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The technique of isothermal surface titration was used to investigate the chemisorptive properties
of porous Ag films deposited on Y,0;-doped ZrO, in a solid electrolyte cell. It was found that
the chemisorptive properties of Ag can be influenced in a pronounced and reversible manner
upon polarizing electrochemically the metal-solid electrolyte interface. Decreasing catalyst work
function has very little effect on subsurface oxygen but strengthens significantly the Ag—atomic
oxygen chemisorptive bond, as inferred both by the observed pronounced increases in the rate of
oxygen adsorption and in the equilibrium oxygen coverage and by the observed significant decrease
in the rate of atomic oxygen desorption. The results are consistent with the previously proposed
interpretation of the NEMCA effect and show that solid electrolytes can be used as active catalyst

supports to alter significantly the chemisorptive and catalytic properties of metals.

Press, Inc.

INTRODUCTION

The effect of non-Faradaic electrochemi-
cal modification of catalytic activity
(NEMCA) has been described in a number
of recent papers (I-17). In brief, it has been
found that the catalytic activity and selectiv-
ity of porous metal films interfaced with
solid electrolytes can be altered in a dra-
matic, reversible, and, to some extent, pre-
dictable manner (/, 2). This is accomplished
by applying currents or voltages to solid
electrolyte cells of the type

gaseous reactants, metal catalyst|
solid electrolyte | counter electrode,
air or auxiliary gas mixture (1)

and, consequently, by supplying or remov-
ing ions (e.g., O*", Na™) to or from the
polarizable catalyst—solid electrolyte inter-
face (I-17). The steady-state increase in the
catalytic reaction rate can be a factor of

! Present address: Department of Chemical Engi-
neering, Yale University, New Haven, CT 06520.
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70 higher than the regular, i.e., open-circuit
catalytic rate and a factor of 3 X 10° higher
than the rate of supply or removal of ions
(1-17). The term ‘‘electrochemical promo-
tion in catalysis’’ has also been proposed
to describe NEMCA (/8), which has been
studied already for some 20 catalytic reac-
tions on Pt, Pd, Rh, Ag, and Ni catalysts
(1-17). The effect does not appear to be
limited to any particular metal or solid elec-
trolyte (1-17).

The main common findings of previous
NEMCA studies can be summarized as
follows.

I. Over wide ranges of catalyst work
function e®, typically 0.3 to 1 eV, catalytic
rates depend exponentially on e®:

In(r/r,)) = ae(® — ©*)/k,T, 2

where r, is the regular, i.e., open-circuit
catalytic rate, « and ®* are reaction- and
catalyst-specific constants, and £, is Boltz-
mann’s constant. Over the same work func-
tion ranges, catalytic activation energies
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vary linearly with e®. The average gas-
exposed catalyst surface work function e®
can be varied conveniently by simply vary-
ing, via a potentiostat, the ohmic-drop-free
catalyst potential Vg with respect to a
reference (R) electrode. The change eAVy,
equals — A, , where L, is the electrochem-
ical potential of electrons in the metal
catalyst, which equals the catalyst Fermi
level (2). Both theory (2, 5, 6) and experi-
ments utilizing a Kelvin probe (I, 10, 11)
have shown furthermore that in solid elec-
trolyte cells with metal electrodes

eAVWR = Aeq)a (3)

so that the catalyst work function can be
varied at will and independently from the
gas phase. A detailed analysis on the sub-
ject is given in a recent monograph (2),
while a brief summary is given in the
Appendix.

I1. The absolute value |A| of the en-
hancement factor A defined from

A = Ar/U/2F), 4)

where Ar is the NEMCA-induced change in
catalytic rate, I is the applied current (de-
fined positive when anions are supplied to
the catalyst), and F is Faraday’s constant,
can be approximated by

|A| = 2Fr,/1,, (5)

where I, is the exchange current of the cata-
lyst—solid electrolyte interface (/-17).
Thus, to study NEMCA, one must use po-
larizable, i.e., low I,, metal-solid electro-
lyte interfaces.

III. The reaction rate relaxation time
constant 7 during galvanostatic transients,
defined as the time required for the rate
change to reach 63% of its final steady-state
value when a constant current is applied
between the catalyst and the counter elec-
trode, can be approximated by

T = 2FN/I, (6)

where N, expressed in metal g-atom, is the
gas-exposed catalyst surface area.

571

The above observations have been inter-
preted by attributing NEMCA to the
changes induced in the strengths of chemi-
sorptive bonds of reactants and intermedi-
ates upon changing the catalyst work func-
tion via an electrochemically induced
spillover of ions from (or to) the solid elec-
trolyte to (or from) the catalyst surface
(1-17).

The purpose of the present work is to
provide a crucial test to the proposed inter-
pretation of NEMCA by examining whether
the strength of chemisorptive bonds of cova-
lently bonded species is indeed varied under
NEMCA conditions, i.e., upon polarization
of the metal-solid electrolyte interface. To
this end the kinetics of oxygen and ethylene
adsorption on and desorption from Ag were
investigated both under open-circuit condi-
tions and during polarization of the Ag—solid
electrolyte interface.

The chemisorption of oxygen and of eth-
ylene on Ag was chosen for this test study
because of the industrial importance of the
epoxidation of ethylene and also because
this chemisorption system, despite its com-
plexity, has been studied extensively both
on clean and on promoted Ag surfaces
(19-37). 1t is also worth noting that the Ag-
catalyzed ethylene epoxidation has already
been shown to exhibit the NEMCA effect
both with O’ -conducting (2, 13, 38) and with
Na™*-conducting solid electrolytes (2, 39).

