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The effect of non-Faradaic electrochemical modification of cata-
lytic activity (NEMCA), or in situ controlled promotion was in-
vestigated during ethylene epoxidation on Ag films deposited on
yttria-stabilized zirconia at temperatures from 240 to 300◦C and
500 kPa total pressure in the presence of chlorinated hydrocarbon
moderators. It was found that the rates of epoxidation and com-
plex oxidation change by a factor of 230 as the catalyst potential
and work function are varied by 0.6 V and 0.6 eV, respectively. The
change in the total reaction rate is typically a factor of 100 higher
than the rate I/2F of electrochemical supply or removal of promoting
oxide ions. The selectivity to ethylene oxide can be varied between 0
and 78% by varying the catalyst potential and dichloroethane par-
tial pressure. At low catalyst potentials acetaldehyde becomes the
main product with a selectivity up to 55%. The observed behavior is
discussed on the basis of previous NEMCA studies and of the pre-
vailing ideas about the mechanism of ethylene epoxidation. c© 1996

Academic Press, Inc.

INTRODUCTION

Due to its industrial importance the ethylene epoxidation
on silver is one of the most thoroughly studied catalytic
systems (1–4). Work prior to 1987 has been reviewed by
van Santen and Kuipers (4).

It is now firmly established that atomically chemisorbed
oxygen is responsible for both the epoxidation and the
complete oxidation reactions (4–10). Molecularly adsorbed
oxygen has been shown by Lambert and co-workers to be-
have as a spectator species (5, 6). The product selectivity is
governed by the binding state of atomic oxygen (4). Weakly
bonded, electrophilic, atomic oxygen reacts preferentially
with the double bond of adsorbed ethylene producing epox-
ide (4, 5, 11–13). Strongly bonded, bridging atomic oxygen
coordinated to Ag atoms of low charge reacts preferentially
with the hydrogen atoms of adsorbed ethylene, leading to
CO2 formation (4, 5, 11–13). The presence of subsurface
oxygen (14–18) favors the formation of weakly adsorbed
oxygen, thus increasing the selectivity to ethylene oxide
(4, 18).

The effect of non-Faradaic electrochemical modification
of catalytic activity (NEMCA) (19, 20), or electrochemi-
cal promotion (21), or in situ controlled promotion (22) has
been described for over 30 catalytic reactions on Ag, Pt, Pd,
Rh, IrO2, Ni, and Au surfaces using O2−, F−, Na+, and H+

conducting solid electrolytes and more recently on aque-
ous KOH solutions (22–40). The importance of NEMCA
in heterogeneous catalysis and electrochemistry has been
discussed by Pritchard (21) and Bockris (41).

The porous catalyst film is deposited on a solid elec-
trolyte such as yttria (8 mol%) stabilized zirconia (YSZ),
an O2− conductor, and also acts as an electrode in the
following cell: gaseous reactants, catalyst |ZrO2(Y2O3)|
counter electrode, air.

By externally applying currents or potentials between
the catalyst and the counter electrode, ions (Oδ−, Naδ+, F−,
or H+ depending on the solid electrolyte) migrate (back-
spillover) onto the catalyst surface, as recently confirmed
by in situ XPS (42). These backspillover ions act as pro-
moters. The increase in the rate of the catalytic reaction is
up to 100 times larger than the open-circuit (unpromoted)
catalytic rate (37) and up to 3 × 105 times larger than the
rate of ion supply (23). The effect is quite reversible and
does not appear to be restricted to any type of reaction,
metal catalyst, or solid electrolyte. The NEMCA literature
and theory have been reviewed recently (22, 43–45).

The enhancement factor or Faradaic efficiency 3 is de-
fined from

3 = 1r/(I /2F), [1]

where 1r is the change in the catalytic reaction rate (ex-
pressed in mol O), I is the applied current (defined posi-
tive when anions are supplied to the catalyst), and F is the
Faraday constant. A reaction exhibits the NEMCA effect
when |3|> 1. When 3> 1 the reaction is termed electro-
phobic (22, 24) and when 3<−1 the reaction is termed
electrophilic (22, 24). As shown both theoretically (22, 23)
and experimentally (22–27) the order of magnitude of |3|
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can be estimated for any catalytic reaction from

|3| ≈ 2Fro/I0, [2]

where ro is the open-circuit (unpromoted) catalytic rate and
I0 is the exchange current (22, 46) of the catalyst–solid elec-
trolyte interface. This parameter is measured from standard
current–overpotential (Tafel) plots. Faradaic efficiency 3
values between −104 and +3 × 105 have been measured
(22–40, 43–45).

