
k) Scanning Tunneling Microscopy (STM) investigations.

1) Ab initio quantum mechanical calculations.

All these techniques have provided a unanimous answer to the above
questions. A combination of the results of any two or three of them would
have sufficed to put together the puzzle. But each one of them has something
new to offer, some new facet of the surface chemistry to reveal. So each of
them will be discussed in this chapter in a sequence which in many cases
coincides with the chronological order in which they were employed in order
to solve the puzzle and understand the origin of electrochemical promotion.
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As J. Prichard' had correctly predicted in his 1990 Nature editorial on
NEMCA® “there is clearly much surface chemistry to be explored. ” Indeed
there was and there is quite a lot.

Before discussing the results obtained by each of the above techniques
individually, it is useful first to discuss the galvanostatic transient of Figure
4.13 in light of parallel TPD and cyclic voltammetry investigations of Pt
deposited on YSZ (Fig. 5.2). These two techniques are very well understood
among surface scientists and electrochemists, respectively, and thus Fig. 5.2
can help every reader to grasp immediately the underlying molecular
phenomena.

5.2 A GALVANOSTATIC NEMCA TRANSIENT
REVISITED

We can now concentrate on Figure 5.2 which shows a galvanostatic
catalytic rate transient during ethylene oxidation on Pt/YSZ at 370°C (Fig.
5.2a)’ together with (a) oxygen TPD spectra obtained on PYY sz upon
exposure at 400°C to Po,=4x10"® Torr for 1800 s (7.2 kilolangmuirs) followed
by electrochemical O% supply (I=15 pA) for various time periods t;, rapid
cooling to 300°C followed by a linear increase in T at a heating rate B (K/s)
under open-circuit to obtain the TPD spectra of Figure 5.2b. (b) Cyclic
voltammograms obtained at 400°C and various holding times at a positive
potential (Uwg= 0.8 V) under uhv conditions* (Fig. 5.2¢).

In comparing Figures 5.2a, 5.2b and 5.2c it is worth noting that 5.2b and
5.2¢ have been obtained with a Pt film having a true surface area Ng=2x10"
mol Pt* while Fig. 5.2a has been obtained on a Pt film with true surface area
NG——‘4.2><10'9 mol Pt.> Thus for the three different experiments of Figs. 5.2a,
5.2b and 5.2¢ the NEMCA time constants t (= 2FNg/I) are 800 s, 2500 s and
1200 s respectively, i.e. they are of the same order of magnitude.

Both the TPD spectra (Fig. 5.2b) and the cyclic voltammograms (Fig.
5.2¢) show clearly the creation of two distrinct oxygen adsorption states on
the Pt surface (vs. only one state formed upon gas phase O, adsorption, Fig.
5.2b, t=0).

The weakly bonded O adsorption state is populated almost immediately
(Figs. 5.2b and 5.2¢). The strongly bonded O adsorption state is populated
over a time period of the order 2FNg/I. This is exactly the time period which
the catalytic rate needs to reach its electrochemically promoted value (Fig.
5.2a).

One can then ask: What is the rate at which the strongly bonded state is
populated during the TPD and cyclic voltammetric experiments of Figures
5.2b and 5.2¢? The answer is clear: It is the rate of O supply to the catalyst,
i.e. I/2F.
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(a)

(b)

Figure 5.2. NEMCA and its origin on Pt/YSZ catalyst electrodes. Transient effect of the
application of a constant current (a, b) or constant potential Uy (c) on (a) the rate, r, of C;H,
oxidation on PYYSZ (also showing the corresponding Uyy transient)’ (b) the O, TPD
spectrum on PYYSZ*’ after current (I = 15 pA) application for various times t. (c) the cyclic
voltammogram of Pt/'YSZ*7 after holding the potential at Uy = 0.8 V for various times t.
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The next question is: What is the rate at which the strongly bonded state
of oxygen is supplied and populated during the catalytic transient of Figure
5.2a? Clearly it is again of the order I/2F, since in Figs. 5.2a, 5.2b and 5.2c
the time constants are all similar, i.e. 2FNg/I.

Finally one may ask: What is the rate at which the strongly bonded
oxygen state is removed from the catalyst surface at steady state, i.e. when
the rate has reached its maximum value? It clearly has also to equal I/2F.
What removes the strongly bonded state from the catalyst surface? Clearly it
is reaction with C,H, (although desorption to the gas phase also plays a role
which can become dominant in absence of C,H,). Consequently at steady
state the strongly bonded oxygen state reacts with C,;H, at a rate I/2F.

At this point (steady-state) the weakly bonded oxygen is reacting with
ethylene at a rate r - I/2F ~ r (= 3.85-107 mol O/s) which is 74,000 (= A)
times larger than I/2F. So what is the physical meaning of the faradaic
efficiency A? It is simply the ratio of the reactivity (with C,H4) of the
weakly bonded and strongly bonded oxygen state.’

The latter acts as a sacrificial promoter. It is a promoter, as it forces
oxygen to populate the weakly bonded (and highly reactive) oxygen
adsorption state. It is also “sacrificed” as it is consumed by C,H, at a rate
I/2F, equal to its rate of supply.

In view of the above physical meaning of A it is clear why A can
approach “infinite” values when Na’ is used as the “sacrificial promoter”
(e.g. when using B"-Al,O; as the solid electrolyte) to promote reactions such
as CO oxidation (Fig. 4.15) or NO reduction by H, (Fig. 4.17). In this case
Na on the catalyst surface is not consumed by a catalytic reaction and the
only way it can be lost from the surface is via evaporation. Evaporation is
very slow below 400°C (see Chapter 9) so A can approach “infinite” values.

Returning to the Figure 5.2a we can further discuss the physical meaning
of A to gain some more physical insight and to prove the validity of the
“sacrificial promoter” concept.

Since A expresses the ratio of the rates of consumption of the two oxygen
states by C,Hy, one has:

A=l _[_o_4r |_ TOR (5.1)
n | (1/2F) ) TOR

where TOF, and TOF, are the turnover frequencies of the two reactions (s'l),
both based on the total Pt catalyst surface area or maximum oxygen uptake
(Ng = 4.2-10®° mol Pt). The value of the two TOF at steady state in Fig. 5.2a
are:

TOF, =95.2 s (=1,/Ng) (5.2a)
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TOF,; = 1.2:107 s (=1,/Ng) (5.2b)

The inverse of these numbers express roughly the average lifetimes of
oxygen at the two adsorption states at steady state, i.e.

T~ 0.01 s; 7,2 1000 s (5.2¢)

Can these two oxygen adsorption states, clearly manifest by TPD and
cyclic voltammetry in Figures 5.2b and 5.2c, have indeed such different
reactivities with C;H4? A look at Figure 5.3 can convince us about this: The
figure shows how the population of the two states evolves in time, in
absence of C,H,, if we just let oxygen desorb by stopping the applied
current, i.e. if we see the results of isothermal desorption.*’ It is clear that
the weakly bonded state desorbs much faster, at least 50 times faster, than
the strongly bonded one. It is thus also reasonable to expect that it will react
with C;H4 much faster than the strongly bonded one.

Can we identify the strongly bonded oxygen state as the “backspillover”
oxygen originating from the solid electrolyte? Since the strongly bonded
state is occupied over a time period 2FNg/I (Fig. 5.2) the answer is, for all
practical purposes, yes. But we should also keep in mind that oxygen atoms
can exchange between the two states: At400°C and in presence of gaseous

T/K
500 600 700 800 900

T T T T T

(dN/dT) 7 107" mol/s
E-N (=)

oS ]
T

300 400 500 600
T/oC

Figure 5.3. Oxygen thermal desorption spectra after electrochemical 0> supply to P/YSZ at
673 K (I=+12 pA for 1800 s) followed by isothermal desorption at the same temperature at
various times as indicated on each curve.*’ Reprinted from ref. 7 with permission from
Academic Press.
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*0,, "*0 tracer experiments have shown isotopic scrambling between the
two states to be almost complete after 30 s.

A straightforward, qualitative, but strong, confirmation of the electro-
chemical promotion mechanism described above conies when we try to
predict what will happen to the promoted catalytic rate after the current is
interrupted (Fig. 5.2a): If the average lifetime of the promoting strongly
bonded oxygen species is indeed 1000 s (= TOF," = (r/Ng)"') then one
would expect that upon current interruption the promoted catalytic rate will
decay to its unpromoted (open-circuit) values within a time tp of roughly
1000s. This is exactly what Figure 5.2a shows upon current interruption.
Thus by simply knowing the TOF of the electrochemically promoted
catalytic reaction (* TOF,) and estimating the TOF of the reaction of the
promoting species (= TOF;) from the time decay of the rate upon current
interruption, one can estimate the Faradaic efficiency A from :

A = TOF/TOF, = 1/(r//Ng) (5.3)

without knowing the value of the applied current I!

A more rigorous mathematical analysis is presented in section 5.3, but
the reader is invited to check the validity of Eq. (5.3) with all galvanostatic
transients presented in this book.

Thus the picture which emerges is quite clear (Fig. 5.4): At steady state,
before potential (or current) application, the Pt catalyst surface is covered, to
a significant extent, by chemisorbed O and C,;H,. Then upon current (and
thus also potential) application O® ions arriving from the solid electrolyte at
the tpb at a rate I/2F react at the tpb to form a backspillover ionically
strongly bonded species

0*(YSZ) — [O* -6+] (Pt)+2e (5.4)

The exact value of 8 is not yet known but useful information can be
extracted from the surface spectroscopic techniques described in the
continuation of this chapter. Both XPS' and dipole moment measurements’
suggest 8~2, so that O% is 0%, at least for Pt.* Nevertheless it is still safer to
maintain the symbolism O%. The symbolism [O* -8+] emphasizes that the
backspillover oxygen species is overall neutral, as it is accompanied by its
compensating image charge in the metal (8+). At the same time the applied
potential and concomitant high oxygen chemical potential creates on the Pt
surface two new oxygen adsorption states. A strongly bonded one and
weakly bonded one. The backspillover [O%-8+] species migrate over the
entire Pt catalyst surface. Due to the repulsive interaction of the [0*-8+)
dipoles, diffusion on the Pt surface is fast and the rate of spreading of the
[O% -8+) species on the Pt surface is controlled by the rate, I/2F, of their
creation at the tpb and not by their surface diffusivity.”®
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Catalysis ¢ / A&

Figure 5.4. Atomic visualization of NEMCA during ethylene C;H, on Pt/YSZ. The
backspillover [O% -5+] species forces O(ad) to a more weakly bonded and more reactive state.

The backspillover oxygen species occupies primarily the strongly bonded
oxygen chemisorption state. Oxygen adsorbing from the gas phase is forced
to populate primarily the weakly bonded (and highly reactive) state (Fig.
5.4). Consequently the catalytic rate starts increasing dramatically up to the
point where a steady-state coverage is established for the strongly bonded
oxygen. At this point the (electrochemically promoted) catalytic rate is at its
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new steady-state value (Figs 5.2 and 5.4).

Which surface sites are occupied by the strongly bonded oxygen state?
This is not known yet. It is likely that they correspond to threefold hollow
sites while the weakly bonded state corresponds to bridge-bonded or even
on-top sites. This is only a proposition at this time but STM should be able
to provide soon useful information. The point is that, as shown by the TPD
spectra of Fig. 5.2b, electrochemical promotion forces large amounts of
oxygen (near monolayer coverages) to remain adsorbed on the catalyst
surface under conditions where gaseous adsorption (many kilolangmuirs)
leads to coverages of the order of 0.05 (Fig. 5.2b).

The same figure proves unambiguously that electrochemically controlled
backspillover of oxygen from the solid electrolyte onto the catalyst surface
takes place and is the cause of NEMCA.

Figure 5.2b, as well as 5.2c, also demonstrates the enormous power of
electrochemistry to create new adsorption states on a catalyst surface.