Several forms of oxygen have been found
to exist on Ag surfaces. These include (1)
molecularly adsorbed oxygen, which is
rather inactive and has been shown by Lam-
bert and co-workers to behave as a *‘specta-
tor’’ species (19, 33, 34), (11) atomic oxygen,
which is currently believed to be the reac-
tive oxygen species for both ethylene epoxi-
dation and complete oxidation (19, 22, 40),
and (1II) subsurface oxygen, which appears
to be necessary for obtaining high selectivity
to epoxide, although it does not directly par-
ticipate in catalytic events (19, 37). Ethylene
adsorption on Ag is weak (/9-21) but is en-
hanced in the presence of preadsorbed oxy-
gen (41).
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FiG. 1. Schematic diagram of the apparatus.
EXPERIMENTAL where has a volume of 30 cm® and has been

The experimental apparatus shown sche-
matically in Fig. 1 and utilizing on-line mass
spectrometry, IR spectroscopy, gas chro-
matography, and an electrochemical oxygen
analyzer (Teledyne 326 RA) for reactor inlet
and effluent analysis is of the same type used
in previous NEMCA studies and has been
described in detail elsewhere (2-7). The 8
mol% Y,0;-stabilized ZrO, (YSZ) reactor
shown in Fig. 2 and described in detail else-
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shown to be well-mixed (CSTR) over the
range of flow rates used in the present study,
i.e., 3 to 7 cm® STP/s. Special precautions
were taken to minimize dead volumes by
using zero-dead-volume Nupro on-off
valves and short connecting stainless-steel
lines between the valves and the reactor.
Reactants were Messer Griesheim certified
standards of C,H, in He, O, in He, and ultra-
pure (99.999%) He.
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F1G. 2. Solid electrolyte catalytic reactor (a) and catalyst and auxiliary electrodes configuration (b).

G-P, galvanostat—potentiostat.
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FiG. 3. Scanning electron micrographs of the top side
of the porous Ag catalyst film (a) and of a section
perpendicular to the Ag catalyst~yttria stabilized zirco-
nia (YSZ) interface (b).

Catalyst film. The porous Ag catalyst film
deposited on the inside bottom wall of the
YSZ tube had a thickness of ~10 um, a
superficial surface area of 2 cm?, and a true
surface area of 0.13 m? as estimated by the
surface titration technique described below.
Figure 3a shows a scanning electron micro-
graph (SEM) of the top view of a Ag catalyst
film. A cross section of the Ag-YSZ inter-
face is depicted in Fig. 3b.

The Ag catalyst film was prepared by de-
positing a thin coating of a Ag solution in
butyl acetate (GC electronics) followed by
drying at 80°C and calcining at 650°C as de-
scribed in previous papers where catalyst
preparation and characterization details are
presented (2, 6, 13,49). The same procedure
was used to deposit two similar Ag films on
the air-exposed side of the flat bottom of the
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YSZ tube (Fig. 2). The larger of these two
films was used as a counter electrode and
the smaller one as a reference electrode.
Both the counter and the reference Ag elec-
trodes were exposed to ambient air.

Galvanostatic operation of the cell. When
a galvanostat (in this work an AMEL 553
galvanostat—potentiostat) is used to apply a
constant current between the counter elec-
trode and the catalyst, oxygen anions O?~
are supplied to (I > 0) or removed from (/
< 0) the catalyst—solid electrolyte interface
at a rate I/2F. At this interface the electro-
catalytic reaction

0" = 0Oa) + 2e-, 7

takes place, where O(a) stands for oxygen
adsorbed on Ag. When oxygen is practically
insoluble in the metal, then the above reac-
tion takes place mainly at the three-phase
boundaries, metal-YSZ-gas (2, 42-44).
However, when oxygen has a finite solubil-
ity in the metal electrode, as in the present
case of Ag (45), the deelectronation of O~
can also take place significantly at the two-
phase boundaries, Ag~YSZ, followed by
diffusion of dissolved oxygen through the
Ag electrode to the gas-exposed, i.e., cata-
lytically active, electrode surface, again re-
sulting on the surface as chemisorbed oxy-
gen Of(a). In either case the exchange
current I, is defined as the rate of the for-
ward (or backward) reaction (7) under open-
circuit conditions, i.e., when no net current
crosses the interface (2, 5, 6). The parameter
I, can be determined easily from current-
overpotential measurements as described in
detail elsewhere (2, 5, 6) and provides a
measure of the nonpolarizability of cata-
lyst—YSZ interface. Contrary to fuel cell ap-
plications where high I, values are desirable
to minimize polarization losses (2, 15), for
NEMCA applications low I, i.e., highly po-
larizable, metal-solid electrolyte interfaces
must be used (I-17).

The exchange current [, together with
the anodic and cathodic transfer coefficients
a, and «, can be extracted from standard
Tafel plots as described in detail elsewhere
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@2, 5, 6). In the present work the ; value of
the Ag-YSZ interface was 140 uA at 435°C
where most of the surface titration experi-
ments were performed. The o, and o, values
were 0.24 and 0.07, respectively. These I,
a,, and «, values were measured with the
catalyst exposed to Py, = 3.15 kPa and
Pcy, = 2.4kPa. Although 1, o, and a are
dependent on gaseous composition (2, 44)
one can use the above average values to
estimate the catalyst overpotential 7 =
AVyr for any value of 7 via the But-
ler—Volmer equation (2, 5, 6),

I'l, = expla,Fn/RT) — exp(—a . Fn/RT).
(8)

Equation (8) implies that when 7> 0,7 =
AVyr > 0; i.e., the catalyst potential Vi
(with respect to the reference electrode) in-
creases above its open-circuit value V.
As shown recently both theoretically (2, 5,
6) and experimentally by means of a Kelvin
probe (I, 11),

eAVWR = AECD, (3)

where e® is the average catalyst surface
work function. In view of Eqgs. (3) and (8) it
follows that when I > 0, Ae® > 0;i.e., the
catalyst surface work function increases and
this increase can be computed via Egs. (3)
and (8). Physically this is because when the
metal-solid electrolyte interface is polar-
ized, i.e., when reaction (7) is slow, spill-
over oxide ions (most likely O~ (2,4, 5)) are
also produced at the three-phase boundaries
and spill over the catalyst surface together
with their compensating charge in the metal,
thus forming spillover dipoles (/-17). The
coverage of these spillover ions is low. It
has been estimated (/, 2) that a spillover
oxide ion coverage of less than 0.05 suffices
to produce a work function increase of 1 V.