The rate enhancement ratio ρ is defined from

ρ = r/ro, [3]

where r is the NEMCA induced, i.e., promoted, catalytic
rate; ρ values up to 100 (37, 43–45) and down to 0.5 (22, 43–
45) have been measured using O2− conducting solid elec-
trolytes. Very recently Lambert and Harkness obtained ρ
values approaching “infinity” during NO reduction by C2H4

on Pt/β ′′–Al2O3 (a Na+ conductor) as the open-circuit, i.e.,
unpromoted, rate was practically nil (38). At the other
extreme Cavalca and Haller (39) obtained ρ values ap-
proaching zero for benzene hydrogenation on Pt/β ′′–Al2O3.
Sodium coverages of less than 0.1 were found to completely
poison the rate.

The promotion index Pi is defined from

Pi = 1r/ro

1θi
, [4]

where θ i is the coverage of the promoting surface species on
the catalyst metal M (e.g., Oδ−–Mδ+, Naδ+–Mδ−); Pi values
up to 250 and down to −50 have been measured (22–40,
43–45).

The Ag-catalyzed ethylene expoxidation is the first reac-
tion for which a non-Faradic rate enhancement was found
and 3 values up to 300 were measured (47, 48). Subse-
quent detailed atmospheric pressure investigations utiliz-
ing a third (reference) electrode (26) confirmed that both
ethylene epoxidation and complete oxidation are predom-
inantly electrophobic reactions and that the selectivity to
ethylene oxide can only be moderately improved over
the open-circuit (unpromoted) value. These previous stud-
ies (26, 47, 48) were limited to atmospheric pressure and
high temperatures (T> 350◦C) so that the selectivity was
below 52%.

The present study, as well as a parallel NEMCA study of
ethylene epoxidation on Ag/β ′′–Al2O3 (49), aimed at selec-
tivity maximization by mimicking the industrial operating
conditions (1–4, 50), i.e., by employing

(a) low operating temperatures (240 to 300◦C),
(b) high operating pressure (500 kPa),
(c) gas-phase addition of chlorinated hydrocarbon mod-

erators.

The NEMCA investigation of the present system gave
ethylene oxide selectivities up to 78% for mildly negative
catalyst potential (−0.16 V) and, surprisingly, acetaldehyde
selectivities up to 55% for lower (−0.6 V) catalyst poten-
tials. The parallel study on Ag/β ′′–Al2O3 gave ethylene ox-
ide selectivities up to 88% (49).

EXPERIMENTAL

The apparatus utilizing on-line gas chromatography, mass
spectrometry, and IR spectroscopy has been described pre-
viously (22–26).

Reactants were Messer Griesheim and L’ Air Liquide
certified standards of C2H4 in He, O2 in He, and 1,2-
dichloroethane in He (30 ppm). They could be further di-
luted in ultrapure (99.999%) He (L’ Air Liquide).

The gas chromatographic analysis was carried out using a
Shimadzu 14A gas chromatograph with a TC and an FI de-
tector and a Perkin-Elmer LCI-100 computing integrator.
A Porapak N packed column (80/100, 8′ × 1/8′′) was used
to separate O2, CO2, and C2H4 at 70◦C, as well as C2H4O,
CH3CHO, and H2O at 150◦C. The O2 concentration was
also measured using a Molecular Sieve 5A packed column
(80/100, 8× 1/8′′) at 70◦C and was continuously monitored
in the exit stream by means of a Teledyne 326 RA oxygen
electrochemical analyzer. The concentration of CO2 in the
product stream was also monitored using on-line IR spec-
troscopy (Foxboro 973 Miran analyzer). The carbon mass
balance closure in all runs was better than 2%. No coking
of the catalyst was detected. The only detectable products
were CO2, C2H4O, H2O, and CH3CHO. The inlet concentra-
tion of 1,2-C2H4Cl2 in the gas phase was computed by mea-
suring the individual flow rate of each certified gas mixture
supplied to the reactor. Care was taken so that the pressure
just before the mixing point was the same for each individ-
ual gas stream, in order to avoid any mistakes in the calcula-
tion of the 1,2-C2H4Cl2 concentration. A Balzers QMG 311
mass spectrometer was also used to follow rate transients.

