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Costas G. Vayenas ', Symeon Bebelis, [oannis V. Yentekakis and Stelios Neophytides

Institute of Chemical Engineering and High Temperature Chemical Processes,
and Department of Chemical Engineering, University of Patras, Patras GR-26110, Greece

The catalytic activity and selectivity of metal films used as electrodes 1n solid electrolyte cells can be altered dramatically and
reversibly by polarizing the metal-sohd electrolyte interface This effect. termed non-Faradaic electrochemical modification of
catalytic activity (NEMCA) leads to steady state catalytic rate increases up to 3 X 10° times higher than the steady state rate of
removal or supply of ions Catalytic rates can be enhanced reversibly up to 7000% The NEMCA effect has been already demon-
strated with O°~ and Na* conducting solid electrolytes using Pt, Pd, Ag, N1, Rh and Au electrodes In the present work we
summarize some of the common experimental findings of previous studies and discuss the ongin of NEMCA which lies n the
controlled vanation of the catalyst surface work function upon polanization of the catalyst—solid electrolyte interface We show
both experimentally, using a Kelvin probe, and theoretically that 1n solid electrolyte cells there exists a one-to-one correlation
between ohmic-drop-free electrode potential and gas-exposed electrode surface work function Thus sohd electrolyte cells with
metal electrodes can be used both to measure and to control the gas-exposed electrode work function This controlled variation in
catalyst-electrode work function 1s due to 10n spillover and results n significant variations in the binding strength of chemisorbed
species, thus causing the NEMCA effect

1. Introduction mode can be used to carry out electrocatalytically
several reactions such as NO decomposition [7,8],
CO hydrogenation [9,10], methane conversion to
C, hydrocarbons [11,12] and propylene conversion
to acroletn [13]. The approach 1s similar in “Chem-
1cal Cogeneration” electrocatalytic studies [14-19].
In two studies involving ethylene and propylene
epoxidation on Ag electrodes [20-22] 1t was ob-
served that the behaviour was non-Faradaic, 1.¢., the
increase 1n the rates of olefin epoxidation and con-
version to CO, would typically exceed the rate of O°~
transport by a factor of 300, suggesting pronounced
and reversible changes 1n the catalytic properties of
the catalyst-electrode.

Very recently 1t has been shown that this new phe-
nomenon of non-Faradaic electrochemical modifi-
cation of catalytic activity (NEMCA) 1s not limited
to any particular catalytic reaction, metal or solid
electrolyte [23-37]. It was found that both catalytic
activity and selectivity of metal films deposited on

The 1nteresting role that solid electrolyte cells can
play 1n the study of heterogeneous catalysis was first
recognized by Wagner [1] who proposed the use of
such cells for the measurement of the activity of ox-
ygen on metal catalysts. The experimental feasibility
of this technique, which 1s usually called sold elec-
trolyte potentiometry (SEP) has been demonstrated
in a number of studies since 1979 [2-6], where ki-
netic and SEP measurements were combined to 1n-
vestigate the mechanism of several catalytic oxida-
tions on metals. The SEP technique 1s particularly
suitable for the study of oscillatory reactions [5,6].

More recently, a far more interesting and some-
how surprising application of solid electrolyte cells
in the area of heterogeneous catalysis was discov-
ered. It had been known for some years that solid
electrolyte cells operating i the oxygen “pump”
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solid electrolytes can be altered 1n a dramatic, re-
versible and, to some extent, predictable manner
[23-39]. This 1s achieved by carrying out the cat-
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Fig | The principle of NEMCA When a metal counter electrode
(MCE) 1s used 1n conjunction with a galvanostat (G) to supply
or remove 1ons (O~ for the doped ZrO, (a), Na™* for B”-A1,O4
(b)) to or from the polarizable sohd electrolyte/catalyst (or
working electrode, W) terface, spillover 1ons (O~ 1n (a), Na®*
in (b)) together with their compensating charge 1n the metal are
produced or consumed at the tpb between the three phases solid
electrolyte/catalyst/gas This causes an increase (rght) or de-
crease (left) 1n the work function e@ of the gas-exposed catalyst
surface In all cases Aed=eAT g where Al g 15 the overpoten-
ual measured between the catalyst and the reference electrode
(R)

alytic reaction 1n sohd electrolyte cells of the type
gaseous reactants, metal catalystisolid electro-
lyte | metal, O, and by using a galvanostat or poten-
tiostat to polarize the metal-solid electrolyte inter-
face by, typically. 01 to 1 V. This 1s shown
schematically 1n fig 1.