There are several questions which may still exist in the reader’s mind:

1. In the hypothetical case that electrochemistry (i.e. the application of
potential at the metal-electrolyte interface) and the concomitantly
imposed very high oxygen chemical potential did not lead to the creation
of (at least) two oxygen adsorption states, at least on Pt, would
electrochemical promotion (|A| > 1) still exist? The answer is probably
not, but it is not easy to see how oxygen adsorbing at the
electrochemically imposed huge oxygen chemical potential could be
accommodated in the same oxygen adsorption sites occupied via gaseous
oxygen adsorption.

2. Is the application of an anodic overpotential 1 (= Uwgr — Uy ) equivalent
to the application of a huge oxygen pressure P, yggnst COMputable
from the Nernst equation:

PO2.NERNST = Po,.r €Xp(4Fn/RT) (5.5)

where pg,g is the open-circuit surface oxygen activity, or equivalent
oxygen partial pressure?

This for the conditions of Fig. 5.2a gives at steady state po, NgrnsT =
5.10"° bar. The answer is again nontrivial. If 7 is a purely concentration
overpotential,”’ then Eq. (5.5) is valid. But if 1 also contains an
activation overpotential, this must be subtracted from 1 and thus
Poz.NernsT can decrease substantially from this enormous value. A more
rigorous analysis of and answer to this important question is given in
Chapter 6.
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5.3 ANALYSIS OF RATE TIME CONSTANTS DURING
GALVANOSTATIC TRANSIENTS

5.3.1 Introduction

The first indication that NEMCA is due to electrochemically induced ion
backspillover from solid electrolytes to catalyst surfaces came together with
the very first reports of NEMCA: Upon constant current application, i.e.
during a galvanostatic transient, e.g. Fig. 5.2, the catalytic rate does not reach
instantaneously its new electrochemically promoted value, but increases
slowly and approaches asymptotically this new value over a time period which
can vary from many seconds to a few hours, but is typically on the order of
several minutes (Figure 5.2, galvanostatic transients of Chapters 4 and 8.)

This observation immediately rules out the possibility that NEMCA is an
electrocatalytic phenomenon causing only a local acceleration of the
catalytic rate at the three-phase-boundaries (tpb) metal-solid electrolyte-gas.
In such a case the rate increase would obviously be instantaneous during a
galvanostatic transient.

It was quickly observed that the catalytic rate response during galvano-
static transients can be reasonably well approximated by the response of a
first order system, i.e. by:

Ar/Arpay = 1 - exp(-t/1) 4.31)

where the characteristic time constant 7, denoted NEMCA time constant, and
expressing the time required for the rate increase to reach 63% of its final
maximum value, can be approximated quite well by the expression:

1 ~ 2FNg/I (4.32)

where Ng(mol) is the, independently measured, reactive oxygen uptake of
the catalyst surface which expresses, approximately, the mols of surface
metal catalyst. This observation was already made in 1981 by Stoukides and
Vayenas'' who experimented with nine different Ag catalyst electrode
samples deposited on YSZ and differing in their gas exposed catalyst
electrode surface area Ng (Figure 5.5).

The physical meaning of the parameter 2FNg/I is obvious: It expresses the
time required to form a monolayer of oxide ions on a surface with Ng
adsorption sites when the oxide ions are supplied at a rate I/2F. This proves
that NEMCA is a surface phenomenon (not a bulk phenomenon and not a
phenomenon at the tpb) taking place over the entire gas-exposed catalyst
electrode surface.
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Figure 5.5. (a) Dependence of the NEMCA relaxation time constant T on 2FNg/I for C,H,
epoxidation on Ag'' and (b) for CO, C,H, and CH,OH oxidation on Pt and Ag.'? Adapted
from ref. 11 and reprinted from ref. 12 with permission from the American Chemical Society
and from Elsevier Science respectively.

It also shows that electrochemical promotion is due to electrochemically
controlled migration (backspillover) of ions (acting as promoters) from the solid
electrolyte to the gas-exposed catalytically active catalyst-electrode surface.

Equations 4.31 and 4.32 also suggest another important fact regarding
NEMCA on noble metal surfaces: The rate limiting step for the backspil-
lover of ions from the solid electrolyte over the entire gas exposed catalyst
surface is not their surface diffusion, in which case the surfacediffusivity Dg
would appear in Eq. 4.32, but rather their creation at the three-phase-
boundaries (tpb). Since the surface diffusion length, L, in typical NEMCA
catalyst-electrode film is of the order of 2 pm and the observed NEMCA
time constants t are typically of the order of 1000 s, this suggests surface
diffusivity values, Dg, of at least Lz/‘t, i.e. of at least 4-10"" cm?s. Such
values are reasonable, in view of the surface science literature for O on
Pt(111)."" For example this is exactly the value computed for the surface
diffusivity of O on Pt(111) and Pt(100) at 400°C from the experimental
results of Lewis and Gomer" which they described by the equation:

D, = o’ vexp(AS/R)exp(-E/RT) (5.6)

with o = 3A, AS = 17 cal/mol K, v= 10" s and E = 34.1 kcal/mol.

Furthermore it is logical to expect that partly ionic species such as O%or
Na®* will have even higher diffusivities on metal surfaces than less ionic
adsorbates due to their strong electrostatic repulsion which forces them to
migrate over the entire gas-exposed electrode surface.



200 CHAPTER 5

5.3.2 Time Constants During Galvanostatic Transients and Faradaic
Efficiency

The faradaic efficiency, A, can be computed in every NEMCA
experiment from its definition, i.e.:

A = Ar/(I/2F) (4.19)
where 1 is expressed in mol O/s, or more generally, from :
A = Ar/(I/F) 6.7

where r is expressed in g-equiv/s.

There exists, however, a second, approximate, way of estimating A on
the basis of galvanostatic rate transients as outlined in section 5.2 and shown
in Figure 5.6a. This approximate method is useful for gaining additional
physical insight on the meaning of the faradaic efficiency A and for
checking the internal consistency of experimental data with the ion
backspillover mechanism.

This method is based on two observations:

a) Upon current interruption the catalytic rate decays to its initial (unpromo-
ted) value over a time period Tp, which is often comparable to 2FNg/I,
and which reflects the kinetics (TOF,) of consumption of the
backspillover species from the catalyst surface (tp~ TOF,™).

b) In the fully promoted steady state the faradaic efficiency A, as also
discussed in section 5.2, expresses the ratio of the catalytic rate (TOF;)
divided by the rate of consumption of the backspillover species (TOF,):

A = TOF/TOF, = 1p/(ri/Ng) (5.3)

Thus by simply measuring tp, 11 and Ng one can estimate A. The thus
computed values are always in excellent qualitative agreement with those
accurately computed from Eq. (4.19). The interested reader can check this
with all galvanostatic transients presented in this book.

Another use of Eq. (5.3) is that by measuring tp and 1, and computing A
via Eq. (4.19) one can estimate the catalyst surface area Ng. Alternatively
this also can be done by comparing the parameter 2FNg/I with the
experimentally measured time constant T via Eq. (4.32).

5.3.3 Transient Analysis and Promotion Index

As previously noted, determination of the promotion index PI s of the
promoting oxide ions o~ requires knowledge of the coverage of O% on the
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catalyst surface. This can be done by using the rate transient analysis upon
current interruption.”” We first consider the mass balance of o* during
current application (0 £t < tg):

d6 s
No —2= = (1/2F) - Nof @ p-) (5.8)

—— |>0 > |=0 >

A = Ar/(1/2F)
A= L]p] !(r1 a"NG)
1= 2FNg/I
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Figure 5.6. (a) Galvanostatic transient analysis: Definitions of 1, tp and estimation of the
faradaic efficiency A which also expresses the ratio of the average lifetimes of the promoting
species (1p) and of the reactants (Ng/1)) on the catalyst surface. (b) Galvanostatic transient of
the catalytic rate (continuous line) and of the catalyst potential (dotted line) during C,Hg
oxidation on Pt/YSZ'%; r;=1.25x10"® mol O/s, Ng=1.1x10" mol O. Reprinted with permission
from Academic Press.
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where f(85-) is the rate of consumption of O% on the catalyst surface, due
to catalytic reaction or desorption. We then note that in the region of positive
potentials the catalytic rate is exponentially dependent on A®,” conforming
to Eq. 4.49 with positive a (electrophobic behaviour). The change in work
function @, A, is linearly related to 65- , provided the dipole moment of
O is constant with coverage. On the basis of this assumption one can write:

T =r10eXp(cO 5 ) (5.9)

where c is a constant. It follows then from Eq. (5.8) and the initial condition
(t=0, 845.=0) that:

do 5
cNg —9

din(r/ry)
dt ¢

dt

=N

t=0

=¢(1/2F) (5.10)

t=0

Consequently ¢ can be obtained from the initial slope of In(r/ro) vs t. For
the rate transient upon current imposition (Fig. 5.6b) one can estimate a c
value of 6.5.

We then note that at steady-state (I/2F) equals Ngf(8 - ), Eq. 5.8, and
we apply Eq. 5.8 for t>t,, thus I=0 (Fig. 5.6a). Taking the derivative at t=t} :

d8 o5
dt

Ng =-Nof(8,5.) = —~(1/2F) (5.11)

=t
t=t}

where I is the previously applied current and the last equality holds because
of the previously established steady state.
In view of Eq. (5.9) one has:

din(r/ry)
Tt

N = ~¢(1/2F) (5.12)

=tt
t=t}

which implies that a second estimate of ¢ can also be obtained from the
initial rate slope upon current interruption. From the transient upon current
interruption of Fig. 5.6(b) one obtains ¢ = 5.6, in reasonable agreement with
the value estimated upon current imposition.

Once ¢ has been estimated, one can then compute 6 from  Eq. (5.9)
for any time t from the corresponding r/ry value, i.e.:

0 5s- =lln(r/r0) (5.13)
c
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The maximum 65— value is thus computed for the transient of Fig. 5.6b
to be 605_ ~ 0.5. This, in view of the definition of the promotion index, PI,
(Chapter 4) and the observed p value (p = 16.5) gives a PI ;. value of the
order of 30, in good qualitative agreement with PI values for other Pt

od~
catalyzed oxidations.’

5.4 WORK FUNCTION AND ELECTROCHEMICAL
PROMOTION

54.1 Work Function, Fermi Level, Vacuum Level, Galvani and Volta
Potentials, Dipole Moments

The work function, ®, of a solid surface (in eV) is the minimum energy
required to extract an electron from that (neutral) surface.”'®'** The
parameter ®/e (in V) is usually called the extraction potential.

To be more precise @ refers to the energy required to extract an electron
from the bulk of the solid through that surface and at a distance of a few um
from the surface so that the image charge forces are at this point negligible.
Energetically the electron is initially at the Fermi level, Eg, of the solid or,
equivalently, at the electrochemical potential p of the electrons in the
solid."™" It is well established that T = Er for any solid. In the absence of
any net charge on the surface of the metal the workfunction @ is the energy
required to bring an electron from the Fermi level of the solid to its ground
state in vacuum at an “infinite” distance from the solid (Fig. 5.7). More
generally when the surface carries a net charge, g, then the outer or Volta
potential, ¥, and the three energies 1 (= Eg), ® and e¥ are related via:

~E=0+e¥ (5.14)

The energy e¥ is known to surface physicists as the “vacuum level.” Eq.
(5.14) presents the surface science approach of counting the energy difference
between the zero energy state of electrons (always taken in this book as the
energy of an electron at its ground state and at “infinite” distance from any
solid). There is a second, electrochemical, way of counting this energy
difference:

g=p+(-€)o (5.15)
where p is the chemical potential of electrons in the metal and the inner or

Galvani potential, ¢, is the electrostatic potential of electrons in the solid.
The situation is depicted schematically in Figure 5.7.
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Vacuum z

dl

Figure 5.7. Schematic representation of the definitions of work function @, chemical potential
of electrons y, electrochemical potential of electrons or Fermi level & = Eg, surface potential y,
Galvani (or inner) potential ¢, Volta (or outer) potential ‘¥, Fermi energy p, and of the variation
in the mean effective potential energy Ep of electrons in the vicinity of a metal-vacuum interface
according to the jellium model. E¢ is the bottom of the conduction band and dl denotes the
double layer at the metal/vacuum interface.