The YSZ continuous flow reactor shown in Fig. 1 has been
described previously (22–26). It has a volume of 30 cm3

and has been shown to behave as a CSTR in the flow rate
range of the present investigation, i.e., 20–40 (cm3 STP/min)
(51, 52). Previous NEMCA studies in this type of reactor
have been limited to atmospheric pressure operation (26,
47, 48). In the present study the reactor was operated as
a continuous flow reactor (CSTR) at 500 kPa (∼5 atm).
The conversion of ethylene was kept below 5% both under
open-circuit and closed-circuit conditions, i.e., the reactor
was operated as a differential one. The rate of ethylene
oxide oxidation was thus kept to negligible levels (51, 52).

The porous Ag catalyst film was deposited on the inside
bottom wall of the YSZ tube by application of a thin coating
of Ag paste (silver solution in butyl acetate, GC Electronics
silver print 22-201), followed by drying at 60◦C and calcin-
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FIG. 1. Zirconia catalytic reactor, (a) Schematic of the reactor, (b)
Catalyst and auxiliary electrode configuration.

ing in air by first raising the temperature at a rate 5◦C/min
to 400◦C, maintaining it at 400◦C for 2 h and then raising it
at a rate 5◦C/min to 700◦C and maintaining it at 700◦C for
2 h. Porous Ag catalyst films deposited in this mode have
thickness on the order of 5–10 µm and have been shown by
AES (53) to contain no detectable metal impurities. Typi-
cal scanning electron micrographs of such films have been
shown previously (22, 26).

Three silver catalyst films were studied in the present
investigation and all showed the same qualitative kinetic
behavior. Their surface area, expressed in surface mol of
O (Table 1) was determined by measuring their reactive
oxygen uptake at 400◦C via titration with ethylene as de-
scribed previously (22, 28, 53, 54). In this isothermal method
the Ag catalyst film is first exposed to air at 400◦C for a time
tO2 (10–15 min) and the reactor is then purged with a high
flow (∼400 cm3 STP/min) of ultrapure He for a time tHe

sufficiently long (>50 s) to remove gaseous oxygen (54).
Subsequently a certified standard of C2H4 in He is supplied
at the same flow rate and the product CO2 peak detected by
the IR analyzer is integrated to provide the amount of oxy-
gen nO (tHe) present on the catalyst surface at tHe. A second
peak provides a measure of the subsurface oxygen (54). By
varying tHe one can study the kinetics of oxygen desorption
(54). By extrapolating nO (tHe) to tHe= 0 one obtains the
maximum reactive oxygen uptake N (Table 1). The error
introduced due to the parallel formation of ethylene oxide
can be corrected (54) but is small (<5%) due to the low
(<30%) selectivity to ethylene oxide at 400◦C and the low

TABLE 1

Catalyst Reactive oxygen uptake of
film catalyst film (N/mol O)

ZR1 6.0× 10−6

ZR2 1.6× 10−5

ZR3 2.5× 10−6

(1 to 6) ratio of oxygen atoms needed for epoxidation and
complete oxidation, respectively.

Silver counter and reference electrodes were deposited
by the same procedure on the air-exposed side of the bottom
of the YSZ tube. A HEKA PG 284 galvanostat–potentiostat
was used to apply constant currents I between the cata-
lyst and the counter electrode (galvanostatic operation) or
constant potentials VWR between the catalyst (W, working
electrode) and the reference (R) electrode (potentiostatic
operation), as described in detail elsewhere (26).

RESULTS

Transients. Figures 2a and 2b show typical galvanostatic
transients, i.e., they depict the response of the rates of ethy-
lene oxide and CO2 formation (expressed in mol C2H4/s)
and of the catalyst potential VWR to a step change in applied
positive current I which corresponds to a rate I/2F of O2−

supply to the catalyst.
Figure 2a was obtained with the Ag catalyst film la-

beled ZR1 (Table 1, reactive oxygen catalyst uptake N =
6.0 × 10−6 mol O). At the start of the experiment the
circuit is open (I= 0) and the rates of epoxidation and
deep oxidation are ro,C2H4O= 9.3 × 10−10 mol C2H4/s and
ro,CO2 = 6.0 × 10−10 mol C2H4/s, respectively. The corre-
sponding selectivity to ethylene oxide is thus So= 60%.