The term non-Faradaic electrochemical modifi-
cation of catalytic activity (NEMCA)) has been used

to describe this new phenomenon, since the steady-
state catalytic rate increase can be up to a factor of
3% 10" higher than the steady-state rate of 1on trans-
fer through the solid electrolyte [23.25,26,30,38]

The observed dramatic changes 1n the catalytic rate
are up to a factor of 70 higher than the normal (open-
circuit) catalytic rate [23,36.38]. Significant changes
1n product selectivity have also been observed [23-
39].

The NEMCA eftect can be viewed as a special case
of catalyst promotion [40]. 1 e, the solid electrolvte
serves as an active catalyst support which can modify
dramatically the catalytic properties of metals via 1on
spillover. This new application could eventually be-
come of technological importance for solid electro-
lyte cells [39]. in addition to their current uses as
sensors {41] and as fuel cells [42] In the present
work we summarize the main common findings of
previous NEMCA studies [23-39] and discuss the
origin of NEMCA

2. Experimental

The catalytic reactor shown 1n fig. 2a contains a
solid electrolyte tube and has been described 1n de-
tail elsewhere [24.26,27]. Two types of sohd elec-
trolyte were used, 1.e., fully stabilized zirconia (8
mol% Y,05) and B'-Al,O;. The three-electrode con-
figuration shown n fig. 2b was used 1n conjunction
with the current interruption techmque and a re-
cording oscilloscope to measure accurately the cat-
alyst electrode overpotential n=A} ., where T'yg 15
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Fig 2 Solid electrolyte catalytic reactor for NEMCA studies (a)
and configuration of catalyst and auxiliary electrodes (b}, G-P
galvanostat—potentiostat
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the ohmic-drop-free catalyst potential (W stands for
working electrode ) versus a reference (R) electrode,
as described 1n detail elsewhere [24,26,27].

Upon cell polarization the current / 1s defined pos-
1tive when O>~ are pumped to or Na* removed from
the catalyst electrode. The gas feed and analysis unit,
utilizing on-line gas chromatography, mass spec-
trometry and IR spectroscopy, has also been de-
scribed in previous papers [23-39] where catalyst
and auxihary electrodes preparation and character-
1zation details are presented. It is worth emphasizing
that the catalyst film must be sintered at elevated
temperatures (e g. 850°C for Pt, 680°C for Ag) to
ensure a low I, 1.e. highly polarizable metal-solid
electrolyte interface [26,27,38]. Porous metal films
used 1n NEMCA studies are typically 5 to 10 pm
thick, have superficial surface areas of 1-2 cm* and
true surface areas of 50-500 cm? as measured by
means of surface titration techniques [24-38].

The catalyst work function e® was measured in
situ by using a Kelvin probe (Besocke/Delta Phi-
Electronic, probe “S”) with a 2.5 mm diameter Au-

Table 1
Catalytic reactions found to exhibit the NEMCA effect

grid vibrating condenser element placed ~500 pm
from the catalyst surface. A shghtly different elec-
trode configuration was used 1n these experiments
[33.35]. It was verified that the work function mea-
surements were not influenced by the exact distance
of the two condenser elements.

3. General features of the NEMCA effect

Table 1 lists the catalytic reactions which have been
studied so far and have been shown to exhibit
NEMCA. In order to compare different catalytic re-
actions 1t 1s useful to define two quantities, 1.e., the
enhancement factor 4 and the rate enhancement ra-
t10 p. The former quantity is defined from

A= Ar(catalytic)/(I/nF) , (1)

where Ar (catalytic) 1s the change 1n the rate of the
catalytic reaction and I/nF 1s the rate of 1on trans-
port to or from the catalyst (#n is the 1on charge). A
reaction exhibits the NEMCA effect when |A4]|> 1.