The surface science approach (Eq. 5.14) has the important advantage that
both ®and ¥ are measurable quantities. This is not the case for the electroche-
mical approach (Eq. 5.15) since neither the chemical potential p nor the Galvani
potential @ are measurable quantities. Only changes in ¢ are measurable.

The quantities JLe, Pe, ¢ are bulk properties of the metal. The quantities
®, and of course ¥, are surface properties which can vary on a metal surface
from one crystallographic plane to the other. Such variations are typically on
the order of 0.1 eV but can be as high as 0.5 V. The measured work function
@, of a polycrystalline metal is an average of the ® values on different
crystallographic planes.

The work function of clean metal surfaces, which we denote throughout
this book by @, varies between 2 eV for alkalis up to 5.5 eV for transition
metals such as Pt. In general it increases as one moves to the right on the
periodic table but deviations exist (Figure 4.19 in Chapter 4).

When atoms or molecules adsorb on a metal surface they change its work
function. Electronegative (electron acceptor) adsorbates such as O or Cl can
increasethe ® of a metal surface up to 1 eV. Electropositive (electron donor)
adsorbates such as H or, particularly, alkalis can decrease the @ of a metal
surface by up to 3 eV.

The variationin ® of a metal M with the coverage 6; of an adsorbate, i, is
given by the Helmholz equation:
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A(D:eNM

A(P;9;) (5.16)

€

where e is the electron charge (1.6-10’19 C), Ny is the surface atom density
(atom/m?), ¢, is the electric permeability of vacuum (e,~8.85-10""2 C%/Jm) and
P; is the dipole moment of the adsorbate, j, in the adsorbed state. Typically P;
values are in the order of 10> Cm or 3D (Debye). The Debye unit, D, equals
3.36:10" Cm. Dipole moments of adsorbates, P;, are taken in this book by
convention negative when the positive side of the adsorbate dipole is pointing
towards the vacuum (e.g. Na* on Pt) and positive when the negative side of
the adsorbate dipole is pointing toward the vacuum (e.g. O% on PY). According
to Eq. (5.16) in the former case one has a decrease in ® while in the latter case
one has an increase in P.

5.4.2 The Work Function of Catalyst Films Deposited on Solid Electrolytes

54.2.1 Experimental Results

Work function, a quantity of great importance in surface science and
catalysis, plays a key role in solid state electrochemistry and in electro-
chemical promotion. As will be shown in Chapter 7 the work function of the
gas-exposed surface of an electrode in a solid electrolyte cell can be used to
define an absolute potential scale in solid state electrochemistry.

In this chapter, however, we will first examine how the work function @
of the gas exposed surface of a catalyst-electrode changes with gaseous
composition and catalyst potential Uwg. That ® will change with varying
gaseous composition over the catalyst-electrode should be no surprise, in
view of Eq. (5.16), since the coverages of adsorbed reactants and products
on the catalyst-electrode surface depend on gaseous composition. The
observation, however that ® changes with varying catalystpotential Uwg and
in fact in a very simple one-to-one manner came as a surprise when first
reported’ although such a variation had been anticipated and predicted on the
basis of the very first NEMCA studies.’

What was found experimentally”***
that:

1. Solid electrolyte cells can be used to alter significantly the work function
® of the gas-exposed, i.e., catalytically active, catalyst electrode surface
by polarizing the catalyst-solid electrolyte interface.

and explained theoreticallym33 was

eAUwr 20 => AD 20 (5.17)

2. Over a wide range of conditions (i.e. as long as ion backspillover from
the solid electrolyte forms a double layer at the metal/gas interface)™™
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solid electrolyte cells are work function probes and work function
controllers for the gas-exposed, catalytically active catalyst-electrode
surfaces, i.e. the change A® in catalyst surface average work function @
is equal to eAUywg. The catalyst potential Uyg with respect to a reference
electrode can be varied both by changing the gaseous composition and/or
by polarizing the catalyst-solid electrolyte interface.

CAUWR = A(DW (5. 1 8)

This is shown in Figures 5.8 to 5.13 which demonstrate (Figures 5.10 to
5.12) that Eq. (5.18) is also valid to a good approximation not only at
steady state but also during transients.

3. Over a wide range of conditions (again i.e., as long as ion backspillover
from the solid electrolyte forms a double layer at the metal/gas
interface)™™ the potential difference eUwg is equal to the difference in
work functions between the two electrodes

eUyr = Ow - Dr (519)

This amazing result is shown in Figure 5.14 to 5.16 and is discussed in

detail in Chapter 7.

Equation (5.18) plays a key role in understanding and interpreting the
NEMCA effect and it is therefore important to discuss it in some detail.
Equation (5.19) is discussed in detail in Chapter 7 in connection with the
absolute potential scale of solid state electrochemistry.

5.4.2.2 Implications of the Experimental Results

We start by considering a schematic representation of a porous metal film
deposited on a solid electrolyte, e.g., on Y,Os-stabilized-ZrO, (Fig. 5.17).
The catalyst surface is divided in two distinct parts: One part, with a surface
area Ag is in contact with the electrolyte. The other with a surface area Ag is
not in contact with the electrolyte. It constitutes the gas-exposed, i.e.,
catalytically active film surface area. Catalytic reactions take place on this
surface only. In the subsequent discussion we will use the subscripts E (for
electrolyte) and G (for gas), respectively, to denote these two distinct parts
of the catalyst film surface. Regions E and G are separated by the three-
phase-boundaries (tpb) where electrocatalytic reactions take place. Since, as
previously discussed, electrocatalytic reactions can also take place to,
usually,a minor extent on region E, one may consider the tpb to be part of
region E as well. It will become apparent below that the essence of NEMCA
is the following: One uses electrochemistry (i.e. a slow electrocatalytic reaction)
to alter the electronic properties of the metal-solid electrolyte interface E.
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Figure 5.10. Transient response of catalyst work function @ and potential Uyy upon imposition
of constant currents I between the Pt catalyst (labeled”® C2) and the Pt counter electrode; p"-
AL O; solid electrolyte; T = 240°C, po, = 21 kPa; Na ions are pumped to (1<0) or from (I>0) the
catalyst surface at a rate I/F.* Reprinted with permission from Elsevier Science.
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Figure 5.11. Effect of applied current on induced work function change on Pt/p”-Al,0,;%
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initial dipole moment of Na on Pt; (®): [>0, (A): 1<0.% Reprinted with permission from
Elsevier Science.
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permission from Elsevier Science.
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This perturbation is then propagated via the spatial constancy of the Fermi
level Er throughout the metal film to the metal-gas interface G, altering its
electronic properties thus causing ion migration and thus influencing catalysis,
i.e. catalytic reactions taking place on the metal-gas interface G.

We then concentrate on the meaning of Uwg, that is, of the (ohmic-
drop-free) potential difference between the catalyst film (W, for working
electrode) and the reference film (R). The measured (by a voltmeter),
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33,35

potential difference Uwr is, by definition, the difference between

electrochemical potentials | of the two electrodes:
eUwr = Ar- Bw (5.20)

As already noted the electrochemical potential of electrons in a metal, i,
is related to the Galvani potential ¢ via:

B=pt(-e) (5.15)
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Figure 5.17. Schematic representation of a metal crystallite deposited on YSZ and of the
changes induced in its electronic properties upon polarizing the catalyst-solid electrolyte
interface and changing the Fermi level (or electrochemical potential of electrons) from an
initial value i to a new value JT -en.***' Reprinted with permission from Elsevier Science.

where p is the chemical potential of electrons in the metal, a purely bulk
property and the Galvani potential ¢ is the electrostatic potential of electrons
inside the metal film. It is also worth reminding that {t can be shown'®" to
be identical with the Fermi level Eg in the metal (Fig. 5.7, 5.18, and refs.
101622 which provide an excellent introduction to the meaning of the various
potentials discussed here). In view of Eq. (5.15) one can rewrite Eq. (5.20)
as:

eUwr = (Lr-pw)-e(Qr-¢w) (5.21)

Equation (5.21) is based on the electrochemical way of counting the
energy difference between zero (defined throughout this book as the
potential energy of an electron at its ground state at "infinite" distance from
the metal) and the Fermi level Eg (Eq. 5.15). The latter quantity must not be
confused with the Fermi energy W, which is the energy difference between
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the Fermi level and the energy at the bottom of the conduction band and
provides a measure of the average kinetic energy of electrons at the Fermi
level (Fig. 5.7). The electrochemical way of splitting the energy difference
from zero to Ef is a conceptual one, as the absolute values of ¢ and p are not
accessible to direct experimental measurement. Even the separatability of p
and ¢ has been disputed.

Therefore it is much more useful to use the second way of splitting the
energy difference between zero and fr, which is common in the area of
surface science, i.e. to consider -t as the sum of the work function ® and of
e, where YV is the outer (or Volta) potential or vacuum level of the surface
under consideration:

=D +e¥ (5.14)

As previously noted the work function @ is the work required to bring an
electron from the Fermi level of the metal to a point outside the metal where
the image forces are negligible, i.e., typically 1 to 0.1 um outside the metal
surface.”'*'®*? The Volta potential ¥ at this point is defined so that the
energy required to bring an electron from that point to an "infinite" distance
from the metal surface is e'¥.

It is important to emphasize again that ® and ‘¥ (which are both
accessible to experimental measurement)'®** are not, in general, spatially
uniform over the metal surface. Different crystallographic planes are well
known to havedifferent @ values and thus non-trivial variationsin ® and e'¥
are to be expected on the surface of polycrystalline samples. It is important,
however, to notice that their sum is always spatially uniform (Eq. 5.14) since
the electrochemical potential [ or, equivalently, Fermi level Er is spatially
uniform. This is true even when an electrical current is passing through the
metal film under consideration, provided that the ohmic drop in the film is
negligible (less than a few mV) which is always the case with the conductive
metal films and low currents employed in NEMCA studies. It is also
important to notice that, bydefinition, ¥ vanishes ifthere is no net charge on
the metal surface under consideration. This is a direct consequence of
Gauss’s fundamental law in electrostatics, provided the surface under
consideration is not the interior of a hollow conductor.

One can then combine Egs. (5.20) and (5.14) to obtain:

CUWR = (Dw - (DR + e(‘Pw - lPR) (5.22)

It is worth emphasizing that Eq. (5.22) is valid under both open-circuit
and closed-circuit conditions and that it holds for any part of the surfaces of
the catalyst and the reference electrodes. Thus, referring to the metal
electrode surfaces in contact with the electrolyte (region E) it is:
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Figure 5.18. Schematic representation of the density of states N(E) in the conduction band and
of the definitions of work function ®, chemical potential of electrons p, electrochemical
potential of electrons or Fermi level 1, surface potential ¥, Galvani (or inner) potential ¢ and
Volta (or outer) potential ¥ for the catalyst (W) and for the reference electrode (R). The
measured potential difference Uwy, is by definition the difference in Fermi levels; ¢, pand i are
spatially uniform; ® and ¥ can vary locally on the metal sample surfaces; and the ¥ potentials
vanish, on the average, for the (effective double layer covered) gas-exposed catalyst and
reference electrode surfaces.’? Reprinted with permission from The Electrochemical Society.

eUwr = Owr - Ore + e(Wwe - YrE) (5.23)

while for the gas-exposed, i.e., catalytically active electrode surfaces (region
G) it is:

eUwr = Owg - Prg + e(Wwa - Wra) (5.24)

In order to discuss the origin of NEMCA one needs to concentrate only
on Eq. (5.24) which refers to the gas-exposed, catalytically active, film
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surface. As already stated, different crystallographic planes will, in general,
havedifferent @ values, thus, even over region G the work function @ needs
not to be spatially uniform. These local spatial variations in ® and ¥ are not
expected to be significant in polycrystalline films with large (~1 pm)
crystallites such as the ones used in most NEMCA studies” since the surface
consists primarily of low Miller index crystallographic planes, e.g. of the
(111) plane in the case of Pt films.” This is supported by recent STM
information, e.g. Fig. 4.3. We can thus first reasonably assume that ® and ¥
are spatially uniform over region G and will treat the more general case
below. Returning to Eq. (5.24) we note that when Uwg is changed by varying
the gaseous composition over the catalyst or by polarizing by means of a
current the catalyst-solid electrolyte interface, then the properties of the
reference electrode remain unaffected®'* and thus:

CAUWR = A(I)W,G + CA\PW,G (525)

It must be emphasized that Equations (5.24) and (5.25) stem from the
definitions of Fermi level, work function and Volta potential and are
generally valid for any electrochemical cell, solid state or aqueous. We can
now compare these equations with the corresponding experimental equations
(5.18) and (5.19) found to hold, under rather broad temperature, gaseous
composition and overpotential conditions (Figs. 5.8 to 5.16), in solid state
electrochemistry:

CUWR=(I)W'G-(I)&G (5 q 9)

eAUwg = Ay, (5.18)

What do we learn from this comparison of the general theoretical
equations (5.24) and (5.25) with the specific experimental equations (5.19)
and (5.18) of solid state electrochemistry? The answer is mathematically
obvious and physically important. In solid state electrochemistry one has:

Yw.G-¥rc=0 (5.26)

A\PW,G:O; ‘PW‘G=C (5 27)

Furthermore, to the extent that the entire solid electrolyte cell under
consideration is overall neutral, i.e. carries no net charge, one can show
using Gauss’s law of electrostatics, that the constant C in Eq. (5.27) is zero,
i.e. that:
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Figure 5.19. The physical origin of NEMCA: When a metal counter electrode (C) is used in
conjunction with a galvanostat (G) to supply or remove ions [O* for the doped ZrO, (a), Na*
for B"-Al,05 (b)] to or from the polarizable solid electrolyte/catalyst (or working electrode,
W) interface, backspillover ions [O% in (a), Na® in (b)] together with their compensating
charge in the metal are produced or consumed at the tpb between the three phases solid
electrolyte/catalyst/gas. This causes an increase (right) or decrease (left) in the work function
® of the gas-exposed catalyst surface. In all cases A® = eAUygr where AUyy is the
overpotential measured between the catalyst and the reference electrode (R).

Yw.=¥ra=0 (5.28)

What is the physical implication of the experimental equations (5.26) to
(5.28)? They simply reflect the fact that the effective double layer formed (via
ion spillover) at the metal/gas interface is, as every double layer, overall neutral.

The implications of equations (5.26) to (5.28) and of their, mathema-
tically and physically equivalent, equations (5.19) and (5.18) are simple,
direct and important.
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Equation (5.19) shows that the emf eU$%y of solid electrolyte cells
provides a direct measure of the difference in work function of the two gas-
exposed, i.e., catalytically active, electrode surfaces. Thus, solid electrolyte
cells are work function probes for their gas exposed electrode surfaces. This
was shown in Figures 5.15 and 5.16.

Equation (5.18) is equally important, as it shows that the work function
of the catalytically active catalyst electrode surface can be varied at will by
varying the (ohmic-drop-free) catalyst potential. This can be done either by
varying the gaseous composition over the catalyst or by using a potentiostat.
Catalytic chemists are familiar with the former mode: When the gaseous
composition changes, then surface coverages will change with a concomitant
change in work function. But what about the latter? For the work function to
change the coverages and/or dipole moments of species already adsorbed on
the surface must change, or new species must get adsorbed. As discussed in
this chapter, it is now firmly established that the induced work function
change on the surface is predominantly due to the migration (backspillover)
of ions originating from the solid electrolyte. (We use the term
“backspillover” instead of “spillover” for the following reason: In catalysis
the term “spillover” denotes migration of adsorbates from a supported metal
catalyst to an oxide carrier (support). The term “backspillover” denotes
migration of species in the opposite direction i.e., from the support to the
metal catalyst, as is the case here). These backspillover ions (oxygen anions
for the case of doped ZrO,, partly ionized Na for the case of B"-Al,0;)
accompanied by their compensating charge in the metal, thus forming
spillover dipoles, spread over the catalytically active surface altering its
work function and catalytic properties (Fig. 5.19).

5.4.3 The Work Function of Catalyst Films Deposited on Solid Electroly-
tes: Rationalization of the Potential-Work Function Equivalence

The key experimental observations:

CAUWR = A(DW (518)
eUwr =Dy - Or (519)
lI“W = \PR =0 (529)

are due to ion spillover on the electrode surfaces and to the formation there
of the effective electrochemical double layer. This double layer neutralizes
any net electrostatic charge residing on the gas exposed electrode surface
(surface charge density 6 = 0, ¥ = 0) as follows:
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Figure 5.20. Left: Schematic of an O conducting solid electrolyte cell with fixed po, and
po, values at the porous working (W) and reference (R ) electrodes without (top) and with
(bottom) ion backspillover on the gas exposed electrodes surfaces, showing also the range of
spatial constancy of the electrochemical potential, ';Ioz_ , of O Right: Corresponding spatial
variation in the electrochemical potential of electrons, He(= Ef) ; Uwg is fixed in both cases
to the value (RT/4F)In( po, / po, ); also shown in the relative position of the valence band,
Ey, and of the bottom of the conduction band, E, in the solid electrolyte (SE); numerical
values correspond to 8 mol% Y,0s-stabilized-ZrO,, po, =10 bar, po, =1 bar and T=673
K.** Reproduced by permission of The Electrochemical Society.

Consider the solid electrolyte cell shown in Figure 5.20. For simplicity we
consider only a working (W) and reference (R) electrode deposited on a
solid electrolyte, such as YSZ or B”-ALOs. The two electrodes are made of
the same metal or of two different metals, M and M'. The partial pressures of
O, on the two sides of the cell are po, and po, . Oxygen may chemisorb on
the metal surfaces so that the workfunctions ®w and ®g of the two gas-
exposed electrode surfaces are @y, (po&) and ®r(po, )-

We consider now the following cases™ :
1. The temperature is low so that ionic mobility on the electrode surfaces is
negligible, i.e. there is no spillover.
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One always has by definition:
eUwr = -(Rw —Br) = Qw - Qg + ePy - e¥r (5.30)

Also due to the establishment of the equilibrium:

0,(g) + 4¢ < 20* (5.31)
at the metal-gas-solid electrolyte three-phase-boundaries, one has:
Mo, + 4Tiw = 2Jige- = oy +4Tix (5.32)
and from Eq. (5.30):
eUwr = (1/4F) (o, — 1o2) = (RT/4F)In(po, /po2) (5.33)

Thus upon comparing Eqgs. (5.23) and (5.33) one has:

ey - e¥r = eUwr +Pr(Po;)-Pw(Po,) (5.34)

fixed fixed fixed

Since po, and Po, are fixed, Uwg is fixed and also, since there is no
spillover, @r(po, ) and Pw(po,) are also fixed. Thus in case 1 (no ion
spillover) e¥yw-eWr is fixed to an (in general) nonzero value.

In fact, consider as an example of application of Eq. (5.34) the case po,
= p'o, » thus Uyg = 0. Then one has:

e¥w - e¥r = ®r (po,) - Pw (po,) 20 (5.35)

Thus if the working and counter electrodes are made of different metals,
then Eq. (5.35) gives the cpd (contact potential difference) of the two metals:

de = C\Pw - C\PR = (DM' - (DM (536)

The same result as in the case Po, = Po, is obtained if the electrolyte is
not present but the two metals are brought in direct contact so that fw =
Br , from which Eq. (5.36) is directly derived.

The non-zero value of e¥y-e¥r in Eq. (5.35) implies that there are net
surface charges on the gas exposed electrode surfaces. These charges (q+,q.)
have to be opposite and equal as the cell is overall electrically neutral and all
other charges are located at the metal-solid electrolyte interfaces to maintain
their electroneutrality. The charges g+ = -q. are quite small in relation to the
charges, Q, stored at the metal-electrolyte interface but nevertheless the
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system has, due to their presence, an excess electrostatic energy:
Ec=Ww-¥) q. (5.37)

The positive charge is on the electrode with the lower work function.

2. The temperature is now increased to the point that the ionic mobility on
the electrode surfaces is high, so that now there is ion spillover.

Oxygen anions are thus now attracted to the electrode with the positive
charge or the electrode which has been made positive by anodic polarization.
Backspillover will continue untill the charge is neutralized. Similarly oxygen
anions will be repelled from the negatively charged or cathodically polarized
electrode to enter into the YSZ structure. The charges q. and q. thus
disappear and thus Wy and Wg vanish.

To prove this formally one has to examine again Eq. (5.34):

elFW‘e\PR:‘_ eUWR+ CDR _‘q)w (538)

fixed variable variable

Now eUwg is still fixed by Eq. (5.33) but ®r and Dw 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= (¥w-¥2)q. =0 (5.39)

This can be done when Wy = Wg, which implies that q. = q. = 0 for an
overall neutral system, i.e. WYw = ¥r = 0. But note that even for an overall
charged system, i.e. a system where a net charge q has been introduced via,
e.g. a van de Graaf machine, the excess electrostatic energy is:

Ec=Ww-¥r)q (5.40)
and is minimized by
Yw = Yr (5.41)

Thus even in this case, where q cannot vanish, Eq. (5.41) is satisfied.
It therefore follows from Egs. (5.38) and (5.41) that:

CUWR = (I)w - (DR (542)

Yw=%¥r =0 (overall neutral cell) (5.43)

Yy =Wr (overall charged cell) (5.44;
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5.4.4 Spatial Variations

One can then address the question of the meaning of Egs. (5.18) and
(5.19) in the case of significant spatial variations in the work function @ of
the polycrystalline catalyst surface. In this case, due to the constancy of the
Fermi level, slightly different nonzero excess free charge densities will exist
on different planes with different ®, causing local variations in ¥. Surface
physicists would refer to this as a local variation in the "vacuum level" e'}.
In this case the average surface work function ® is defined from™'®?" -

D= ;@ (5.45)
J

where fj is the total catalyst surface fraction corresponding to a crystallo-
graphic plane with a work function ®@j. One can then apply Eq. (5.24) to each
crystallographic plane j:

eUwr = Pwg j - Prg + e(Pwe j- Pro) (5.46)

By multiplying Eq. (5.46) by fj, summing for all planes and noting that
Yr g =0, for overall neutral cell under conditions of spillover, one obtains:

eUWR = Z f](D W.G,j— (I)R,G + Z fje\ljw,(;,j (547)
i i

Since Wis via Gauss’s Law of electrodynamics proportional to the local
excess free charge it follows that the term XfieWy g; is proportional to the net
charge stored in the metal in region G. This net charge, however, was shown
above to be zero, due to the electroneutrality of the backspillover-formed
effective double layer at the metal/gas interface and thus ZfeWwg; must also
vanish. Consequently Eq. (5.47) takes the same form with Eq. (5.19) where, now,
@ stands for the average surface work function. The same holds for Eq. (5.18).

As already shown on Figures 5.8 and 5.11, Egs. (5.18) and (5.19) have
been obtained experimentally with polycrystalline Pt, Ag and Au catalyst
electrodes deposited on YSZ and B"-Al,0;.

As an example Figure 5.8a shows that the change, A® in the work
function of the polycrystalline gas-exposed (that is, catalytically active)
surface of the catalyst equals eAUyg, both under closed- and open-circuit
conditions. In the former case Uwgr was varied by changing the polarizing
current with the catalyst exposed to air or to NH3/O»/He and CO/O,/He
mixtures, whereas in the latter only the gaseous composition was varied.
Both doped ZrO; and $"-Al,05 solid electrolytes have been used and several
laboratories have confirmed this important finding.>*** The validity of Eq.
(5.19) has been recently confirmed using two Kelvin probes to measure @y
and ®gindependently. (Figs. 5.15 & 5.16).%
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5.4.5 Transients and Measurement of Dipole Moments

As already shown in Figures 5.10 and 5.11 the equality A®=eAUyy also
holds to a good approximation during transients. In this case a constant current
is applied at t = O between the catalyst and the counter electrode and one
follows the time evolution of Uwg by a voltmeter and of ¢ by a Kelvin probe.