At t= 0 the galvanostat is used to apply a constant current
I= 100 µA between the counter electrode and the catalyst
with a concomitant rate of oxygen transfer to the catalyst
I/2F= 5.2× 10−10 mol O/s. Both catalytic rates rC2H4O and
rCO2 start increasing and within 80 min stabilize to their
new steady-state values which are 32.7× 10−10 and 30.0×
10−10 mol C2H4/s for the epoxidation and deep oxidation
reaction, respectively, i.e., 250 and 400% higher than their
open circuit values. The selectivity to epoxide drops to 52%.
The corresponding increase 1rO in the total rate of atomic
oxygen consumption (1rO=1rC2H4O + 61rCO2 ) is 16.7 ×
10−9 mol O/s. This is 32 times larger than I/2F, i.e., 3= 32
and thus the system exhibits NEMCA behavior. Each O2−

supplied to the catalyst causes, on the average, 32 additional
chemisorbed oxygen atoms to react.

As shown on the same figure the rate transients are
accompanied by a transient in catalyst potential from
Vo

WR=−200 mV for I= 0 to 150 mV for I= 100 µA. The
observed changes in catalytic rates and VWR are quite re-
versible. Upon current interruption rC2H4O, rCO2 , and VWR

tend to relax to their open circuit values. The VWR transient
is much faster than the rate transients for this system as
also observed in earlier work (26). The origin of this type
of behavior has been discussed recently (22, 26).

Similar transient behavior is observed in the case of cata-
lyst film ZR2 (N= 1.6×10−5) upon imposition of a positive
current I = 50 µA (Fig. 2b). In this case the steady-state
rate increases for the epoxidation and deep oxidation are



                 

NON-FARADAIC ELECTROCHEMICAL MODIFICATION OF CATALYTIC ACTIVITY 193

FIG. 2. Rate and catalyst potential response to step changes in applied positive current; (a) catalyst ZR1, I= + 100 µA; (b) catalyst ZR2,
I= + 50 µA. Rates are also expressed as turnover frequency (TOFC2H4 ), i.e., molecules of ethylene reacting per surface oxygen site per second. See
text for discussion.

205 and 320%, respectively, with a concomitant decrease in
selectivity to epoxide from 61 to 53% and a 3 value equal
to 39.

Relaxation time constants and the coverage of the promot-
ing Oδ− species. In situ XPS investigations of Ag (55–58)
and Pt (42) films on YSZ subject to O2− pumping have
confirmed the proposition (19, 20, 22–24, 59) the NEMCA
is due to an electrochemically controlled migration (back-
spillover) of oxide ions Oδ− from the YSZ solid electrolyte
onto the catalyst surface. The same conclusion has been
reached recently via in situ surface enhanced Raman spec-
troscopic (SERS) investigation of Pt films deposited on
YSZ (60). These oxygen species, with an O1s binding energy
of 528.8–529 eV (42), are accompanied by their compensat-
ing (screening) charge Mδ+ in the metal, thus forming back-
spillover dipoles Oδ−–Mδ+ (22, 42, 59). These backspillover
oxygen species are less reactive than normally chemisorbed
oxygen (42) and act as promoters by increasing the cat-
alyst work function and affecting the binding strength of
chemisorbed reactants and intermediates (20, 22, 43–45,
59, 61). Consequently, the catalytic rate relaxation curves
(Figs. 2a and 2b) upon current imposition and interruption
convey useful information about the coverage of the pro-
moting Oδ−–Mδ+ species and also about the kinetics of the
reaction(s) which scavenge the promoting species from the
catalyst surface, e.g., desorption or reaction with ethylene.

Current interruption. It has been shown (29, 37, 52) that
the coverage θOδ− of the promoting oxide species after cur-
rent interruption is given by

θOδ−(t) = − I ln(r (t)/r ∗)
2FN(d ln(r (t)/r ∗)/dt)

, [5]

where r(t) is the catalytic rate at any time t after current in-
terruption (t= 0, r= r∗), I is the previously applied current,
and N is the total catalyst surface area in mol of metal.