Conversely, when I < 0, the catalyst work
function decreases. This decrease from the
open-circuit value can be computed again
via Egs. (3) and (8). It physically resuits
from a decrease in the steady-state coverage
of spillover ions on the catalyst surface.
Thus, by controlling  and Vy one can con-
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trol the catalyst work function e® indepen-
dently from the gas phase.

Isothermal surface titration (IST) tech-
nique. The IST technique has been used in
the past for measuring the surface area of
metal catalyst films (2, 3, 10). Throughout
the measurements the catalyst film is main-
tained at a fixed temperature T and the reac-
tor effluent composition is continuously
monitored via the electrochemical oxygen
analyzer and a differentially pumped contin-
uous sampling capillary system leading into
the high vacuum chamber of the mass spec-
trometer. The procedure consists of the fol-
lowing three steps.

I. Firstthe catalystis exposedto a stream
of O, (or C,H,) for a time period denoted by
to, (or t). In the present study certified stan-
dards of 21 mol% O, in He and 11 mol%
C,H, in He were used.

II. Then the reactor is purged with a
stream of ultrapure He for a time period #y,
at least eight times longer than the residence
time of the reactor cell, which is typically
2-5s. During ty. , desorption of O, (or C,H,)
is taking place.

II1. Subsequently the catalyst is exposed
to a stream of C,H, (or O,) while the effluent
composition is monitored by a mass spec-
trometer. The product CO, and ethylene
oxide peaks provide a direct measure of the
amount of chemisorbed oxygen (or C,H,)
which was adsorbed on the surface after t, .
This amount clearly depends on 1, (or 7g)
unless fq, (or tg) is long enough for satura-
tion, i.e., adsorption equilibrium, to be es-
tablished between the gas and the catalyst
surface during step 1.

The IST technique has been used already
(2, 3, 10) to measure catalyst surface areas.
To this end ¢, (or fg) is made sufficiently
long to establish surface saturation and then
4. is varied in a series of experiments to
determine the amount of O, (or C,H,) de-
noted by Ny(ty.) and Ng(ty.), respectively,
remaining on the surface after desorption
has taken place for + = t4.. By plotting
No(tye) or Ni(ty.) Vs ty. and extrapolating
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to ty. = 0, one determines the reactive oxy-
gen (or ethylene) catalyst uptake at satura-
tion, denoted by N . and N ., , Trespec-
tively. If the adsorption stoichiometry is
known, one can then determine the amount
of metal g-atoms on the surface or, equiva-
lently, the catalyst surface area.

IST under catalyst polarization(NEMCA)
conditions. In order to study the effect of
0%~ electrochemical pumping, and of the
concomitant Fermi level and work function
changes, on the adsorption and desorption
of oxygen and C,H, on Ag, three different
sets of experiments were performed, each
involving variation of 7o, (or fg) and fy,:

a. Isothermal titrations under open-cir-
cuit conditions (I = 0)

b. Isothermal titrations under low Vg
and e® conditions (I = —110 pA)

¢. Isothermal titrations under high Vg
and e® conditions (I = 400 pA).

In cases b and c the constant current was
applied throughout steps I, 11, and III. Dur-
ing each titration the catalyst potential Vyyg
was continuously recorded together with
the effluent concentrations of O,, C,H,,
C,H,0, and CO,. Most experiments were
performed at 435°C where the selectivity to
ethylene oxide was S = 0.27. Since S was
found to be rather insensitive to reactor resi-
dence time and gaseous composition at fixed
T (38, 39, 48, 50), the AMU 44 signal was
used with the known cracking patterns of
C,H,0 and CO, and the above selectivity
value to determine the amount of reacting
oxygen or ethylene.

It must be emphasized that in cases b and
¢ oxide ions O?~ are removed from and sup-
plied to the catalyst, respectively, at a rate
I/2F. Thus in case b there is a removal of
3.4 x 1077 g-atom O every 10 min, while in
case ¢ there is a supply of 1.2 x 1076 g-atom
O every 10 min. In case ¢ this amount of
oxygen is comparable with the reactive oxy-
gen catalyst uptake, thus complicating data
interpretation and allowing only for qualita-
tive conclusions to be drawn. Ideally it
would be desirable to carry out the experi-
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ments with a vanishingly small I, cata-
lyst-YSZ interface, thus allowing catalyst
polarization with extremely small I values
and rendering the amount of electrochemi-
cally supplied or removed oxygen negligible
in comparison with the reactive oxygen cat-
alyst uptake. This cannot be performed
practically for two reasons. First, the
Ag-YSZ interfaces generally possess rela-
tively high I, values even with the high cata-
lyst sintering temperatures employed in this
study (2, 48). Second, if an exceedingly
small I, value could be achieved (e.g., 0.1
1A) so that a current of 1 uA could suffi-
ciently polarize the Ag-YSZ interface, then
the ion spillover time (/-17) 7 = 2FNg yax/
I would be of the order of hours for Ny
~ 1.5 x 107% g-atom O as in the present
study; therefore, no polarization would oc-
cur during the time scale of the adsorp-
tion—desorption experiments (typically on
the order of a few minutes). Consequently
the I, = 140 pA value of the Ag-YSZ inter-
face used in this study provided a reasonable
compromise between these two opposing
factors. It is worth pointing out that the
same type of problems would be encoun-
tered if TPD rather than IST had been used
in the present study. Fortunately, as shown
under Results, negative current application
(case b, i.e., O*~ removal from the catalyst)
leads to very substantial increases in the
amount of chemisorbed oxygen, thus lead-
ing to unambiguous and quantitative conclu-
sions.