I. Positive (electrophobic) NEMCA effect (Ar>0with I>0 ', eA®> ()

Reactants Products Catalyst Electrolyte T(°C) A p=rir,
C,H,. O, C,H,0. CO, Ag Zr0,-Y,0; 320-470 [0, 300] <3®
C;H,, O C3H0, CO, Ag Zr0,-Y,0, 320-420 [0, 300] <2 %
C,H,, O, CO, Pt Zr0,-Y,0; 260-450 [0, 3% 10°] <55
C,H,, O, CO, Pt B"-Al O, 180-300 [0, 5% 10%] <4
CO. O, CO, Pt Zr0,-Y,0; 300-550 [0,2x10°] <3
CO, O, CO, Pd Zr0,-Y,0; 400-550 [0. 10°] <15
CH,0H, O, H,CO, CO, Pt Zr0,-Y,0; 300-500 [0.10*] <4®
CH,, O, CO,, C,H,, C;H¢ Ag Zr0,-Y,0; 650-850 [0, 5] <30®
CH,, O,, CO, Pt Zr0,-Y,0; 600-750 [0, 5] <70"%
CO, O, CO, Ag ZrO,-Y,0; 350-450 [0, 20] <5
C,H,, O, C,H,0, CO, Ag B”-AlO; 350-410 [0,3x10%] <3®
CO,, H, CH,, CO Rh 2r0,-Y,0, 390-450 [0, 401 <2®
CH,, H.O CO, CO,, H, N1 Zr0,-Y,0, 600-900 [0, 3] <2
1I Negative (electrophilic NEMCA effect Ar>0 with <0 2, eA® <0)

CO, O, CO, Pt Zr0,-Y,0, 300-550 [0, =500] <6
CH,OH, O, H,CO, CO, Pt ZrQ,-Y,0; 300-550 [0, —10%] <159
CH,0H H,CO, CO, CH, Ag Zr0,-Y,0; 550750 [0, ~25] <6
CH,0H H,CO, CO, CH, Pt ZrO,-Y,0;, 300-500 [0, —10] <3P
CH,. O, CcO, Pt Zr0,-Y,0, 600-750 [0, ~5] <30
CO, O, CO, Ag Zr0O,-Y,0; 350-450 [0, —800] <15

) Current 1s defined positive when O~ are supplied to or Na* removed from the catalyst surface

) Change 1n product selectivity observed
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When 4> 1, the reaction 1s said to exhibit positive
or electrophobic NEMCA behaviour. When A< — |
the reaction 1s said to exhibit negative or electro-
philic NEMCA behaviour [23-39].

The rate enhancement ratio p 1s defined from

p=r{catalytic)/r,(catalytic) , (2)

where r, denotes the regular, 1.e., open-circuit, cat-
alytic rate.

Despite the differences in open-circuit catalytic
behaviour of the catalytic reactions shown 1n table 1
and the dramatic differences 1n the observed .1 and
p values, there are three common features of NEMCA
which have been observed 1n all the systems studied
so far. These features can be summarized as follows.

(1) Catalytic rates depend exponentially on the
ohmic-drop-free catalyst potential 'y g:

In(r/ry)=ce(Vwr—1wr)/ksT . (3)

where kg 1s Boltzmann’s constant and a and F'4xr
are reaction and catalyst-specific constants The pa-
rameter « typically takes values between —1 and |
and determines the electrophobicity (> 0) or elec-
trophilicity (@ <0) of a catalytic reaction [23,38].
As recently shown experimentally [23,25] and as
analyzed 1n detail 1n the present work, cell polari-
zation 1induces a change Ae® 1n the work function
e® of the gas-exposed catalyst surface which 1s equal
to eAVwg, where AF g 1s the change in the ohmic-
drop-free catalyst potential. This implies that eq. (3)
can also be written as:

In(r/r,) =ae(®—D*)/ kT, (4)

where @* 1s, again, a catalyst- and reaction-specific
constant. Some examples are given in fig. 3 for a
number of Pt-catalyzed oxidations. Eq. (4) 1s found
to hold over wide ranges of e, typically 0.3 to 1 V.
Over the same e® ranges catalytic activation ener-
gies are found to vary linearly with e® [38].

(11) The order of magnitude of the absolute value
i4| of the enhancement factor .1 for any catalytic re-
action can be estimated from

(A1 =2Fr/1y . (5)

where I, 1s the exchange current of the catalyst-sohd
electrolyte interface, which can be measured from
standard Tafel plots [26.27]. The theoretical deri-
vation of eq. (5) has been presented elsewhere
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Fig 3 Effect of catalyst potential | wg and work function e® on
the kinetic rate constant X for CO, production 1n the catalytic
systems (a) CH;OH, O,. Pt|ZrO, (8 mol% Y,0;) Pcyon=
09 kPa, Po,=19 kPa, (A) T=353°C, (A) T=377°C, (A},
T=425°C. (b) CH,. Os. Pt/Z10; (8 mol% Y,03) P u, =2 kPa,
Py, =2kPa, (O) T=650°C, (@) T=700"C. (@) T=675"C,
(@) 7=730°C (c) C;H,, O, Pt/ZrO; (8 mol% Y,03) Peone =
04 kPa, Po,=48 kPa, (O) 7'=296"C. (W) T=324"C, (K
7T=360°C, () T=399°C, Ae@=0 corresponds to Pt in equi-
librium with P,, =21 kPa