Figure 3 shows the time evolution of θOδ− after current in-
terruption for the cases of the two transients shown in Fig. 2.
As shown on Fig. 3 the maximum θOδ− values are 0.45 and
0.2, respectively, for the transients of Figs. 2a and 2b. These
are also the steady-state coverage values before current in-
terruption. One can use Fig. 3 to compute dθOδ−/dt as a func-
tion of dθOδ−/dt and thus obtain Fig. 4, which depicts the
kinetics of the reaction which scavenges Oδ− from the cata-
lyst surface. As shown in Fig. 4 the rate of Oδ− removal in-
creases linearly with backspillover oxygen coverage above
a θOδ− value of 0.1 with a rate constant ks = 1.6 × 10−4 s−1

for both catalyst films.

FIG. 3. Time evolution of the coverage θOδ− of the promoting oxide
species after current interruption for the cases of the two transients shown
in Fig. 2; see text for discussion.
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FIG. 4. Dependence of the scavenging reaction rate dθOδ−/dt on the
coverage, θOδ− , of the promoting Oδ− species after current interruption for
the cases of the two transients shown in Fig. 3.

The low value of ks, which is approximately 3 times
smaller than the turnover frequency of normal chemisorbed
oxygen (Ref. 37 and Fig. 2) explains the slow return of the
catalytic rates to their open-circuit values after current in-
terruption. It also explains why Oδ− can act as a promoter,
since its lifetime on the surface is of the order of 3 times
longer than that of normally chemisorbed atomic oxygen
(37).

Current imposition. Previous NEMCA studies utilizing
O2− conductors as the solid electrolyte have established
that the order of magnitude of the rate relaxation time con-
stant τ (22, 23) upon current imposition during galvano-
static transients is of the order of 2FN/I (22, 23). This is also
the case here as can be seen from the transients of Fig. 2

FIG. 5. Steady-state effect applied current on the total rate of ethylene oxidation, expressed in mol O/s. Dashed lines are constant enhancement
factor 3 lines. Open symbols correspond to open circuit conditions: catalyst ZR1 (a) I> 0 and I< 0; (b) I< 0 (detailed view).

where 2FN/I is 193 and 103 min, respectively, for Figs. 2a
and 2b. It is interesting to notice that the agreement tends to
become closer if one compares τ with 2F NθOδ−,max/I , where
θOδ−,max are the Oδ− coverages computed from the transients
upon current interruption. This parameter takes the values
87 and 20 min in Figs. 2a and 2b, respectively. This cor-
roborates further the validity of Eq. [5] and the fact that
NEMCA on Ag is, as in the case of Pt (42) due to oxide
ion migration. The latter also follows directly from the XPS
spectra of Arakawa et al. (55, 56).

Steady-state effect of current. Figures 5a and 5b show the
steady-state effect of current on the total rate of ethylene
oxidation, i.e., both epoxidation and complete oxidation,
expressed in mol O/s. Ethylene epoxidation is an electro-
phobic reaction (22, 26, 47, 48), i.e.,

∂r

∂ I
> 0; ∂r

∂VWR
> 0; ∂r

∂(e8)
> 0. [6]

The Faradaic efficiency3(= 1r (I /2F)) is typically of the
order of 100; i.e., each O2− supplied to the catalyst causes,
on the average, 100 chemisorbed oxygen atoms to react with
ethylene forming ethylene oxide and CO2.

The measured 3 values are in good agreement with the
parameter 2Fro/I0 (Fig. 6) and with those measured in pre-
vious atmospheric pressure NEMCA studies of C2H4 oxi-
dation on Ag (26, 47).

Effect of catalyst potential VWR and work function e8.
Figure 7a shows the effect of varying catalyst potential VWR

and corresponding (20, 22, 59) work function change1(e8)
on the rates of formation of C2H4O, CO2 and CH3CHO,
expressed in mol C2H4/s and also in turnover frequency
(TOF), i.e., molecules ethylene reacting per surface oxygen
site per second.
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FIG. 6. Comparison of the parameter 2Fro/I0 values with the measured
enhancement factor 3 values for the total rate of ethylene oxidation; see
text for discussion.

The top axis in the figure is based on the equality

1(e8) = e1VWR, [7]

established both theoretically (22–24) and experimentally
via in situ Kelvin probe measurements (vibrating capacitor
method) (20, 59).