An alternative approach would have been
to use potentiostatic (constant Vyy and e®)
rather than galvanostatic (constant I) opera-
tion during the experiments. This could
lead, in principle, to establishing direct
quantitative correlations between adsorp-
tion—desorption constants and e®. How-
ever, such a potentiostatic operation leads
to very significant variations in / during the
experiments as Vi varies by almost 1 V
upon switching from O, to He and then to
C,H,. Such current variations can compli-
cate data interpretation and thus the galva-
nostatic mode of operation was chosen.
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FiG. 4. Typical response of catalyst potential, effluent oxygen partial pressure, and AMU 44 signal
(CO5 and C,H,0%) during isothermal titration of oxygen preadsorbed on a Ag catalyst film with C,H,.
T=435°C. (@)1 =0,(b) I = —110 pA, (c) I = 400 nA, (d) comparison of AMU 44 peaks for I = 0

and I = —110 pA.

RESULTS

General features. Figure 4a shows the re-
sults of a typical experiment of surface titra-
tion of oxygen by C,H, for I = 0. The Ag
catalyst is initially exposed to Py, =21 kPa
for a period 75, = 15 min. Then the reactor
is purged with ultrapure He for a period #,
= 180 s. Subsequently the reactor is purged
with C,H, while monitoring Vyz, AMU 16
for O, and AMU 44 for C,H,O and CO,. It

should be noted that in Fig. 4, as well as in
Fig. 5, the unavoidable high vacuum system
background at AMU 44 has not been sub-
tracted from the signal. This background
noise was suppressed during #,,. The exit
oxygen concentration was also monitored
using the electrochemical oxygen analyzer.

A first interesting feature is the appear-
ance of a sharp O, peak immediately after
C,H, introduction. This peak corresponds
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FiG. 5. Typical response of catalyst potential, AMU 44 signal (CO; and C,H,0*) and AMU 26 signal
(C,H3) during isothermal titration of ethylene preadsorbed on a Ag catalyst film with O,. T = 435°C.

@1 =0, 1= —110 pA, (c) I = 400 uA.

to oxygen displaced by C,H, on the Ag sur-
face and shows that oxygen and C,H, ad-
sorb, at least to some extent, competitively
on the surface.

A second important feature is the appear-
ance of two temporally distinct product
peaks at AMU 44. The first peak, labeled A,
appears 6 s after the oxygen displacement
peak, while the second peak, labeled B, ap-
pears typically 90 s after peak A.

For I = 0 (Fig. 4a) and I = —110 gA
(Fig. 4b) the appearance of peak B is always
accompanied by a trapezoidal peak in Viyy
toward more positive potentials. Such a
peak in Vg does not appear for I = 400 nA
(Fig. 4¢). The height of this trapezoidal Vg
peak, which for I = 0 appears for Vi val-
ues between — 550 and — 580 mV, increases
substantially with increasing oxygen expo-
sure time #o, . Thus the peak height increases



578

from 25 to 75 mV as f,, increases from 300
to 1800 s. The positive sign of this trapezoi-
dal Vg peak indicates an increase in cata-
lyst surface work function. This together
with the simultaneously appearing second
product peak shows that the peak is due
to subsurface oxygen (/9-23, 37) which is
forced to emerge on the surface and react
with C,H, when chemisorbed atomic oxy-
gen is depleted from the surface. Campbell
and Paffett (23) have shown already that
subsurface oxygen can indeed be removed
from Ag by using CO to produce CO, at
temperatures of 200 to 360°C. It can there-
fore be safely concluded that peak A is due
to the reaction of ethylene with the 8-state of
chemisorbed oxygen, i.e., atomic oxygen,
observed in TPD spectra (22), while peak B
corresponds to the y-state of oxygen, i.e.,
subsurface oxygen (22).

As shown in Fig. 4b, the overall behavior
is qualitatively similar for I = —110 uA,
except for the appearance of a very narrow
Vwr peak. The first product peak A is, how-
ever, now significantly larger than that for I
= 0 (Fig. 4d). This shows conclusively that
the amount of reactive chemisorbed atomic
oxygen N is significantly higher for I =
—110 pA, i.e., for Ae® < 0, than for I =
0. This is exactly what one expects for an
electron acceptor adsorbate, such as atomic
oxygen, upon decreasing substrate work
function, i.e., a strengthening in the chemi-
sorptive bond and a concomitant increase in
adsorbate coverage.

Both peak A and peak B are also present
for I = 400 pA, i.e., Aed > 0, as shown
in Fig. 4c. Data interpretation is now less
straightforward, since oxygen is in this case
continuously supplied to the catalyst as
0*. We thus do not attempt to draw any
quantitative conclusions and limit the com-
parisons between cases a and b. It is, how-
ever, interesting to note the insensitivity of
Vwr (and e®) to changes in gaseous compo-
sition (Fig. 4c). This seems to indicate that
oxygen is now only weakly adsorbed on the
surface, as one would expect for an electron
acceptor adsorbate on a high work function
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substrate. Consequently it appears that a
significant part of the A and B peaks is due
to electrochemically supplied oxygen.

Figure 5 shows typical results of surface
titration of ethylene by oxygen for I = 0,
— 110, and 400 nA, respectively. In all cases
there is an AMU 26 peak, corresponding
to C,H, displaced by oxygen upon oxygen
chemisorption and onre product peak at
AMU 44 which appears some 20 s after the
C,H, displacement peak.

The catalyst potential behavior depends
strongly on the applied current. Thus for I
= ( (Fig. 5a) the catalyst potential in the
presence of Py, = 11 kPais Vig = —700
mV. Upon purging with He, V§; increases,
first abruptly then gradually, to —250 mV.
It then reaches zero rapidly upon exposure
to O,. When I = —110 pA (Fig. 5b) the
catalyst potential Vygr(—1880 mV for
Pcy, = 11 kPa) is affected very little by
purging with He and quickly reaches —60
mV in presence of O,. When 7/ = 400 A the
catalyst potential is practically unaffected
during the titration (Fig. 5¢).