[26,38] As shown 1n fig. 4 there 1s excellent agree-
ment between eq. (5) and experiment over at least
five orders of magnitude. Eq. (5) underlines the fact
that 1in order to obtain a strong non-Faradaic rate en-
hancement, r.e. |.1| > I, one has to use a highly po-
larizable, 1e. low [, catalyst-solid electrolyte
interface

(111) The catalyuc rate relaxation time 7 during
galvanostatic transients, defined as the time required
for the NEMCA-induced change 1n catalytic reaction
rate to reach 63% of 1ts final steady-state value, can
be estimated from.

t=2FN/I. (6)
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Fig 4 Comparison of predicted and measured enhancement fac-
tor A values for the catalytic reactions already found to exhibit
the NEMCA effect (table 1)
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Fig 5 Transient response of catalytic rate and catalyst potential
upon current application and interruption during CO oxidation
on Ag/ZrO,(Y,0;), T=415°C, Py, =3 kPa, Poo=S kPa, N=
58x10~8g-atom O
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Fig 6 Dependence of the catalytic rate relaxation time constant
7 (filled symbols ) and of the catalyst potential and work function
time constant (open symbols) on 2FN/I during NEMCA galva-
nostatic transients of catalyst films deposited on stabihized ZrO,

T FNON, /T, (7)

when using Na *-conducting solid electrolytes, where
N 15 the metal catalyst surface area expressed in g-
atom and 6y, 1s the, coulometrically determined, Na
coverage on the catalyst surface. An example 1s given
in fig. 5 for the case of CO oxidation on Ag/
Z0,(Y-0,) [37].

The validity of eq. (6) 1s demonstrated 1n fig. 6
which compares measured t values for a number of
reactions with 2FN/I. As shown 1n fig. 6, but also 1n
fig. 5, the time 7,, required for AVyg or, equiva-
lently [38] Aed® to reach 63% of 1ts steady-state value
is considerably shorter than t as analyzed 1n detail
elsewhere [38].

4. Origin of NEMCA: The work function of catalyst
films deposited on solid electrolytes

Very recent experimental work utilizing a Kelvin
probe to measure 1n situ the work function of cata-
lyst films deposited on solid electrolytes [35] has
shown that:

(1) Sold electrolyte cells can be used to alter sig-
nificantly the work function e® of the gas-exposed,
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1.e., catalytically active, catalyst electrode surface by
polarizing the catalyst-solid electrolyte interface.

(1) Solid electrolyte cells are work function probes
for the gas-exposed, catalytically active catalyst—
electrode surfaces, 1.e the change Ae@® 1n catalyst
surface average work function e® 1s equal to eAl .
The catalyst potential F'wy with respect to a refer-
ence electrode can be varied both by changing the
gaseous composition and/or by polarizing the cat-
alyst—sohd electrolyte interface.

The above two observations play a key role in un-
derstanding and interpreting the NEMCA effect and
it 1s therefore important to provide a rigorous the-
oretical explanation for them.

We start by considering a schematic representa-
uon of a porous metal film deposited on a solid elec-
trolyte, e.g., on Y.Oj-stabilized-ZrO, (fig. 7). The
catalyst surface 1s divided 1n two distinct parts: One

part, with a surface area g 1s 1n contact with the
electrolyte. The other with a surface area A is not
1n 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 electrochemistry) and C (for catalysis). re-
spectively, to denote these two distinct parts of the
catalyst film surface. Regions E and C are separated
by the three-phase-boundaries (tpb) where electro-
catalvtic reactions take place Since electrocatalytic
reactions can also take place to, usually, a minor ex-
tent on region E [43], one may consider the tpb to
be part of region E as well. It will become apparent
below that the essence of NEMCA 1s the following
One uses electrochemustry (1.e. a slow electrocatal-
ytic reaction) to alter the electronic properties of the
metal-solid electrolyte interface E. This perturba-

GAS-EXPOSED
CATALYTICALLY

ACTIVE SURFACE,
SURFACE AREA A (

SOLID ELECTROLYTE-
CATALYST INTERFACE,
SURFACE AREA Ag

FERMI LEVEL =f_ -en

&ed)wv}; + AewW,E

+4+ +4+ ++ 4+ A4 /

=en

0¥ of o

2-

o* o* o* o”

Fig 7 Schematic representation of a metal crystallite deposited on YSZ and of the changes induced 1n 1ts electronic properties upon
polarizing the catalyst-solid electrolyte interface and changing the Fermu level (or electro-chemical potential of electrons) from an initial

value /i to a new value g—en.
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tion is then propagated via the spatial constancy of
the Fermi level Er throughout the metal film to the
metal-gas interface C, altering 1ts electronic prop-
erties and thus influencing catalysis, 1.e. catalytic re-
actions taking place on the metal-gas interface C.