As shown in Fig. 7, both the epoxidation and the com-
plete oxidation rates increase by a factor of 230 as the work
function e8 is increased by 0.6 eV. The rate enhancement
ratio ρ (= r/ro) varies approximately between 0.02 and 4.6,
i.e., by a factor of 230. This is the largest variation of ρ with
e8 observed in NEMCA studies utilizing O2− conductors.

FIG. 7. (a) Effect of catalyst potential and corresponding work function change on the rates and corresponding turnover frequencies of formation
(molecules C2H4 reacting per surface O site per sec) of ethylene oxide, CO2, and acetaldehyde for PC2H4/PO2 = 2.8; open symbols correspond to
open-circuit (I= 0) conditions; catalyst, ZR1. (b) Effect of catalyst potential and corresponding work function change on the NEMCA coefficient
αC2H4O (solid line), αCO2 (dashed line), and on the selectivity to ethylene oxide and acetaldehyde for PC2H4/PO2 = 2.8; conditions as in Fig. 7a.

A rule which has emerged from previous NEMCA studies
is that

ln(r/ro) = α1(e8)/kbT, [8]

where the NEMCA coefficient α is positive for electropho-
bic reactions, such as ethylene epoxidation and negative
for electrophilic reactions. As shown on Fig. 7a the rate de-
pendence on e8 is here more complex, indicating that the
NEMCA coefficients αC2H4O and αCO2 vary with catalyst
potential.

It is worth noting the qualitative similarity in the work
function dependence of the rates of epoxidation and com-
plete oxidation. This similarity corroborates the existence
of a common adsorbed intermediate, i.e., atomic oxygen,
for the production of both C2H4O and CO2.

Interestingly, for VWR< 0.5 V acetaldehyde is also pro-
duced in measurable amounts. It most likely originates from
the isomerization of ethylene oxide, as discussed below.

Figure 7b is based on the data of Fig. 7a and presents
the effect of VWR and 1(e8) on the selectivity to ethylene
oxide and acetaldehyde. The selectivity to ethylene oxide is
up to 62% and exhibits two well defined maxima. Figure 7b
also shows the effect of VWR and 1(e8) on the NEMCA
coefficients α of Eq. [8] for the epoxidation (solid line) and
complete oxidation (dashed line) reactions computed via
Eq. [8] from the slopes of the curves of Fig. 7a, i.e., from

αC2H4O = RT

F
· d ln rC2H4O

dVWR
; αCO2 =

RT

F
· d ln rCO2

dVWR
,

[8a]
where rC2H4O and rCO2 are the rates of epoxidation and com-
plete oxidation, respectively. It is remarkable that the two
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FIG. 8. (a) Effect of catalyst potential and corresponding work function change on the rates and corresponding turnover frequencies of formation
of ethylene oxide, CO2, and acetaldehyde for PC2H4/PO2 = 0.92; open symbols correspond to open-circuit (I= 0) conditions; catalyst, ZR3. (b) Effect
of catalyst potential and corresponding work function change on the NEMCA coefficients αC2H4O (solid line), αCO2 (dashed line), and on the selectivity
to ethylene oxide and acetaldehyde for PC2H4/PO2 = 0.92.

selectivity maxima occur at the same potential values where
the NEMCA coefficients α are also maximized (Fig. 7b).

The selectivity to acetaldehyde increases sharply with de-
creasing VWR (Fig. 7b). It is worth noting that acetaldehyde
production is not observed under the same operating con-
ditions when using β ′′–Al2O3 as the solid electrolyte (49).
This may be due to the suppression in acetaldehyde forma-
tion with the addition of alkalis reported by Lambert and
co-workers (7).

As shown in Figs. 8a and 8b, acetaldehyde production is
significantly enhanced at higher oxygen to ethylene ratios
(1.1 : 1). Here the open-circuit selectivity to ethylene oxide
and acetaldehyde is 50 and 16%, respectively. Increasing
e8 causes an increase in ethylene oxide selectivity up to
59%, while the selectivity to acetaldehyde vanishes. De-
creasing e8 causes a substantial increase in the selectivity
to acetaldehyde up to 55% while the selectivity to ethylene
oxide vanishes. Thus by varying e8 by 0.5 eV one obtains a
dramatic selectivity change as the catalyst shifts from ethy-
lene oxide production to acetaldehyde production (Fig. 8b).