Work function transients of the type shown on Figures 5.10 and 5.11 can
be used to estimate initial dipole moments of the spillover dipoles on the
catalyst surface.”®"’

Thus referring to Na supply onto a Pt catalyst surface with surface area
Ag via a f”-Al,Os solid electrolyte (Fig. 5.10), one can use Faraday's law to
obtain:

deNa - NAV (I/F) (5 48)
dt AGNp, '

where N,y is Avogadro's number and Np, = 1.53-10" atoms/m® is the surface
Pt atom concentration on the Pt(111) plane. One can then combine Eq. (5.48)
with the definition of the Na coverage 6y,(=Nn./Np)and with the differential
form of the Helmholz equation:

5.49
dt £, dt ( )

where Ny, denotes adsorbed Na atoms/m?, &, = 8.85-10"'2 C*/J-m and | P, | is
the absolute value of the initial dipole moment of Na on Pt to obtain:

ao_[p
dt SOAG

(5.50)

Using Eq. (5.50) and the initial slope in Fig. 5.11 one computes the absolute
value of initial dipole moment PR, of Na on Pt to be 2.15-10% C'mor 6.5 D,
i.e., 22% higher than the literature value of 5.3 D for Na on a clean Pt(111)
surface.”’ This is excellent agreement, in view of the fact that in the case of Fig.
5.11 the Pt surface is essentially saturated in oxygen,” which has been shown
for systems like Cs/W(110) and Cs/Ni(100)*' to give P° values typically 20-
30% higher than on the clean metal surface. As shown on Fig. 5.11 the
computed P° value is independent of the magnitude and sign of the applied
current, which confirms the validity of the approach. One additional conclusion
which may be drawn is that Na introduced on metal surfaces via p”-ALOs to
induce NEMCA is not different from Na introduced as a dopant using standard
metal dispenser sources. This has been confirmed more recently by Lambert
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using XPS.*® An important advantage, however, in using the electrochemical
approach, i.e. in employing a solid electrolyte as the dopant donor, is that the
doping is reversible, i.e. the dopant can be removed electrochemically.
Furthermore the amount and coverage of the dopant on the surface can be
accurately determined by integrating Eq. (5.48), i.e., by using Faraday's law.

When doped ZrO; is used as the ion donor then the situation is somehow
more complicated, as the backspillover oxygen anions can also form
chemisorbed oxygen and desorb or react with the reactants, albeit at a slower
rate.” Consequently the coverage of backspillover oxygen anions is more
difficult to measure. Aside from direct measurement by XPS or TPD in
ultra-high-vacuum (UHV) or by cyclic voltammetry under NEMCA
conditions® an alternative method for measuring the backspillover oxide ion
coverage, 80>, via analysis of the catalytic rate response upon current
interruption was discussed in section 5.3.3. It appears that the coverage of
the backspillover o* species can approach values near unity and that its
dipole moment is 1-2 D, depending on coverage.

It is worth noting that in general:

CNM
€o

CAUWR =AD =

ZA(Pj-ej) (5.16)

where Ny is the surface metal atom concentration (atoms/m?) and j stands for
all adsorbed species on the catalyst surface, including the backspillover
promoters but also the adsorbed reactants and intermediate species (P; is taken
always negative for electropositive species and positive for electronegative
ones). Consequently upon varying Uwgr and thus @ it follows that the
coverages and/or dipole moments of adsorbed reactants and intermediates may
also change, although the effect of promoting ions (Na', Os') is usually
dominant due to their large positive or negative dipole moments. In the case
that no backspillover ions are supplied to the catalyst surface (e.g. negative
current application to metal/YSZ systems which, as shown in Chapter 4, also
leads frequently to pronounced NEMCA behaviour) the imposed eAUwgr and
A® change is accommodated again (Eq. 5.16) by changes in the coverages and
dipole moments both of the promoting ions and of the other adsorbates.

5.4.6 Deviations from the Equality in the Changes of Extraction
Potential and Electrode Potential

In section 5.4.3 we have discussed the physical meaning and range of
validity of the potential-work function equivalence equations of solid state
electrochemistry:

CUWR = (I)w - (DR (519)
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eAUwg = ADy (5.18)

and of their equivalent:
Yw-¥r=0 (5.51)

Very simply these equations are valid as long as ion backspillover from
the solid electrolyte onto the gas-exposed electrode surfaces is fast relative to
other processes involving these ionic species (desorption, reaction) and thus
spillover-backspillover is at equilibrium, so that the electrochemical
potential of these ionic species is the same in the solid electrolyte and on the
gas exposed electrode surface. As long as this is the case, equation (5.29)
and its consequent Egs. (5.18) and (5.19) simply reflect the fact that an
overall neutral double layer is established at the metal/gas interface.

This does not imply that this double layer is at its point of zero charge
(pzc). On the contrary, as with every other double layer in electrochemistry,
there exists for every metal/solid electrolyte combination one and only one Uyg
value for which this metal/gas double layer is at its point of zero charge. These
critical Uwg values can be determined by measuring the dependency on Uwg of
the double layer capacitance, Cy, of the effective double layer at the metal/gas
interface via AC Impedance Spectroscopy as discussed in Chapter 5.7.

Equations (5.18) and (5.19), particularly the latter, have only recently been
reported and are quite important for solid state electrochemistry. Some of their
consequences are not so obvious. For example consider a solid electrolyte cell
Pt/'YSZ/Ag with both electrodes exposed to the same poa, so that Uyr =0.
Equation (5.19) implies that, although the work functions of a clean Pt and a
clean Ag surface are quite different (roughly 5.3 eV vs 4.7 eV respectively)
ion backspillover from the solid electrolyte onto the gas exposed electrode
surfaces will take place in such a way as to equalize the work functions on the
two surfaces. This was already shown in Figs. 5.14 and 5.15.

As also already shown in Figures 5.8 to 5.16 the validity of Eqgs. (5.18) and
(5.19) has been confirmed by several laboratories using the Kelvin probe
technique, as well as UPS (via electron cutoff energy) and in a semiquanti-
tative manner via the PEEM technique. Experiment has also clearly shown
that the validity of these equations, which include only thermodynamic
properties, does not depend on which, if any, electrode is grounded.” The
same is clearly true for electrochemical promotion in general, as should be
obvious to every electrochemist reader.

As also intuitively obvious to electrochemists and as shown in Figures 5.8
to 5.16 the Uwg range of validity of Equation (5.18) is ty%)ically 1 V, although
wider Uwg ranges of validity have also been reported.” At high anodic or
cathodic overpotentials significant deviations from Eq. (5.18) are observed and
this is due to the destruction at one end and saturation at the other end of the
effective backspillover ion double layer at the metal/gas interface.
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Although so far only one group has reported, for reasons described below,
significant deviations from Eq. (5.18),” it is useful due to the importance of
Eqgs. (5.18) and (5.19) to understand the reasons for such deviations.

There are two reasons for experimental deviations from Egs. (5.18) and
(5.19).

1. Artificial reasons due to (a) improper choice of the electrode morphology

(reversible vs blocking electrode) and (b) inaccurate measurement of Uwg.
2. Real reasons due to (a) the occurance of very fast (and therefore in most

cases diffusion controlled) catalytic reactions on the electrode surface.

(b) Formation of non-conducting carbonaceous or oxidic layers on the

catalyst electrode surface.

We discuss the artificial reasons first:

(1) Measurement of any potential in aqueous or solid electrochemistry
requires some finite reversibility of both electrodes. The electrodes must not
be blocking. They must allow for easy access of reactants and removal of
products to/from the metal-solution interface (aqueous electrochemistry) or
to the three-phase-boundaries (solid state electrochemistry). Simple
inspection of the SEM of the Pt electrode used in the only report of
significant deviations from Eq. (5.18)* exemplifies the case (vs e.g. the
SEMs of non-blocking Pt electrodes used in solid state electrochemistry and
NEMCA, Figs. 4.3, 4.5 and 4.6). It is surprising that some change in @ with
potential (up to 15% of the value predicted by Eq. (5.18)) was obtained even
with the non-porous blocking Pt electrode used*” which implies that some
O” was able to find its way through microcracks and reach the electrode
surface where the work function was measured.

(2) The measurement of Uwg has always to be made with a differential
voltmeter or at least with a good, high internal impedance, voltmeter. When
current is applied one must take care of substracting from the measured
U'yg value the parasitic Monmicwr drop between the working and reference
electrode as already described in Chapter 4. As also discussed in Chapter 4,
for an ideal reference electrode this Noymic,wr drop vanishes. But for any real
reference electrode, Menmic, wr must be determined via current interruption
using a fast recorder or an oscilloscope or via AC Impedance spectroscopy
and subtracted from Uy to obtain the true Uwg value.

We then discuss real reasons for deviations from Eq. (5.18). Such real
deviations are exemplified in Figs. 5.8 to 5.16. Two types of deviations can
be observed:

(a) Deviations at very high or very low imposed Uwg values (Figs. 5.8d,
5.13-5.15).

(b) Deviations due to the simultaneous occurance of a fast catalytic
reaction which consumes fast the backspillover ions.

The deviations of type (a) are similar to these observed with emersed
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electrodes in aqueous electrochemistry where an equation identical with Eq.
(5.18) has been established,*'** in which case AUwg is the overpotential
applied in the immersed state and A® is the work function change measured
in the emersed state. The implication in aqueous electrochemistry is that the
double layer retains its structure after emersion. The corresponding
implication in solid state electrochemistry is that the double layer (due to ion
back-spillover) extends itselfover the entire gas-exposed electrode surface.

In aqueous electrochemistry the explanation of deviations from Eq. (5.18) at
high and low overpotential is associated with the “destruction of the double
layer”. Similar is the explanation in solid electrochemistry for cathodic overpo-
tential in which case @ is limited to the value, ®g, of the bare metal surface. At
high anodic overpotentials the saturation limit of the metal surface with
backspillover ions is reached thus @ is again limited. The range of validity of
Eqgs. (5.18) and (5.19) is about 1eV in both aqueous and solid electrochemistry.
(b) The deviations of type (b) are quite interesting and easy to rationalize.
If a very fast catalytic reaction e.g. ethylene or CO oxidation is taking place
on the gas-exposed catalyst-electrode surface then its rate reaches the limit
of mass-transfer control. Under such conditions the reactant coverages on the
gas exposed electrode surface vanish and even the backspillover species (e.g.
O%) which are less reactive, are eventually consumed. Consequently the
catalyst-electrode work function ® cannot respond anymore to the imposed
value of eAUwg. It must be emphasized that, under conditions of mass-
transfer control, electrochemical promotion itself is not operative anymore
since the catalytic rate is controlled by gaseous diffusion rather than by the
surface kinetics. The Carberry number:*

Ca = r/k,a[Ap] (5.52)

provides a direct measure of the extent to which a catalytic reaction is mass-
transfer controlled. Here r is the measured catalytic rate (mol/s), k, is the
mass transfer coefficient (m/s, directly computable for any geometry by
standard mass transfer expressions,43 e.g. k, ~ Da/?, where Dy is the
diffusivity of key reactant A and ¢ is the thickness of the hydrodynamic
boundary layer), a is the superficial gas exposed catalyst-electrode surface
area, and [A,] is the gaseous bulk concentration of A. The advantage of the
Carberry number (which is dimensionless) is that it consists only of
measurable quantities. Kinetic measurements should be taken only with Ca
< 0.01. At the limit of complete mass transfer control it is Ca = 1. Practically
speaking for a 1% C,H, or CO bulk mol percent in the gas phase, the catalytic
rates must be smaller than 107 mol/s for the kinetics to be reliable. Thus when
a very fast and mass-transfer-controlled catalytic reaction takes place on a
catalyst-electrode it is likely that even the backspillover species (which are A
times less reactive than the key reactants) will be consumed and thus
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deviations from Eq. (5.18) will be observed. The interested reader will find a
mathematical analysis of promoter diffusion and reaction in Section 11.3.

There is a third real reason for deviations from Eq. (5.18) in the case that
a non-conductive insulating product layer is built via a catalytic reaction on
the catalyst electrode surface (e.g. an insulating carbonaceous or oxidic
layer). This is manifest by the fact that C,Hs oxidation under fuel-rich
conditions has been found to cause deviations from Eq. (5.18) while H,
oxidation does not. A non-conducting layer can store electric charge and
thus the basic Eq. 5.29 (which is equivalent to Eq. (5.18)) breaks down.