We then concentrate on the meaning of Vg, i.€.,
of the (ohmic-drop-free) potential difference be-
tween the catalyst film (W, for working electrode)
and the reference film (R). The measured (by a
voltmeter), potential difference Vyg is, by defini-
tion [44], the difference in the inner (or Galvani)
potentials ¢ of two electrodes:

Vwe=¢w—¢x - (3)

The Galvani potential is the electrostatic potential
of electrons 1nside the metal film. The electrochem-
1cal potential of electrons in a metal j 1s related to
@ via:

fi=ut(—e)p, (9)

where u 1s the chemical potential of electrons 1n the
metal, a purely bulk property. It 1s worth reminding
that /2 can be shown [45,46] to be identical with the
Fermi level E¢ in the metal (fig. 8 and refs. [45-50]
which provide an excellent introduction to the
meaning of the various potentials discussed here).
In view of eq. (9) one can rewrite eq. (8) as:

eVwr =fIr —fIw + (4w — Ug) . (10)

Eq. (10) represents the electrochemical way of
counting the energy difference between zero (de-
fined 1n the present discussion as the potential en-
ergy of an electron at 1ts ground state at “infinite”
distance from the metal [44]) and the Fermu level
E;. The latter must not be confused with the Fermi
energy [u] which 1s the energy difference between
the Fermi level and the energy at the bottom of the
conduction band and provides a measure of the av-
erage kinetic energy of electrons at the Fermu level
(fig. 8). The electrochemical way of splitting the en-
ergy difference from zero to Ef 1s a conceptual one,
as the absolute values of ¢ and u are not accessible
to direct experimental measurement. The second way
to split this energy difference 1s to consider 1t as the
sum of the work function e® (@ 1s the electron ex-
traction potential) and of e, where ¥ 1s the outer
(or Volta) potential (figs. 8 and 9).

The work function e@ 1s the work required to bring

an electron from the Fermu level of the metal to a
point outside the metal where the 1mage forces are
neglgible, 1.e., typically 10~% to 10~% cm outside the
metal surface [44,47,48]. 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¥:

fi= —e®—e¥. (11)

Needless to say that e@ and ¥ (which are both ac-
cessible to experimental measurement) are not, in
general, spatially uniform over the metal surface.
Dafferent crystallographic planes are well known to
have different e® values and thus non-trivial vari-
ations tn e® and e¥ are to be expected on the surface
of polycrystalline samples. It 1s important, however,
to notice that their sum has to be spatially uniform
(eq. (11)) since the electrochemical potential j or,
equivalent, Fermi level Er 1s spatially uniform. This
1s true even when an electrical current is passing
through the metal film under consideration, pro-
vided that the ohmic drop in the film 1s neghgible
(less than a few mV) which is always the case with
the conductive metal films and low currents em-
ployed in NEMCA studies. It is also important to
notice that, by definition, ¥ vanishes 1f there is no
net charge on the metal surface under consideration.

One can then combine eqgs. {10) and (11) to
obtain:

EVWR =€¢W—€¢R
t+e(Pyw—Pr)+ (uw—Hr) (12)

It 1s worth emphasizing that eq. (12) 1s valid un-
der 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 1n contact with the
electrolyte (region E) 1t 1s:

eVWR =e¢W,E _e(DR,E
+e(Pwe—¥re)+ (4w —4r) » (13)

while for the gas-exposed, 1.e., catalytically active
electrode surfaces (region C) it is:

eVWR = e¢wbc — e(DR.C

+e(Pwe—Pro)+ (uw—ur) - (14)
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Fig 8 Schematic representation of the density of states N(£) in the conduction band and of the definitions of work function ¢@,
chemical potential of electrons y, electrochemical potential of electrons or Fermi level 4. surface potential ¥ Galvani (or inner) potential
@. Volta (or outer) potential ¥, Fermi energy [u] for the catalyst (W) and for the reference electrode (R) The measured potential
difference T wg 1s by definttion the difference in Galvani potentials, ¢, 1 and f are spatially uniform, ¢@® and ¥ can vary locally on the
metal sample surfaces, and the ¥ potentials vanish, on the average, for the gas-exposed catalyst and reference ¢lectrode surfaces