Effect of polarizing current on oxygen ad-
sorption. Figure 6 shows the effect of oxy-
gen exposure time to, on the amount Ny of
chemisorbed reactive atomic oxygen lead-
ing to the first product peak A. Thus the
figure shows essentially the kinetics of oxy-
gen adsorption leading to atomic oxygen,
ie.,

O4(g) — 20(a). ®

This would have been exactly the case if the
results had been extrapolated to t;, = 0.
Only a relatively minor distortion would
have been caused in this way and we have
chosen to present the raw data, i.e., Ny for
a fixed small value of ., rather than the
extrapolated values for fyy, = 0,1.€., Ng max -

As shown in Fig. 6, a negative current,
i.e., O*~ removal from the catalyst, causes
a sixfold increase in the amount of chemi-
sorbed reactive oxygen for f;, = 5 min and
a threefold increase for 1o, = 20 min. These
results show conclusively that the chemi-
sorptive properties of the Ag catalyst sur-
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F1G. 6. Effect of applied current on the kinetics of oxygen adsorption on Ag. The figure shows the
effect of the time ¢, of catalyst exposure to O, on the amount of adsorbed reactive oxygen leading to

the first product pCEzlk. T = 435°C; ty, = 4.5 min.

face change significantly during O?~ pump-
ing and, in fact, that lowering the catalyst
work function e®d causes at least a sixfold
increase in the rate of oxygen adsorption,
and thus in the sticking coefficient of oxy-
gen, and a near threefold increase in the
reactive oxygen uptake of the catalyst.

It is worth noting that the above differ-
ences become even more pronounced if one
attempts to take into account that atomic
oxygen is being continuously removed from
the catalyst at a rate of 3.4 x 1077 g-atom
O per 10 min for I = —110 pA.

The difference AVyy in catalyst potential
or equivalently in work function (Ae® =
eAVygp) between I = 0 and I = —110 nA
varies during each titration experiment due
to the galvanostatic operation. Upon com-
paring Figs. 4a and 4b one observes that
Ae®d varies typically between —0.1 eV
(upon exposure to O,) and —1.0 eV (upon
titration with C,H,).

One can apply the standard definition of
the enhancementfactor A, i.e., Eq. (4),tothe
case of oxygen adsorption, i.e., reaction (9),

Aw = Arg/(/2F), (10)

where Ar,4 is the observed increase in the
rate of oxygen adsorption. The latter can be

obtained from the slopes of Fig. 6. The A
values thus computed are of the order A,
~ —8. Both the sign and the magnitude of
A clearly show that the observed behavior
i1s non-Faradaic, i.e., cannot be attributed
to coverage effects.

Figure 7 shows the effect of 7, on the
amount N ¢, of subsurface oxygen leading
to the second product peak B. There is
only a very small decrease in N, for 1
—110 uA vs I 0 and this small
difference can be accounted for, almost
quantitatively, by the rate I/2F of O~
removal from the catalyst for I = —110
uA (Fig. 7). As shown in Fig. 8, Ng
varies linearly r5”. A similar observation
has been reported by Haul and Neubauer
(29). This also provides strong evidence
that peak B is indeed due to subsurface
oxygen and that the rate of subsurface
oxygen formation is limited by the diffusion
of atomic oxygen in the Ag lattice, as
further analyzed under Discussion.

Effect of polarizing current on oxygen de-
sorption. Figure 9 shows the effect of oxy-
gen desorption time fy, on the amount of
chemisorbed reactive oxygen N leading to
the first product peak A. Thus Fig. 9 essen-
tially depicts the kinetics of the atomic oxy-
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FiG. 7. Effect of applied current on the kinetics of oxygen adsorption on Ag. The figure shows the
effect of the time 15_of catalyst exposure to O, on the amount of adsorbed reactive oxygen leading to
the second product peak (subsurface oxygen); T = 435°C; ty, = 4.5 min.

gen desorption reaction:

2 O(a) — O,(g). (1

As shown in the figure, the desorption data
can be adequately described by a pseudo-

first-order rate expression, in agreement
with previous studies on similar Ag films
(49, 50), although a second-order desorption
rate expression, which is suggested by many
TPD results (19, 22), could also provide a
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FiG. 8. Dependence of the amount of subsurface oxygen leading to second product peak on t{,/zz.

T = 435°C, ty, = 4.5 min.
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F1G. 9. Effect of applied current on the kinetics of
oxygen desorption from Ag. The figure shows the effect
of the time of catalyst exposure to ultrapure He on the
amount of adsorbed reactive oxygen leading to the first
product peak T = 435°C; 15 = 15 min.

reasonable fit. Using the N .., value for I
= 0 and assuming a 1:2 atomic O to Ag
adsorption stoichiometry (/9), one com-
putes A = 0.13 m? for the surface area of

the Ag film.
The main observation is that decreasing
catalyst work function e® (I = —110 nA)

causes a significant, i.e., twofold, increase
in the maximum reactive oxygen uptake
No max and a fivefold decrease in the first-
order desorption rate constant k4. Thus for
I=0,Ngm = 1.6 x 107¢g-atom O, k,; =
1.1 x 1073 s7!, while for 7 = —110 uA,
No max 29 x 1078 g-atom O, k; =
0.22 x 107*s~!. Both the increase in N .
and the decrease in kg indicate a significant
strengthening of the silver—atomic oxygen
chemisorptive bond.

Applying again the standard definition of
A to the oxygen desorption reaction (11),
ie.,

Ay = ArU12F), (12)

where Ar, is the observed increase (<0) in
the rate of oxygen desorption upon current
imposition, one can use Fig. 7 to compute
A4 values of the order of 9.

Similar to the case of oxygen adsorption
kinetics, the polarizing current was found to
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have a negligible effect on N, for fixed
ty.. Interestingly, N was found to in-
crease slowly with increasing #y, (48). This
is due to the finite level of oxygen impurity
in the cell reactor during He purging, which
is of the order of 10 ppm as computed from
the open-circuit cell potential V§,z via the
Nernst equation,

wr = (RT/4F)In(Py,/0.21),  (13)

where Py, is the oxygen impurity partial
pressure and 0.21 is the oxygen partial pres-
sure on the air reference side of the solid
electrolyte cell. Equation (13) is valid to the
extent that no catalytic reaction is taking
place on the catalyst (2, 49, 50), which is
certainly the case during He purging. There-
fore subsurface oxygen could only be re-
moved by catalyst exposure to C,H, to form
peak B.