The dependence of the rates of formation of ethylene
oxide and CO2 on VWR (Fig. 8a) bears several similarities
with that obtained for low O2 to ethylene ratios (Fig. 7a).
The selectivity to ethylene oxide is again maximized in the
VWR region where the NEMCA coefficients α are also max-
imized. At this maximum both αC2H4O and αCO2 have values
near unity (Fig. 8b). It is worth noting that the low e8 se-
lectivity maximum is missing here due to the formation of
acetaldehyde.

Ethylene isomerization. In order to examine whether
acetaldehyde is a primary partial oxidation product or it
is produced from ethylene oxide isomerization, a series of

kinetic experiments was carried out with only ethylene ox-
ide present in the feed (0.1% ethylene oxide diluted in He).
The key results are shown in Figs. 9a and 9b, which depict
the effect of current and catalyst potential on the rate of
isomerization of ethylene oxide to acetaldehyde which was
the only product detected. As shown in these figures, ethy-
lene oxide isomerization to acetaldehyde exhibits a strong
electrophilic NEMCA effect with 3 values as low as −280
(Fig. 9a) with ρ varying between 0.5 and 2.6 as the catalyst
potential is decreased from 0 to −2 V. These results are
consistent with the observed pronounced increase in the
rate of acetaldehyde production for low catalyst potentials
(Fig. 7 and 8) and can be attributed to the weakening of
the chemisorptive bond of ethylene oxide, which is a strong
electron donor, with decreasing catalyst work function.

Effect of chlorinated hydrocarbon “moderators.” Fig-
ure 10 shows the effect of the gas-phase addition of various
levels of 1,2-C2H4Cl2 on the selectivity to ethylene oxide as a
function of catalyst potential under reducing gas-phase con-
ditions. The selectivity to ethylene oxide varies between 53
and 78% and its dependence on PC2H4Cl2 is rather complex
with the appearance of one maximum at 0.3 ppm C2H4Cl2,
for all potentials, and of a second range of small selectiv-
ity increase at high PC2H4Cl2 values observed only for low
catalyst potentials. This is reminiscent of the selectivity de-
pendence on VWR under the same gas-phase composition
which exhibits two maxima (Fig. 7b).

The corresponding effect of PC2H4Cl2 and catalyst poten-
tial on the rates of formation of C2H4O and CO2 under re-
ducing conditions is shown in Figs. 11a and 11b. For highly
negative overpotentials, increasing PC2H4Cl2 enhances both
rates, while for highly positive overpotentials increasing
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FIG. 9. (a) Effect of applied current on the change in the rate of ethylene oxide isomerization to acetaldehyde; dashed lines are constant enhance-
ment factor (faradaic efficiency) 3 lines; catalyst, ZR3. (b) Effect of catalyst potential on the rate of isomerization of ethylene oxide to acetaldehyde;
conditions as in (a).

PC2H4Cl2 decreases both rates. For intermediate potentials
the rates go through a maximum at PC2H4Cl2 = 0.6 ppm.

Figures 12a and 12b show the effect of the gas-phase ad-
dition of various levels of 1,2-C2H4Cl2 on the selectivity
to ethylene oxide (Fig. 12a) and acetaldehyde (Fig. 12b)
as a function of catalyst potential VWR and work func-
tion e8 under “oxidizing” gas-phase conditions. Increas-
ing dichloroethane concentration causes a pronounced de-
crease in the selectivity to acetaldehyde (Fig. 12b) and a
concomitant pronounced increase in the selectivity to ethy-
lene oxide (Fig. 12a). Thus at VWR=−0.5 V the selectivity
to ethylene oxide increases from 0 to 58% by the addition of

FIG. 10. Effect of 1,2-C2H4Cl2 gas phase concentration and cata-
lyst potential VWR on the selectivity to ethylene oxide: catalyst, ZR1;
PC2H4/PO2 = 2.7; open circuit potential at zero dichloroethane concen-
tration Vo

WR=−197 mV.

2 ppm 1,2-C2H4Cl. For VWR= 0.0 V the selectivity increases
from 59 to 73%.