In order to understand the origin of NEMCA one
needs to concentrate only on eq. (14) which refers
to the gas-exposed, catalytically active, film surface
As already stated, different crystallographic planes
will, 1n general, have different e@ values, thus, even
over region C the work function e® need not be spa-
tially umform. These local spatial variations in ¢@

and ¥ are not expected to be significant in poly-
crystalline films with large ( ~ I pm) crystallites such
as the ones used 1n most NEMCA studies [23-39]
since the surface must consist primarily of low Miller
index planes. e g. of the (111) plane 1n the case of
Pt films [38]. This 1s also supported by recent STM
information [38] We will thus first assume that e®
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Fig 9 Schematic representations of the definitions of work function e®, chermical potential of electrons 4, electrochemrcal potential of
electrons or Fermu level ji= Eg. surface potential y, Galvam (or mner) potential g, Volta (or outer) potential ¥, Fermt energy [u#] and
of the variation 1n the mean effective potential energy }”of electrons 1n the vicinity of a metal-vacuum nterface according to the jellium

model (based on refs [38,50])

and ¥ are spatially uniform over region C and will
treat the more general case below. Returning to eq.
(14) we note that when Vyp 1s changed by AV 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 ref-
erence electrode remain unaffected and uw which 1s
pure bulk property also remains constant, therefore:

eAVig = AeDy ¢ + APy ¢ . (15)

We then concentrate on the Volta potential terms
Yw.c and A%, (. Can they be non-zero? There may
very well be a small net charge on the catalyst film,
1.e., on 1ts surface, but where will 1t be localized? In
region E, in region C or 1n both? It follows from sim-
ple electrostatic considerations and taking into ac-
count that the solid electrolyte has an abundance of
charge carriers while the gas phase does not have any,
that all the net charge in the metal will be localized
n region E facing an equal and opposite charge in
the solid electrolyte. To further elucidate this point
in a simplistic point of view consider the, initially
uncharged, metal film brought nto contact with the
aiso 1nitially uncharged, solid electrolyte. When the

film and the solid electrolyte are brought in contact
the system has to remain neutral Thus 1if a charge ¢
develops 1n the film a charge —g will develop 1n the
solid electrolyte facing the metal [44]. Thus if the
film charge ¢ were to be split to a part ¢z remaining
n region E and a part g¢ developing 1in region C then
a net charge — (¢—gg) = —¢qc would remain 1n re-
gion E attracting the charge g back in region E. Thus
no net charge can be sustained 1n region C, therefore
¥w =0 under both open-circuit and closed-circuit
conditions.
One can then rewrite eqs. (14) and (15) as:

eVwr =Dy — Dy c + (ttw — Ur) . (16)

€AVWR=A€¢WC. (17)

It 1s worth noting that if the reference electrode 1s
of the same bulk material with the catalyst and are
both at the same temperature, then uw=pg. Using

the superscript “0” to denote open-circuit condi-
tions (/=0), one can rewrite eq. (16) as:

€VSVR=€¢W£—€¢R’C. (18)

Eq. (18) shows that the EMF el g of solid elec-
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trolyte cells with electrodes made of the same bulk
matenal provides a direct measure of the difference
1n work function of the gas-exposed, 1 e., catalytically
active, electrode surfaces. Thus, solid electrolyte cells
are work function probes for thewr gas exposed elec-
trode surfaces.

Eq. (17) 1s equally important, as it shows that the
work function of the catalytically active catalyst elec-
trode surface can be varied at will by varying the
(ohmic-drop-free) catalyst potential. This can be
done erther by varying the gaseous composition over
the catalyst or by using a potentiostat Catalytic
chemists would clearly anticipate the former mode:
When the gaseous composition changes, then surface
coverages will change with a concomitant change 1n
work function. But what about the latter? For the
work function to change something must have
changed on the surface. What can be changed on the
gas-exposed surface by means of a potentiostat” As
discussed 1n detail elsewhere [38] there 1s a strong
and convincing experimental evidence that the work
function change on the surface 1s due to spillover 10ns
originating from the solid electrolyte. This 1s also
supported by 1n situ XPS measurements which have
shown the appearance of O 1s signal corresponding
to 1onically bonded oxygen on Ag films subject to O*~
pumping 1n stabilized zirconia cells [49,50] These
spillover 1ons (oxygen anions for the case of doped
Z1rO,, partly 1omized Na for the case of ”-Al,0;) ac-
companted by their compensating charge 1n the metal
thus forming spillover dipoles, spread over the cat-
alytically active surface altering 1ts work function and
catalytic properties (fig. 1).