Adsorption and desorption of ethylene.
Polarizing current was found to have only a
very small effect on the kinetics of ethylene
adsorption and desorption (48). Both 7 > 0
and 7 < 0 appear to cause a small (<30%)
enhancement in the adsorption kinetics (48)
but the effect is almost negligible in compari-
son with the case of oxygen (Figs. 6 and 9).

DISCUSSION

The present work shows conclusively that
the chemisorptive properties of Ag are sig-
nificantly and reversibly affected upon po-
larizing the Ag-solid electrolyte interface.
The main result is that decreasing the cata-
lyst e® by a few hundred millivolts (/I =
—110 nA) causes

1. A more than sixfold increase in the
sticking coefficient or rate of atomic oxygen
adsorption (Fig. 6).

2. A more than fivefold decrease in the
rate of atomic oxygen desorption (Fig. 9).

3. A twofold increase in the equilibrium
atomic oxygen catalyst uptake (Fig. 9).

An additional result is that the amount of
subsurface oxygen varies linearly with the
square root of the time of catalyst exposure
to O,, 1822 (Fig. 8), as already reported by
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Haul and co-workers (29), and that this
amount is not affected significantly by the
changing catalyst work function.

The above observations strongly corrobo-
rate the validity of the proposed interpreta-
tion of the NEMCA effect (I-17) by estab-
lishing that decreasing catalyst work
function, via polarization of the metal-solid
electrolyte interface, strengthens signifi-
cantly the chemisorptive bond of atomic ox-
ygen on Ag. These observations are also in
good qualitative agreement with the litera-
ture, with respect to both the main types of
oxygen present on and below Ag surfaces
at elevated temperatures and the effect of
electropositive promoters, causing a de-
crease in catalyst work function on the bind-
ing state of atomic oxygen on supported Ag
catalysts (35), as discussed below.

Previous studies of the adsorption of oxy-
gen on Ag (19—40) and in particular the use
of TPD (19, 22, 29), isotope exchange (19,
22), and XPS (22, 23, 31, 32) have clearly
established the existence of three main
types of oxygen, namely molecular, atomic,
and subsurface oxygen.

Molecular oxygen, usually described as
a-state oxygen in TPD spectra (22), has
been shown by Lambert and co-workers to
be a spectator species, not directly involved
in ethylene epoxidation. This is also sup-
ported by a recent in situ SERS study (46).
The amount of molecular oxygen increases
with increasing subsurface oxygen (/9) and
with increased dosing of alkali promoters
(33). Its desorption temperature has been a
matter of debate but is certainly lower than
210°C (19). Its low desorption temperature
and low reactivity with C,H, explain why
no product peak corresponding to molecular
oxygen was observed in the present study.

Atomic oxygen, i.e., B-state oxygen in
TPD spectra (22), is currently believed to
be responsible for both the epoxidation
and the complete oxidation of C,H, (19,
34). Its TPD peak is usually centered near
350°C (19) and it rapidly exchanges with
subsurface oxygen (/9). It is clearly the
type of oxygen giving rise to the first
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product peak A in the present experiments
(Fig. 4).

It has been shown both by Dean and
Bowker (35) and by Kitson and Lambert
(33) that alkali promoters, causing a work
function decrease Ae® up to —2 eV, also
result in a significant strengthening in the
bonding of atomic oxygen (33, 35). Dean
and Bowker (35) have found a 300-fold in-
crease in the sticking coefficient, which is
typically 10751073, and a 20-70K increase
in the peak desorption temperature. These
observations are in good qualitative agree-
ment with the present work and are to be ex-
pected for an electron-acceptor adsorbate,
such as atomic oxygen, when the substrate
work function decreases (2). It is worth not-
ing that the addition of Cl, which increases
e®, has been shown not only to block atomic
oxygen sites (19-21) but also to weaken the
atomic oxygen—-Ag bond (32, 36).

Subsurface oxygen, i.e., y-state oxygen in
TPD spectra (22), has been shown to affect
significantly the chemisorptive properties of
Ag surfaces (19). Its presence is a necessary
condition for obtaining high selectivity dur-
ing ethylene epoxidation. It gives a broad
TPD peak centered near 600°C (22), rapidly
exchanges with atomic oxygen, and can be
cleaned off by reaction with CO (23) or with
C,H, as shown in this work. The observa-
tion that the changing work function e® has
practically no effect on the amount of sub-
surface oxygen (Figs. 7 and 8) is quite rea-
sonable. Figure 8 strongly suggests that, as
previously proposed (29), the rate of subsur-
face oxygen formation is controlled by bulk
diffusion of oxygen originating from the gas
phase while electrochemical formation of
subsurface oxygen, which is limited to I/
2F, is negligible under the conditions of the
present experiments (Fig. 7). Thus no equi-
librium or even steady state is attained for
subsurface oxygen during these experi-
ments and Ng ., is determined by the gas-
eous oxygen pressure during /o, and by the
bulk diffusivity of oxygen in Ag. The latter
should clearly be unaffected by changing the
catalyst potential and work function.
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It is interesting to note that material scien-
tists have studied for years the dissolution of
oxygen in solid Ag utilizing Y,05-stabilized-
ZrO, galvanic cells (45). Thus both the solu-
bility and the diffusivity of oxygen in Ag
have been measured as a function of temper-
ature between 750 and 950°C (45). It is not
clear if the “‘dissolved’” oxygen of material
scientists (45) is the same oxygen species as
the subsurface oxygen of surface scientists
(19). In any case it is very likely that slow
variations in the amount of subsurface or
dissolved oxygen during catalyst operation
cause the well-known ‘‘sluggish’ transient
response of the rates of ethylene epoxida-
tion and oxidation to CO, upon imposition
of step changes in gaseous composition and
also affect, to some extent, the observed
kinetics of oxygen adsorption and desorp-
tion on Ag (26, 27, 49, 50).

The observation that changing catalyst
work function has only a small effect on
the adsorption and desorption of ethylene
seems to imply that the chemisorptive bond
of ethylene is weak and not very polar, as
in addition to the donation of electrons from
filled = bonding orbitals to the metal there
is a finite backdonation to unoccupied #*
levels. The fact that the bond is not very
polar is also shown by the relatively smali
(<—0.35 eV) change in the work function
of Ag caused by ethylene adsorption (41).