In conclusion: When no catalytic reaction is taking place on the gas-
exposed electrode surface, only poor experimentation (blocking electrodes,
inaccurate measurement of Uwg, and of course @) can cause deviations from
Eq. (5.18) in presence of ion backspillover. In presence of a catalytic
reaction Eq. (5.18) still holds unless the reaction is severely mass transfer
controlled or an insulating layer is built on the catalyst surface.

5.5 TEMPERATURE PROGRAMMED DESORPTION(TPD)

The technique of temperature programmed desorption (TPD) is one of the
oldest and strongest tools of surface science to investigate adsorption on
single crystal or polycrystalline catalyst samples. In recent years it has been
used"** to investigate the origin of the electrochemical activation of
catalysis for the systems Pt/YSZ, Ag/YSZ and Au/YSZ. To this end oxygen
adsorption was investigated on polycrystalline Pt, Ag and Au catalyst films
deposited on YSZ as a function of catalyst potential under ultrahigh vacuum
conditions and temperatures of 600 — 900 K. Oxygen was supplied both via
the gas phase and electrochemically, as 0%, via current application between
the Pt or Ag catalyst film and a Au counter electrode.

Some of the key results*’ for the case of Pt are shown in Figures 5.21,
5.22 and 5.23. Figure 5.21 shows the experimental setup and oxygen TPD
spectra after gaseous O, dosing at 673 K. As is well established from
previous TPD studies on polycrystalline Pt films* a single adsorption state is
obtained with a peak desorption temperature Tp at 720 to 740 K.

Figure 5.22 reveals the ability of solid state electrochemistry to create
new types of adsorption on metal catalyst electrodes. Here oxygen has been
supplied not from the gas phase but electrochemically, as O%, via current
application for a time, denoted t;, of I=15 pA at 673 K, i.e. at the same
temperature used for gaseous O, adsorption (Fig. 5.21). Figure 5.23 shows
the effect of mixed gaseous-electrochemical adsorption. The Pt surface has
been initially exposed to po, =4x10" Torr for 1800 s (7.2 kL) followed by
electrochemical O% supply (I=15 pA) for various time periods t; shown on
the figure, in order to simulate NEMCA conditions.
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Figure 5.21. Experimental setup (inset) showing the location of the working (WE), counter
(CE) and reference (RE) electrodes and of the heating element (HE); thermal desorption
spectra after gaseous oxygen dosing at 673 K and an O, pressure of 4x10 Torr on Pt
deposited on YSZ for various exposure times. Oxygen exposure is expressed in kilo-
langmuirs (1 kL=10" Tosrs). Desorption was performed with linear heating rate, p=1 K/s.**
Reprinted with permission from Academic Press.
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Figure 5.22. Thermal desorption spectra after electrochemical O supply on Pt deposited on
YSZ*S at 673 K. The different curves correspond to various times of current application;
I=+15 uA. Desorption was performed with linear heating rate, f=1 K/s; 2FNg/1=2570 s.*’
Reprinted from ref. 7 with permission from Academic Press.
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Figure 5.23. Thermal desorption spectra of oxygen on a Pt film deposited on YSZ*7 after
gaseous oxygen adsorption at 673 K and an O, pressure of 4x10® Torr for 1800 s (7.2 kL)
followed by electrochemical O* supply (I=+15 uA) for various time periods. Desorption was
performed with linear heating rate, B=1 K/s, 2FNg/I=2570 s. Reprinted from ref. 7 with
permission from Academic Press.

The creation of at least two distinct oxygen adsorption states is clear in
Figs. 5.22 and 5.23. The weakly bonded state (Tp~675-685 K) desorbs some
40-50K lower than the state formed via gaseous adsorption. The
strongly bonded state (Tp~750-780 K) desorbs some 30 K higher than the
state formed via gaseous adsorption. It fully develops only after prolonged
current application, i.e. when the electrochemically supplied oxygen is
comparable to 2FNg/I (=2570 s for the experiment of Figure 5.23). This
provides strong evidence that the strongly bonded state, populated by the
backspillover O originating from the solid electrolyte, is the same ionic
species with the species with low Ols binding energy (E,=528.8 eV)
observed in the XPS studies discussed in section 5.8 and with the ionic species
developing at long holding times and reduced at more negative potentials in
the cyclic voltammetric investigations discussed in section 5.6.

By varying the temperature of electrochemical O supply or the magni-
tude of the applied current one can vary the potential, Uy, at the start of
the TPD run at near constant initial oxygen coverage. Figure 5.24 shows the
effect of Uwr on the peak desorption temperature,T,, of the weakly bonded
oxygen state for three different heating rates, B, during the TPD run. It can
be seen that by increasing eUwg by 0.6 €V one causes a 120 K decrease in
T,. This indicates a pronounced weakening in the Pt = O bond.
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One can then use the standard Redhead analysis to the data of Fig. 5.24.
To this end one uses the Redhead equation in its generalized form derived by
Falconer and Madix:*®

In(p/ T2) = In(Rv 03 /Eg) - (E4/RT,) (5.53)

where B (K/s) is the heating (or ramp) rate, R is the gas constant, v is the
preexponential factor, n is the desorption rate reaction order and E4 is the
activation energy for desorption. Thus by plotting In(B/T#) vs T;' one
directly extracts Eq4, which for non-activated adsorption, as is the case here,
expresses the binding strength of atomic O on the Pt surface (Fig. 5.25).

The resulting E4 dependence on €Uywg is shown in Fig. 5.26 for Pt, as well
as for Ag and Au.***” The results are striking: In all three cases Eq4 decreases
linearly with increasing Uws:

AE4pe0 = tp=oAeUwr (5.54)
AEd Ag=0 = aAg—O ACUWR (555)
AEg au=0 = Gau=0 AcUywr (5.56)

with Ctho:-l, aAg=O='1 and (IAU=Q=-4.
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Figure 5.24. Effect of catalyst potential, UWr, on oxygen peak desorptlon temperature, T,
during O, TPD from Pt/YSZ.** The exact definition of Ulygr has been given in Figure 4. 45
It is the Uwy value at the beginning of the TPD run and differs little (<0.1 V) from the Uyg
value at Tp."'7 Reprinted with permission from the American Chemical Society.
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Figure 5.25. Redhead plot for oxygen desorption from a Pt film deposited on YSZ for various
catalyst film potentials vs Au reference electrode. The slope of each line is equal to E¢/R.
Reprinted with permission from Academic Press.
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Figure 5.26. Effect of catalyst potential on the oxygen desorption activation energy, E,,
calculated from the modified Redhead analysis for Pt, Ag and Au electrodes deposited on
YSZ.*45 Reprinted from ref. 44 with permission from the Institute for Ionics.
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In view of the potential-work function equivalence of solid state
electrochemistry (Eq. 4.30 or 5.18) and of the fact that for non-activated
adsorption, AEgp=0=A|AHop, where AHgp is the enthalpy of chemisorption
of O on Pt, these equations can also be written as:

AlAHo p{ = ap=0ADp (5.57)
AlAHo ag| = 0ag=0AD Ay (5.58)
AlAHO.Au| = 0«Au=OA(DAu (559)

which conform nicely to the general equation (2.24) expressing the linear
variation of heats of adsorption with ®. These linear variations are intimately
related to the linear variations of activation energies of catalytic reactions, E,
with @, Equation (4.50).

The above results establish that the binding strength of oxygen, which is
an electron acceptor, decreases with increasing catalyst potential and work
function. Intuitively one can understand this important result as being
primarily due to the strong lateral repulsive interactions of adsorbed O with
coadsorbed O* (“through the vacuum” interaction). As shown in section
5.13, rigorous quantum mechanical calculations using Pt clusters have
confirmed these important results (Egs. 5.54 and 5.57) and have shown that
the through the vacuum interactions are quite dominant.

5.6 SOLID ELECTROLYTE CYCLIC VOLTAMMETRY

5.6.1 Detection of Adsorbed Species

Cyclic voltammetry is one of the most common techniques in aqueous
electrochemistry to study adsorbed species and reaction kinetics,”'** but has
only recently and to a limited extent been used in solid state
electrochemistry.******* With appropriate choice of the scan rate, v, and
other operating conditions one can obtain useful information about the state
of species adsorbed on metal electrodes in contact with solid electrolytes.
Several examples are shown in Figs. 5.27 and 5.28 for the case of oxygen
adsorption on Pt deposited on YSZ. Oxygen adsor?tion takes place during
the anodic scan (I>0) and oxygen reduction (to O” which migrates in the
YSZ) during the cathodic scan (I<0). The time numbers on the figures
indicate the value of the holding time at positive potential and current.

The creation of two types of chemisorbed oxygen on Pt and Ag surfaces
subject to NEMCA conditions is clearly shown by cyclic voltammetry (Fig.
52772 or by the similar Potential-Programmed-Reduction (PPR)

technique™ (Fig. 5.28). This is a variation of cyclic voltammetry in which all
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oxygen adsorption takes place during the holding time at a positive current and
potential. The high-Uwr oxygen reduction peak corresponds to normally
chemisorbed atomic oxygen and the low-Uwr peak, which develops only after
prolonged positive current application,” corresponds to backspillover oxygen
originating from the YSZ solid electrolyte. Figure 5.27 has been obtained at
atmospheric pressure (a) at ultra high vacuum (b) and at p02=4>< 10° Torr ©).
Figure 5.28a (bottom) has been obtained at pp,=0.1 kPa. The behaviour is
qualitatively the same, regardless of the oxygen pressure. The creation of the

(@)

Current

1100 pA

| 1 1 1
-0.4 02 0 0.2
Potential / V

40

Figure 5.27.Cyclic voltammograms of Pt/YSZ electrodes in air at different temperatures at 50
mV/s (2).° Cyclic voltammograms of a PY/YSZ film at 673 K and various holding times
under (b) UHV* and (¢) Po, =4x10-6 Torr*. Holding potential: 0.8 V; scan rate: 50
mV/s.Reprinted with permission from the American Chemical Society.
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Figure 5.27. (continued)

two oxygen states on Ag/YSZ subject to anodic polarization is shown clearly
in Figure 5.28b via potential-programmed reduction.™

Note that upon increasing the time of O, desorption, denoted tye, the peak
A, corresponding to chemisorbed O, decreases much faster than the back-
spillover oxygen peak B. Similarly upon increasing the holding time, ty, of
positive potential application (Uwg=0.2 V) peak A reaches saturation first, fol-
lowed by a gradual approach to saturation of the backspillover oxygen peak B.

One interesting feature of Figure 5.27 is that the anodic oxygen peak is
missing. This is very common in solid state electrochemistry and can be
understood easily as follows: The, thermodynamically favoured, oxygen
adsorption takes place in a catalytic (no net charge transfer) step, thus no
anodic peak appears. Oxygen reduction to O> is a net charge transfer
process, thus only the cathodic (adsorbed oxygen reduction) peak(s) appear.

The “thickness” 81 of a cyclic voltammogram at a fixed Uwg value also
conveys useful information. It is related to the scan rate v and to the
capacitance C,4 of the electrode-electrolyte interface via:

Cq=98172v (5.60)

One can thus use the voltammograms of Figs. 5.27 and 5.28 to estimate
Cq values of the order of 200 pF/cm? of solid electrolyte.