One can then address the question of the meaning
of egs. (17) and (18) 1n the case of significant spa-
tial variations 1n the work function e@ of the poly-
crystalline catalyst surface. In this case, due to the
constancy of the Fermu level, slightly different non-
zero excess free charge densities will exist on differ-
ent planes with different e®, causing local variations
mn ¥. Surface physicists would refer to this as a local
variation 1n the “vacuum level” In this case the av-
erage surface work function e@ 1s defined from [48]

oP= Y fed,, (19)

where f; 1s the total catalyst surface fraction corre-
sponding to a crystallographic plane with a work

function e®,. One can then apply eq. (14) to each
crystallographic plane

eVawr =Dy ,—eDg +e(FPocy—FPrc), (20)

where for ssmplicity 1t 1s assumed that the reference
electrode 1s of the same material with the catalyst
(4w = tz). By multiplying eq (20) by £, summing
for all planes and noting that ¥ =0 one obtains:

(’I'va: Zf,é’(pw(‘,——ﬂDR('FZf,elPW(” (21)
J 7

Since ¥ 1s proportional to the local excess free
charge 1t follows that the term Xfe%¥ c, 1s propor-
tional to the net charge stored 1n the metal in region
C. This net charge, however, was shown above to
vanish, consequently Y fe¥y ¢, must also vanish.

Consequently eq. (21) takes the same form as eq.
(18) where, now, e® stands for the average surface
work function. The same holds for eq. (17)

5. Results

As shown 1n figs 10 and 11a, eqs. (17) and (18)
have been recently verified by directly measuring the
work function of catalyst electrodes using a Kelvin
probe (vibrating condenser method) under reaction
conditions [23.35].

Fig. 10 shows that the change 1n the work function
of the gas-exposed (that 1s, catalytically active) sur-
face of the catalyst 1s eAT'wg. both under closed- and
open-circuit conditions In the former case 1'wg was
varied by changing the polarizing current with the
catalyst exposed to air or to NH;/0-/He and CO/
O,/He mixtures, whereas 1n the latter only the gas-
eous composition was varied Both doped ZrO. and
B"-Al,O; solid electrolytes were used

As shown 1n fig. 11 the equality Ae®@=eA} 'y also
holds to a good approximation during transients In
this case a constant current 1s applied at /=0 be-
tween the catalyst and the counter electrode and one
follows the time evolution of |’y by a voltmeter and
of e® by a Kelvin probe

Work function transients of the type shown 1n fig
11 can be used to estimate 1mtial dipole moments of
the spillover dipoles on the catalyst surface [33.35]

Thus referring to Na supply onto a Pt catalyst sur-
face with surface area .4¢ via a B"-Al,O; sohd elec-
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Fig 10 Steady state effect of the change in the ohmic-drop-free
catalyst potential }wg on catalyst surface work function e®,
squares Y,O;-doped-ZrO, electrolyte, T=300°C, circles B"-

Al,O; electrolyte, T=240°C, filled symbols closed-circuit oper-
ation, open symbols open circuit operation [35]

trolyte, one can use Faraday’s law to obtain:

dOna _ NavU/2F)
de — AcNp,

(22)

where N,y is Avogadro’s number and Np =
1 53x10'° atoms/m? is the surface Pt concentration
on the Pt(111) plane. One can then combine eq.
(22) with the defimition of the Na coverage Ou,
(=Nna/Np) and with the differential form of the
Helmholz equation:

d(e®) _ ePydNy,

_ 2
dt & dt (23)

where Ny, denotes adsorbed Na atoms/m?, ¢,=
8.85x10~'* C*/J m and P; 1s the 1nitial dipole mo-
ment of Na on Pt to obtain:

d(e®) _ Pl
dt 7 gAc

(24)

Using eq. (24) and the initial slope in fig. 11 one
computes the 1nitial dipole moment P, of Na on Pt
tobe 2.15x 107 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 [48,53]. This 1s excellent agree-
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Fig 11 (a) Transient response of catalyst work function e® and
potential Fyg upon 1mposition of constant currents / between
the Pt catalyst (C2) and the Pt counter electrode, B”-Al,O; sohd
electrolyte, T=240°C, Py,=21 kPa, Na 1ons are pumped to
(1<0) or from (J>0) the catalyst surface at a rate I/F (b) Ef-
fect of apphed current on induced work function change, dashed
hine catalyst C1, T=291°C, P,, =5 kPa, Py, =2.1X 102 kPa,
solid lines catalyst C2, T=240°C, P, =21 kPa, Insert Effect of