Little is known about the exact nature
and coverage of the spillover oxide species
supplied to and removed from the catalyst
surface upon electrochemical supply and re-
moval of O?~ to and from the catalyst, re-
spectively. Arakawa et al. (51, 52) have
used in situ XPS to investigate Ag electrodes
subject to electrochemical O?~ pumping
through a stabilized ZrO, disc and showed
the appearance of an O 1s signal correspond-
ing to ionically bonded oxygen during O?~
pumping. It is very likely that this signal
corresponds to the spillover oxygen species
causing NEMCA (2). A detailed in situ spec-
troscopic investigation of catalyst surfaces
subject to NEMCA conditions could further
elucidate this point.

583

SUMMARY

The chemisorptive properties of Ag for
atomic oxygen can be markedly affected via
NEMCA. Decreasing catalyst work func-
tion causes a sixfold increase in the rate of
atomic oxygen adsorption, a fivefold de-
crease in its rate of desorption, and a two-
fold increase in its equilibrium coverage.
The effect is qualitatively similar to that of
alkali promoters and underlines the fact that
solid electrolytes can be used as active cata-
lyst supports to influence the chemisorptive
and catalytic properties of metals in a pro-
nounced, reversible, and, to some extent,
predictable manner. Current work is focus-
ing on the systematic study of the effect
of NEMCA on the selectivity of ethylene
epoxidation.

APPENDIX: WORK FUNCTION, FERMI
LEVEL, AND NEMCA

The purpose of this Appendix is to ana-
lyze whether NEMCA can be discussed in
terms of changes in catalyst Fermi level Fy,
as suggested by one of our reviewers, in-
stead of changes in the catalyst surface work
function e® (P is the extraction potential
(2)), as done in this and previous NEMCA
studies (I-17).

The central finding of these studies (1-17)
is that over wide ranges of average catalyst
surface work function e® (typically 0.3-1.0
eV), catalytic rates r depend exponentially
on e® and catalytic activation energies E
vary linearly with ¢®,

In(r/r,) = ae(® — &*)/k,T
E=E° + ayy(® — ¥),

(AD)
(A2)

where a, ®*, E°, and ay are reaction- and
catalyst-specific constants. Equation (Al)
has been found to be satisfied in over 20
catalytic reactions (/-17). The activation
energy dependence on ¢® has been studied
so far for only 6 of these reactions (7, 2) but
in all cases excellent agreement with (A2)
has been observed.

Equations (A1) and (A2) have been ex-
tracted using NEMCA by interfacing a po-
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rous metal catalyst film with a solid electro-
lyte (YSZ, an O?~ conductor or 8"-Al,0;, a
Na* conductor) and by using a potentiostat
to vary the ohmic-drop-free potential Vyy
of the catalyst (W, for ‘“working’’ electrode)
with respect to a reference (R) electrode. It
has been shown both theoretically (2, 5, 6)
and experimentally by means of a Kelvin
probe (I, 10, 11) that

where e® is the (average) work function of
the gas-exposed (i.e., catalytically active)
catalyst film surface. The derivation of Eq.
(A3) has been presented in detail elsewhere
(2, 5). There are two points deserving some
emphasis here. First, for the gas-exposed
(i.e., catalytically active) catalyst surface
the average outer (or Volta) potential ¥ is
zero, 1.e., the catalytically active surface
carries no net charge under NEMCA condi-
tions. Due to simple electrostatic considera-
tions (2, 5), all the extra charge on the cata-
lyst film must remain localized at the
metal-solid electrolyte interface. This is the
key step in deriving theoretically the experi-
mentally extracted (/, 10, 11) Eq. (A3). Sec-
ond, physically, the change in work function
Ae® upon changing the ohmic-drop-free
catalyst potential by AVyy is due to the spill-
over of ions from (or to) the solid electrolyte
to (or from) the catalyst surface. These spill-
over ions (together with their compensating
charge in the metal, thus forming spillover
dipoles) spread onto the catalyst surface
changing its work function by Ae® =
e¢AVyy and its chemisorptive and catalytic
properties according to Eqs. (A1) and (A2).

Although Eqgs. (A1) and (A2) have been
extracted using NEMCA, i.e., by utilizing
the ability of solid electrolytes to act as con-
venient and reversible promoter ion donors,
there is no reason to expect that the validity
of Eqs. (A1) and (A2) is limited to metal
films interfaced with solid electrolytes. For
example, the work of Surnev (53) has shown
that the sticking coefficient of oxygen on
alkali-doped Ge increases exponentially
with the alkali-induced work function
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change regardless of alkali type. Thus the
results of Surnev (53) obtained without us-
ing any solid electrolyte, conform to Eq.
(Al). Comparative NEMCA studies of C,H,
oxidation on Pt using different types of solid
electrolytes and promoting ions have also
shown very good agreement with Eq. (A1),
although the « coefficients were found to
differ by up to a factor of two from one type
of promoting ion to another (2, 5, 10). We
also provide a second example showing the
broader range of validity of Egs. (Al) and
(A2): The average initial dipole moment of
Na introduced on polycrystaliine Pt catalyst
films under NEMCA conditions (J0, /1) was
foundtobe 2.15 x 107 C-mor6.5D, i.c.,
almost identical to the value measured for
Na on a clean Pt(111) surface (54, 55),
where Na had been introduced from the
gas phase via a standard metal dispenser
source. Thus the origin of Na plays no role
on its final state on the Pt surface and,
therefore, on the catalytic changes it in-
duces. Consequently, since Eq. (Al) was
obeyed for C,H, oxidation on Pt upon
using B"-Al,0; as the Na source (2, 10), it
follows that Eq. (A1) would also be obeyed
if a metal dispenser source had been used
to supply Na on a Pt catalyst sample not
interfaced with a solid electrolyte, as in the
work of Surnev (53). The solid electrolyte
provides the additional convenience of
controlled, reversible, and in some cases
unique (e.g., oxygen spillover species in
the YSZ case) introduction of measurable
(via Faraday’s law (2, 10, /1)) amounts of
dopant on catalyst surfaces.