If only the three-phase-boundaries (tpb) were electrocatalytically active
one would expect C4 values of the order of 10 pF/cm’. The thus measured
high C4 values also provide evidence that the charge transfer zone is
extended over the entire gas-exposed electrode surface, i.e. that an effective
double layer is formed over the entire gas exposed electrode surface.
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Figure 5.28.(a) Top: Ols photoelectron spectrum of oxygen adsorbed on a Pt electrode
supported on YSZ under UHV conditions after applying a constant ovﬁerpotential AUyg=1.2 V
corresponding to a steady state current I=40 pA for 15 min at 400°C.” The y-state is normally
chemisorbed atomic oxygen (E,=530.2 eV) and the d-state is backspillover oxidic oxygen
(E;=528.8 eV).5 Reprinted with petmission of the American Chemical Society. Bottom: Linear
potential sweep voltammogram obtained at T=380°C and pg,=0.1 kPa on a Pt electrode
supported on YSZ showing the effect of holding time ty at Uyz=300 mV on the reduction of the
y- and S-states of adsorbed oxygen; sweep rate: 30 mV/s.>? Reprinted with permission from
Elsevier Science (b) Potential programmed reduction (PPR) of oxygen on Ag/YSZ catalyst
electrodes;™ (left): effect of desotption time, ty., on the PPR spectrum of oxygen on Ag after
electrochemical supply of oxygen (Uyg=0.2 V) for 60s; v=10 mV/s, F, 4,=100 cm® STP/min;
(right): effect of potential holding time, ty, at Uwg=0.2 V; ty=10 s, v=5 mV/s, F, ;3,=100 cm’
STP/min. Reprinted with permission from Academic Press.”
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5.6.2 Potential Programmed Reduction

The interesting related technique of Potential Programmed Reduction
(PPR) or linear sweep voltammetry was discussed in the previous section
(Figure 5.28b). In this technique the catalyst electrode under consideration is
kept at an anodic holding potential for a time ty and the potential Uyg is then
swept linearly in time in the cathodic direction with simultaneous recording
of the cathodic current (Fig. 5.28b). In this way one gets interesting
information on the coverage but also, in principle, on the chemical potential
of adsorbed species, provided the sweep rate v is sufficiently small so that
the peak potentials Ep are insensitive to v. In this way the standard chemical
potential of adsorbed and backspillover oxygen on Ag deposited on YSZ can
be estiglated to be -22.2 kJ/mol O and -46 kJ/mol O respectively (Fig.
5.28b).™

5.7 AC IMPEDANCE SPECTROSCOPY

5.7.1 General Features

The technique of AC Impedance Spectroscopy is one of the most
commonly used techniques in electrochemistry, both aqueous and solid.* A
small amplitude AC voltage of frequency f is applied between the working and
reference electrode, superimposed to the catalyst potential Uwg, and both the
real (Zg.) and imaginary (Zyy,) part of the impedance Z (‘—"dUWR/dI=ZRe+iZ,m)9’10
are obtained as a function of f (Bode plot, Fig. 5.29a). Upon crossplotting Zi,
VS Zge, @ Nyquist plot is obtained (Fig. 5.29b). One can also obtain Nyquist
plots for various imposed Uwg values as shown in subsequent figures.

Due to the small amplitude of the superimposed voltage or current, the
current-voltage relationship is linear and thus even charge-transfer reactions,
which normally give rise to an exponential current-potential dependence
(Chapter 4), appear as resistances, usually coupled with a capacitance. Thus
any real ohmic resistance associated with the electrode will appear as a
single point, while a charge transfer reaction (e.g. taking place at the tpb)
will appear ideally as a semicircle, i.e. a combination of a resistor and
capacitor connected in parallel (Fig. 5.29).

Figures 5.29a and 5.29b show the Bode and Nyquist plot for a resistor, Ro,
connected in series with a resistor, Ry, and capacitor, C,, connected in parallel.
This is the simplest model which can be used for a metal-solid electrolyte
interface. Note in figure 5.29b how the first intersect of the semicircle with the
real axis gives Ry and how the second intersect gives Ro+R;. Also note how
the capacitance, C,, can be computed from the frequency value, fy, at the top
of the semicircle (summit frequency), via Ci=1/2nf,R;.
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Figure 5.29. Bode (a) and corresponding Nyquist plot (b) of the circuit shown in inset which
is frequently used to model a metal/solid electrolyte interface. Effect (c) of capacitance C, on

the Nyquist plot at fixed Ry, R; and R,.
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Figure 5.29c shows Nyquist plots corresponding to a more complex
resistor-capacitor network which is frequently found to describe well the
behaviour of metal-solid electrolyte interfaces under electrochemical
promotion conditions. The left, high frequency, semicircle simulates the
charge transfer reaction at the tpb, the second (right) low frequency
semicircle simulates the charge transfer reaction over the entire gas exposed
electrode surface. Figure 5.29c shows that the second semicircle appears
clearly only when C, exceeds C; by two orders of magnitude.

Figure 5.30 exemplifies such a behaviour of a Pd catalyst electrode
deposited on YSZ and exposed to CH,/O, mixtures.”* The resistance Ry is
associated with the ohmic resistance of the electrode while the semicircles
labeled C, and C,- are associated with the charge transfer reaction

0% == O(a)+2¢’ (5.61)

at the tpb; C;» most likely corresponds to tpb covered with PdO while C,
corresponds to tpb covered with reduced Pd. They correspond to capacitance
values Cy; and Cq4)r computed from Cy;=1/2nf,;R; where i=(1,1") and f,; is
the frequency at the peak of semicircle i. It is Cq, ~ 0.1uF/cm® and Cy -~ 0.1
to 10 pF/cm’® (Fig. 5.30b).p

The third semicircle labeled C; is the “backspillover oxygen semicircle”. It
appears only at positive imposed Uwg values, i.e. when O is supplied to the
catalyst surface. It corresponds to a capacitance Cq4, again computed from
Cq2 = 1/27f,,5R; and gives a Cq, value of 200 pF/cm®. It is due to the charge
transfer reaction (5.61) now taking place over the entire gas-exposed electrode
surface area. The dependency of Cy;, Cq and Cy5 (and of the corresponding
frequencies f,1, fn1, fm2) on potential is shown in Figure 5.30b and c.

Similar is the behaviour when the Pd catalyst electrode deposited on YSZ
is exposed to C,H4/O, mixtures (Figs. 5.31). Here the C, semicircle
(corresponding to tpb covered with PdO) is missing (due to the higher
reducing propensity of C;H; vs CH,4) but the features regarding the “tpb
semicircle” Cy and the “backspillover semicircle” C; remain the same. The
metal-gas double layer capacitance Cy, is now somehow lower (~100 uF/cm®)
due to the higher reactivity of the backspillover O% species with C;H.

For the experiments shown in Fig. 5.30 the ratio C4,/C4, is on the
average 2500, very close to the ratio Ng/Ney (=3570)** where Ng is the gas-
exposed electrode surface area and Ny is the “surface area” of the three
phase boundaries. These quantities were measured via surface titration and
via SEM and the techniques described in section 5.7.2, respectively. Thus
once Ng has been measured, AC Impedance spectroscopy allows for an
estimation of the three-phase-boundary (tpb) length via:
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Figure 5.30. (a) Complex impedance spectra (Nyquist plots) of the CH,, O,, Pd|YSZ system at
different Pd catalyst potentials. Open circuit potential U =-0.13 V. Dependence on catalyst
potential of the individual capacitances, Cy; (b) and of the corresponding frequencies, f,;, at

maximum absolute negative part of impedance (c).** Reprinted with permission from Elsevier
Science.

N o = Can
Ng Cuqa

(5.62)

Similar are the conclusions from the work of Kek, Pejonic and
Mogensen® who were first to use AC Impedance spectroscopy for the
detailed investigation of Pt, Au and Ni films deposited in YSZ and exposed
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to mildly reducing environments (Figs. 5.32 and 5.33). The low frequency
capacitance of the metal/YSZ interface is up to 300 wF/cm?, manifesting the
presence of a double layer at the metal/gas interface even under mildly
reducing conditions (~1% H;) (Fig. 5.33). This double layer is stabilized
even on Au via prolonged anodic polarization (Fig. 5.32d).
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Figure 5.31. (a) Complex impedance spectra (Nyquist plots) of the C,H,, O,, Pd|YSZ
system at different Pd catalyst potentials. Open circuit potential U =-0.11 V.
Dependence on catalyst potential of the individual capacitances, Cy; (b) and of the
corresponding frequencies, f,,;, at maximum absolute negative part of impedance (c).*
Reprinted with permission from Elsevier Science.
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Pt/'YSZ, b) Au/YSZ, ¢) Ni/YSZ and d) Au/YSZ before (®) and after (O) prolonged anodic
overpotential application.”® Reprinted with permission from the National Institute of
Chemistry, Ljubljana, Slovenia.
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Figure 5.33. Schematic of the state of the metal/YSZ and metal/gas interfaces a) at zero
overpotential; b) after applied anodic overpotential.>
National Institute of Chemistry, Ljubljana, Slovenia.

Reprinted with permission from the
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In summary AC impedance spectroscopy provides concrete evidence for
the formation of an effective electrochemical double layer over the entire
gas-exposed electrode surface. The capacitance of this metal/gas double
layer is of the order of 100-300 pF/cm’, comparable to that corresponding to
the metal/solid electrolyte double layer. Furthermore it permits estimation of
the three-phase-boundary length via Eq. 5.62 once the gas exposed electrode
surface area Ng is known.

5.7.2 Measurement of the tpb Length

Several approaches have been proposed to measure the three phase
boundary (tpb) length, Ny, in solid state electrochemistry. The parameter
Nipb» expresses the mol of metal electrode in contact both with the solid
electrolyte and with the gas phase. More commonly one is interested in the
tpb length normalized with respect to the surface area, A, of the electrolyte.
This normalized tpb length, denoted by N s equals Ny/A.

It is also common to express the tpb length as an actual length, €y,
computed from Zgp=NgbdMNav, or €pba=NpbadMNay where dy is the
atomic diameter of the metal (electrode) and Nav is Avogadro’s number.

A first approximate approach for estimating Ny or fpr,n is to use
scanning electron microscopy to estimate the average grain size, d, of the
electrode. One then assumes spherical grains for the electrode film and
semispherical grains in contact with the solid electrolyte to obtain:

Nipb,n=m/(ddmNav) ; €ipp.n = n/d (5.63)

Thus for d = 0.1 um one has N(pb_,,=2-10'” mol/cm’ and {’.pb,,,=3-105 cm’,
ie. 3 km/cm®! A disadvantage of this simple model is that it does not
account for the “roughness” of the tpb at the atomic level.

The second approach, followed by Vayenas et al® is direct measurement
of Nipp and N, n using cyclic voltammetry, as in aqueous electrochemistry,*’
and measuring the height, I,, or the area [Idtof the cathodic oxygen
reduction peak (Fig. 5.28a). Then Ny can be estimated from:

2.72RTI, (du f1dt ((du
Nipp.p =— 2 M. N gp.n =2 — 5.64
e nacnch\)A( 8 ]or e ZFA( 8 ] 669

where n(=2) is the total number of transferred electrons, o.{(=1) is the
cathodic transfer coefficient, nc(=1) is the number of electrons transferred in
the rate limiting step of the cathodic charge transfer reaction, v is the sweep
rate (V/s), A is the solid electrolyte surface area and & (m) is the thickness of
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the spreading of the tpd zone on the electrode surface. The latter can be
computed from:

3=(D,RT/Fuv)"* (5.65)

where D, is the surface diffusivity of species being reduced (e.g. O (Pt)). For
the case of Pt electrodes D; can be computed from Equation (5.6). No
sufficient data exist for other metals and this is the disadvantage of this
approach, which for the case of Pt electrodes gives good qualitative
agreement with the simple spherical model equation (5.63). It should be
noted that equations similar to (5.64) but without the corrective term (dw/3)
are used routinely in aqueous electrochemistry to measure the electrocata-
lytically active surface area. However it has been clearly shown™ that
inclusion of this term is necessary in solid state electrochemistry due to the
spreading of the electrochemically active zone on the electrode surface.
Omission of this term leads to gross overestimation of Ny, and #ippq. The
same work” has shown experimentally the, intuitively obvious,
proportionality betweenNgp,n, £pbn and the exchange current density io.

Thus, due to the lack of sufficient D data for most metals, other than Pt,
the most reliable method for measuring Nyb and Ny, is based on AC
Impedance spectroscopy as outlined in the previous section and using
equation (5.62), i.e.

N C

st (5.62)
NG Cd,Z

Typical Nppo values are of the order of 10°-10"° mol metal/cm’

electrolyte ie. typically a factor 10%-10° smaller than Ng. This still
corresponds to a “length” € of several km per cm’ of solid electrolyte.