applied current on computed nitial dipole moment of Na on Pt,
(@) />0, (A) I<0,[35]
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ment, in view of the fact that in fig. 11 the Pt surface
1s essentially saturated in oxygen, which has been
shown for systems like Cs/W(110) [54] and Cs/
Ni1(100) [55] to give P, values typically 20-30%
higher than on the clean metal surface. As shown 1n
fig 11 the computed P, value 1s independent of the
magnitude and sign of the applied current which
confirms the validity of the approach. One addi-
tional conclusion which may be drawn 1s that Na in-
troduced on metal surfaces via B’-Al,O; to induce
NEMCA is not different from Na introduced as a
dopant using standard metal dispenser sources [56].
An important advantage however 1n using the pres-
ent approach, 1 e. in employing a sohid electrolyte as
the dopant donor 1s that the doping 1s reversible, 1.e.
the dopant can be removed electrochemically and
that the amount and coverage of the dopant on the
surface can be accurately determined by integrating
eq. (22). 1.e., by using Faraday’s law.

When doped ZrO, 1s used as the 1on donor then
the situation 1s slightly more comphicated. as the
spillover oxygen anions may eventually form chemr-
sorbed oxygen and desorb or react with the reac-
tants, albert at a slow rate [26.38]. Consequently the
coverage of spillover oxygen anmions 1s difficult to es-
timate and thus no rehable value for their dipole mo-
ments can yet be extracted.

~ 2
Y —— O
/Ty ~expledV, o /kgl)

g~explled/kgl ).

(NEMCa) ¥
SOLID ELECTROLYTE

[ ——02

" f/_ﬁl
CATALYSIS =1~ ELECTROCHEMISTRY

Fig 12 Ongin of NEMCA and of eq (5) Upon polarization of
the metal-solid electrolyte interface the catalyst potential changes
by Al'wg and the catalyst surface work function by Ae@=eAl'wg
due to 10n spillover, both the catalytic rate r and the electrocatal-
ytic rate I /2 F are exponentially dependent on catalyst work func-
tion and potential change

6. Interpretation of the macroscopic features of
NEMCA

The above theoretical considerations (section 4)
and experimental findings (section 5) provide the
framework for interpreting the general macroscopic
features of NEMCA described 1n section 3

Thus, the exponential catalytic rate dependence on
catalyst work function e® and the concomitant lin-
ear variation in catalytic activation energy with ¢®
can be explained by taking into account the variation
1n the heats of adsorptions of reactants and inter-
mediates with changing catalyst work function e®
[26.38]. There 1s experimental evidence, e.g
[38.49], also supported by some early electrostatic
models [57] that over certain e® ranges the binding
energy of chemisorptive bonds varies hinearly with
e®P. This can then explain both the observed linear
dependence of activation energies on ¢@® and the
concomitant exponential catalytic rate dependence
on e as also analyzed in detail elsewhere [38].

The observation that the absolute value |.1| of the
enhancement factor .1 1s of the order of 2Fr,/1, (eq
(5)) can be explained on the basis of fig 12 by not-
ing that both r/r, and 1/1, are exponentially depen-
dent on Ae@/kgT=eAVyr/ksT [38].

Also the observation that NEMCA 1s due to ion
spillover dipoles at the three-phase-boundaries at high
activation overpotential (and not their surface dif-
fusion on the catalyst surface) 1s the rate limiting step
for the 1on-compensating charge spillover, provides
a direct explanation for the third general observation
of NEMCA, 1e., that the rate relaxation time con-
stants are of the order of 2FN/I or FN6,/1, 1.e. eqs
(6) and (7)

7. Conclusions

Sold electrolytes can be used as 1on donors or ac-
ceptors to control the work function of metal cata-
lysts and to include dramatic and reversible changes
in catalytic activity and selectivity. The present work
provides a rigorous theoretical explanation for the
observed one-to-one correspondence between ohmic-
drop-free catalyst potential Fg and catalyst surface
work function e® The conclusion 1s that solid elec-
trolyte cells with metal electrodes can be used both
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to measure and to control the work function of the
metal electrode surfaces. The latter observation pro-
vides a direct explanation for the NEMCA effect
Direct 1n situ spectroscopic investigation of catalyst
surfaces subject to NEMCA 1s highly desirable, as it
could provide useful additional information about
the exact nature of the spillover dipoles. The use of
solid electrolytes for NEMCA, that 1s for in situ pro-
motion of catalyst surfaces, allows for new areas of
surface catalytic chemistry to be explored, and could
lead to technological applications by influencing cat-
alyst performance 1n desirable directions.
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