It therefore appears that Eqs. (Al) and
(A2) are not limited to the case where the
metal catalyst is interfaced with a solid elec-
trolyte (NEMCA conditions), but may de-
scribe, at least for several classes of cata-
lytic systems, the effect of promoters on
catalytic activity in terms of the promoter-
induced work function change.

One can then analyze the extent to which
itis possible to use changes in catalyst Fermi
level Ey, instead of changes in catalyst sur-
face work function e®, to describe the in-
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duced changes in catalytic rate [Eq. (Al)]
and activation energy [Eq. (A2)].

The Fermilevel of a metal is identical with
the electrochemical potential of electrons
& in the metal (56), i.e.,

Ep = u. (A4)

The latter is linearly related to the work
function e® via (55-61)

—H=ed + eV, (AS)

The work function is the work required to
bring an electron from the Fermi level of the
metal to a point outside the metal surface,
where the image forces are negligible, typi-
cally 10~ to 10~ cm outside the metal sur-
face (55, 57). The Volta (or outer) potential
¥ at this point is defined so that e¥ is the
energy required to bring the electron from
that point to an ‘‘infinite’’ distance from the
metal surface at its ground state (57, 60-62).
It is worth emphasizing that w is a spatially
uniform property in the metal sample but
e® and ¥ (which are both accessible to ex-
perimental measurement) are not, in gen-
eral, spatially uniform over the metal sample
surface. Different crystallographic planes
are well known to have different e® and ¢W¥
values and thus nontrivial variations in ¢®
and eV are to be expected on the surface of
polycrystalline samples (55, 57-59). 1t is,
however, important to note that the sum
of e® and ¢V is, in view of Eq. (AJ), spa-
tially uniform. As shown in detail elsewhere
Eq. (Al) and (A2) apply to the, appropri-
ately defined, average catalyst surface e®
and eV (2).

For the gas-exposed (i.e., catalytically ac-
tive) surface of metal films interfaced with
solid electrolytes, ¥ = 0; thus Eq. (AS)
reduces to —u = e®d. Consequently for
metal films interfaced with solid electrolytes
and subject to NEMCA conditions one can
rewrite Egs. (Al) and (A2) in the form

In(r/r,)) = —aln — w*)/k,T (A6)
E=E° —ay(p—pu*). (A7)
Equations (A6) and (A7) are equivalent
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to Egs. (A1) and (A2) provided ¥ = 0, a
condition which is certainly met for the gas-
exposed surfaces of catalyst films interfaced
with solid electrolytes as in NEMCA experi-
ments.

However, contrary to Eqs. (A1) and (A2),
Egs. (A6) and (A7) are not valid for the more
general case of an arbitrary metal catalyst
sample. To illustrate this we provide two
examples.

First consider an unsupported and ini-
tially uncharged metal (e.g., Pt) catalyst
sphere of radius R. As shown by Eq. (A5)
there are, conceptually and experimentally,
two different ways to change the electro-
chemical potential w of electrons in the
sphere by, say, 1 eV. One involves changing
e®, e.g., decreasing e® by 1 eV, via dipole
formation on its surface (e.g., by adsorbing
Na at a coverage of the order of 6y, ~ 0.05
t00.1 (0, 11,55)). The other involves chan-
ging eV by 1 eV, i.e., by introducing on
the sphere a net charge g so that the outer
potential ¥ changes by AV = —1 V. In this
case it follows from elementary electrostat-
ics that the surface charge coverage 6, de-
fined from

PR C L))
¢ N,-4mwR¥’

where N, is the surface concentration of
metal atoms (~10" atoms/m?) and e = 1.6
x 1071 C, will equal
g, AY

b = eN.R’ (A9)
where g, = 8.85 x 1072 C*J/m. Thus for
a sphere of radius 1 mm or 1 um, the surface
coverage 0. equals 5.5 x 10~%or 5.5 x 1079,
respectively.

It is therefore obvious that in the former
case (u change due to Na adsorption 6, ~
0.05 to 0.1) the catalytic properties of the
sphere will change significantly, in accor-
dance with Eqs. (Al) and (A2) as in
NEMCA studies (/-17), while in the latter
case (u change due to charging) nothing will
happen to the catalytic properties of the
sphere, since 8. is practically zero.

(A8)
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As a second example consider that in the
experimental setup used in this and in previ-
ous NEMCA studies the solid electrolyte is
replaced, conceptually, by vacuum or by a
perfect insulator and that a potentiostat is
used to charge the catalyst film by 1 V. In
this case there will be no spillover species
and g will change by 1 eV, but since e¥, and
not e®, will change by 1 eV, there will be no
effect on catalytic rate. Stated differently,
simple charging of a metal sample does not
induce NEMCA. Charge effects can, of
course, become important when the field
strength on the catalyst surface is of the order
of 10" V/m (63). Such field strengths are also
well known to change e® (55).

In summary, replacement of Eqgs. (Al)
and (A2) by Eqs. (A6) and (A7) is, in general,
not valid. It is the work function change and
not the Fermi level change which can be
related to changes in catalytic activity.

We make a final note on Eqgs. (Al) and
(A2). It has been argued that they support
the importance of ‘‘long-range’’ electronic
effects in promotion and catalysis (I, 18).
The extent to which this may be valid has
been discussed elsewhere (2). It is, how-
ever, worth pointing out that equations
which are formally very similar to Egs. (Al)
and (A2) (with e® replaced by the metal
potential V, e.g., the Butler—Volmer Equa-
tion (2, 62)) have been well known for many
years to describe the dependence of electro-
catalytic rates and activation energies on V,
without taking this to necessarily imply that
only long-range electronic effects are im-
portant in electrocatalysis. It is very likely
that Egs. (A1) and (A2) simply underline
that nearly every bond broken or formed in
the rate-limiting step of a catalytic reaction
has a certain ionic character.
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