5.8 XPS INVESTIGATIONS

5.8.1 XPS in Catalysis and Solid State Electrochemistry

X-ray photoelectron spectroscopy (XPS), which is synonymous with
ESCA (Electron Spectroscopy for Chemical Analysis), is one of the most
powerful surface science techniques as it allows not only for qualitative and
quantitative analysis of surfaces (more precisely of the top 3-5 monolayers at
a surface) but also provides additional information on the chemical
environment of species via the observed core level electron shifts. The basic
principle is shown schematically in Fig. 5.34.
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There are several factors affecting these core level shifts and both initial
state and final state effects play a role.” Yet the dominant factor affecting
such “chemical” shifts is the oxidation state of the element under considera-
tion. A negative charge on an element (e.g. O) will in general cause a
decrease in the binding energy of core level electrons (such as for example
the O1s core level electrons) while a positive charge on an element (e.g. Na)
will cause an increase in the binding energy of core level electrons (e.g. the
Na 1s core level electrons). Thus the observed (up to +2 eV) chemical shifts
can provide useful information on the oxidation state of an element in its
local environment.

When carrying out XPS experiments to study in situ the electrodes of solid
electrolyte cells one must be aware not only of the above “chemical” shifts but
also of “electrochemical” shifts.**®* The electron binding energies are always
measured with respect to the Fermi level of the grounded XPS detector
(monochromator). Thus if the sample (e.g. the electrode under consideration)
is also grounded then the electron binding energies of the elements of the
electrode (e.g. Pt) and of the elements of species adsorbed on that electrode,
are properly measured. If, however, one examines with XPS the reference
electrode, one finds that the binding energies, Ey g, of the core level electrons
of its elements are shifted by:

AEpr = -eUwr = Hw -Hr (5.66)

Photoelectron
energy analyzer

X-ray
source

o i

Figure 5.34. Schematic of the experimental setup for using X-ray photoelectron spectroscopy
(XPS) to investigate the catalyst-electrode surface.® Reprinted with permission from the
American Chemical Society.
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This is called electrochemical shift and simply stems from the fact that
the Fermi level of the reference electrode is not equal to that of the working
electrode and thus to the Fermi level of the detector. Furthermore if one
changes Uywg via a potentiostat the core level electron binding energies of
species associated with the reference electrode will shift according to Eq.
(5.60), i.e. the XPS analyzer acts also as a (very expensive) voltmeter.

What happens if, with the working electrode always grounded, one looks
at elements on the solid electrolyte surface in the vicinity of the working
electrode? Can one, using an equation similar to Eq. (5.66), measure the
Galvani potential difference A¢ between the working electrode and the solid
electrolyte, which is one of the “unresolved” problems in electrochemistry,
solid and aqueous? The answer is we could if it was somehow possible to
eliminate chemical shifts, i.e. if we could have the same species (e.g. Zr)
with the same chemical environment, both in the solid electrolyte and on the
working electrode surface. This does not appear to be feasible. Nevertheless
as one varies Uywr by AUwg one again observes that the core level binding
energies of the elements of the solid electrolyte, Ey, g, also shift according to:

AEpp = -eAUyg = A (HW ‘ﬁR) (5.67)

i.e., again there is an “electrochemical” shift and again the XPS detector
provides the same information as a good voltmeter, i.e. it measures in this
case the working electrode overpotential.

When doing in situ XPS in solid state electrochemistry one must be
aware of the following experimental realities:®*%%*

1. The working electrode, assuming it is the electrode under observation,
should preferably be grounded. If the reference electrode is grounded
instead, one should be constantly aware of the above electrochemical
shifts.

2. The sample temperature should be sufficiently high to ensure sufficient
conductivity of the solid electrolyte and thus avoid “charging” of the
solid electrolyte. This means temperatures above 300°C for YSZ and
above 100°C for B"-AlL0s.

3. The solid electrolyte is always “visible” to the XPS through microcracks
of the metal films. As already discussed, some porosity of the metal film
is necessary to guarantee enough tpb and thus the ability to induce
electrochemical promotion. In order, however, to have sufficient signal
from species adsorbed on the metal it is recommended to use films with
relatively small porosity (crack surface area 10-25% of the superficial
film surface area).
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X-ray photoelectron spectroscopic (XPS) studies of Ag™®* and Pt***®
films deposited on YSZ under positive current application conditions have
confirmed the proposition®* that NEMCA with oxide ion conducting solid
electrolytes is due to an electrochemically induced and controlled
backspillover of oxide ions on the catalyst surface.

The early studies of Arakawa et al.®** focused on Ag films. Upon
positive current application chemisorbed atomic oxygen is immediately
formed (O 1s binding energy at 532.6 eV) followed by the gradual
appearance of anionic oxygen (O 1s at 529.2 eV) which eventually causes a
small decrease in the amount of chemisorbed atomic oxygen. This transient
behaviour is in good qualitative agreement with catalytic rate transients
during ethylene epoxidation on Ag under similar temperature and imposed
current conditions at atmospheric pressure.”” More recently Gopel and
coworkers used XPS, UPS and EELS (electron energy loss spectroscopy) to
study Ag/YSZ surfaces under NEMCA conditions.** Their XPS spectra are
similar to those of Arakawa et al.**®

Ex/ eV
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Figure 5.35. Effect of electrochemical 0% pumping on the O 1s spectrum of P/YSZ® (A-C).
XPS spectra at 400°C (A) AUyg=0, 1=0; (B) AUwg=1.2 V, [=40 pA; (C) O Is difference
spectrum.® Reprinted with permission from the American Chemical Society.
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A subsequent detailed XPS study of Pt films interfaced with YSZ® (Figs
5.35 to 5.37) has shown that:

a) Upon positive overpotential application (AUwg>0) backspillover of
oxygen takes place from the solid electrolyte onto the Pt catalyst surface.
This is manifest by the pronounced increase in the total area of the Ols
peak (Fig. 5.35). This backspillover oxygen has a very low binding
energy (~ 528.8 eV), i.e. it is very oxidic, it carries a strong negative
charge (d-state in Fig. 5.35).

b) Normally chemisorbed atomic oxygen (O Is at 530.2 V) is also formed
with applied current (peak y in Fig. 5.35). The maximum coverages of
the yand & states of oxygen (based on the number of surface Pt atoms)
are comparable and of the order of 0.5 each.®

c) Backspillover oxide ions (O Is at 528.8 eV) are generated on the Pt
surface with a time constant of 2FNg/I (Eq. 4.32) where I is the applied
current (peak d in Fig. 5.35).

d) Oxidic backspilloveroxygen (-state) is much less reactive than normally
chemisorbed oxygen (y-state) with the reducing (H, and CO) UHV
background.®
The above observations provide a straightforward explanation for the

physicochemical origin of NEMCA, or electrochemical promotion, when
using o conducting solid electrolytes, such as YSZ: Backspillover oxide
ions O™ (O 1s at 528.8 eV) generated at the tpb upon electrochemical o*
pumping to the catalyst spread over the gas-exposed catalyst surface. They
are accompanied by their compensating (screening) charge in the metal, thus
forming surface dipoles. An “effective electrochemical double layer”® is
thus established on the catalyst surface (Fig. 1.4) which increases the work
function of the metal and affects the strength of chemisorptive bonds such as
that of normally chemisorbed oxygen via through-the-metal or through-the-
vacuum interactions. The change in chemisorptive bond strengths causes the
observed dramatic changes in catalytic rates.

The creation of an “effective double layer” is also supported by the
following observation during the XPS experiments (Fig. 5.36): As the
grounded Pt electrode is polarized via application of a potential AUwg, the Zr
3dsp spectrum shifts by eAUwg and the same applies for the Ols spectrum of
B-oxygen which corresponds to the lattice YSZ oxygen. Thus the XPS shift
of the components of the solid electrolyte provide a direct measure of the
electrode overpotential (Eq. 5.67). An interesting observation is that the &
state of oxygen (backspillover oxygen) and the, electrochemically shifted, -
state (YSZ) are both at practically the same binding energy during potential
application of ~1 V (Fig. 5.35). Thus the entire Pt electrode appears to be
surrounded on all sides, i.e. at the metal/gas and near the metal/solid
electrolyte interface, from energetically indistinguishable oxygen, i.e. oxygen
ions with the same core level shift, thus practically identical charge.
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Figure 5.36. Effect of electrochemical O pumping on the Zr 3ds, XPS spectra of PYYSZ at
400°C; (a) Zr 3ds,, spectrum shift from AUyx=0 (solid curve) to AUywg=1.2 V (dashed curve) (b)
effect of overpotential AUy on the binding energy, Ey, and kinetic energy, Ey, (AE,=-AE)
shifts of Zr 3ds, (filled circles, working electrode grounded) and Pt 4f;, (open circle, reference
electrode grounded).® Reprinted with permission from the American Chemical Society.

Chemical and electrochemical shifts have merged into one and all oxygen
ions surrounding the metal electrode have the same electrochemical
potential. One can thus say that the electrode “floats in a sea” of oxygen ions
which are present both on the YSZ side and on the gas-exposed electrode
side. As already discussed in section 5.4 the ionic oxygen which migrates
(backspillover oxygen) on the gas-exposed electrode surface under the
influence of the applied positive overpotential AUwg increases the work
function,®, of the gas exposed electrode surface by A® = eAUwg.

Figure 5.36 shows the excellent agreement between Eq. (5.67) and the
measured “electrochemical” core level shifts of the Zr 3ds, electrons of the
solid electrolyte, with the Pt working electrode grounded, and of the Pt 4f;,
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Figure 5.37. Transient effect of constant current application and interruption on the Pt/YSZ
catalyst potential Uyg and on the XPS signal at E, = 528.8 eV (location of 3-O Is peak) and
at B, = 181.7 eV (electrochemically shifted position of the Zr 3ds, peak).® Reprinted with
permission from the American Chemical Society.

B4200um
1
Figure 5.38. Optical micrograph of a representative structure of the microstructured Pt film on
single crystalline YSZ used for SPEM experiments.”” Reprinted with permission from
Elsevier Science.

electrons of the working electrode, with the reference electrode grounded,
during the experiments of Fig. 5.35.

Figure 5.37 reveals some additional interesting, although well expected,
features and provides additional proof for the oxygen ion backspillover
mechanism: Upon anodic galvanostatic polarization, the Zr 3ds/, electron
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Figure 5.39. Characterization of the spillover species by photoelectron spectra of the Ols
region taken from a ~0.02 pm? spot on the Pt surface: (a) The residual O s spectrum after the
cleaning cycles; (b) The Ols spectrum measured in O, atmosphere (po,=1x10"® mbar); (c)
The Ols spectrum obtained during electrochemical pumping in vacuum with Uyg = 1.1 V. R1
and R2 are the components which are formed by adsorption from the gas phase and by
electrochemical pumping. The fitting components of the residual oxygen are shown with
dashed lines. Photon energy = 643.2 eV, T~350-400°C.*” Reprinted with permission from
Elsevier Science.

shift transient follows exactly the potential Uwg transient and so does also
the shift of the O 1s electrons of the B-O state. This is quite logical as both
signals originate from core level electrons in the solid electrolyte. The O 1s
electrons shift transient, however, of the §-O state (backspillover oxygen)
has a much longer time constant, of the order of 2FNg/I, as discussed in
Section 5.2. It corresponds to the backspillover oxygen on the Pt electrode.

Imbihl, Kiskinova, Janek and coworkers” have also used XPS and
spatially-resolved photoelectron emission microscopy (SPEM) to investigate
oxygen backspillover between YSZ and evaporated microstructured Pt films
prepared using microlithographic techniques (Figure 5.38).
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Figure 5.40. Ols spectra from a Ag/YSZ electrode at 598 K following application of an
anodic current.>%* Reprinted with permission from Elsevier Science.

The technique of SPEM allows one to obtain XPS spectra from
extremely small (~0.02 pm?) surface areas and thus one can study O Is
spectra obtained from small (~0.02 um?) spots on the Pt surface.”’

Figure 5.39a shows the residual O 1s spectrum obtained in ultra-high-
vacuum after repeated cleaning cycle at 350-400°C. It is clear that there is a
significant amount of residual O on the Pt surface which cannot be removed
with conventional cleaning procedur