By comparing Fig. 7b with Fig. 10 (reducing conditions)
and Fig. 8b with Fig. 12a (“oxidizing” conditions) one ob-
serves that Cl addition and variation in VWR and e8produce
qualitatively the same effects in ethylene oxide selectivity.

In order to investigate further the role of dichloroethane,
a series of open-circuit kinetic experiments was carried out
where the rate dependence on PO2 and PC2H4 was studied in
absence and in presence of 1,2-C2H4Cl2. Typical examples
are presented in Figs. 13a and 13b. As shown in Fig. 13a the
rates of epoxidation and deep oxidation follow a Langmuir-
type dependence on PC2H4 . Addition of dichloroethane sup-
presses both rates and decreases the PC2H4 value necessary
to reach rate saturation. This strongly indicates enhanced
binding of C2H4 on the catalyst surface, i.e., the same effect
caused by increasing e8.

Figure 13b shows the rate dependence on PO2 without and
with dichloroethane. Without dichloroethane both rates are
near second order in oxygen. Addition of 1,2-C2H4Cl2 sup-
presses both rates which become near first order in PO2 and
enhances the selectivity to ethylene oxide.

Electrokinetic behavior. Figure 14 presents typical
current–overpotential curves under oxidizing conditions at
various levels of dichloroethane. The overpotential η is de-
fined as the deviation of the catalyst potential VWR from
its open-circuit (I= 0) Vo

WR value; i.e., η = VWR − Vo
WR (22,

26). Cathodic operation (η< 0) leads to limiting current
behavior in agreement with previous atmospheric pressure
studies of Ag/YSZ (62). As shown in Fig. 14 the cathodic
limiting current goes through a maximum with increasing
PC2H4C2 at PC2H4Cl2 = 0.6 ppm. This behavior parallels the
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FIG. 11. Effect of 1,2-C2H4Cl2 gas phase concentration and catalyst potential VWR on the rate of formation of ethylene oxide (a) and CO2 (b);
conditions as in Fig. 10.

catalytic rates dependence on PC2H4Cl2 (Figs. 11a and 11b).
The data of Fig. 14 were fitted to a generalized form of the
Butler–Volmer equation (46, 63, 64),

I = exp(αaFη/RT)− exp(−αcFη/RT)

(1/I0)+ (1/IL,c) exp(αc Fη/RT)
, [9]

where αa and αc are the anodic and cathodic transfer coef-
ficients, respectively, I0 is the exchange current density, and
IL,c is the cathodic limiting current, to obtain the I0 and IL,c

results shown on Fig. 15. Both I0 and IL,c go through a maxi-
mum at PC2H4Cl = 0.6 ppm, i.e., at the same dichloroethane
concentration which maximizes the rates of epoxidation
and deep oxidation (Figs. 11a and 11b).

It is known (26, 54, 65) that oxygen dissolution and dif-
fusion in the Ag catalyst affects the electrokinetic behavior

FIG. 12. Effect of the gas-phase addition of various levels of 1,2-C2H4Cl2 on the selectivity to ethylene oxide (a) and acetaldehyde (b) as a function
of catalyst potential VWR and work function. Catalyst, ZR3; PC2H4/PO2 = 0.92.

of this system. The observed low limiting currents for ca-
thodic operation are due to enhanced binding of oxygen on
the Ag catalyst with negative potentials (26, 65).

DISCUSSION

The present results show that doped zirconia solid elec-
trolytes can be used as active catalyst supports to signifi-
cantly and reversibly affect the catalytic properties of Ag for
the epoxidation and deep oxidation of ethylene by utilizing
the NEMCA effect. In comparison to earlier, atmospheric
pressure, studies of the NEMCA effect in ethylene epoxi-
dation, the present work has focused on conditions similar
to those employed in industrial practice, i.e., high opera-
ting pressure (500 kPa), low temperatures (260◦C), fuel rich
conditions, and use of chlorinated hydrocarbon moderators.
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FIG. 13. Dependence of the rates of epoxidation and deep oxidation on the gas phase concentration of 1,2-C2H4Cl2 and on PC2H4 (a) and PO2 (b);
catalyst, ZR4.

Under these conditions it is found that the effect of poten-
tial, or equivalently (20, 22, 59) catalyst work function, is
very pronounced, as the catalytic activity is altered by a
factor up to 230 with enhancement factor 3 values up to
200.

As in previous NEMCA studies the observed 3 values
both for the epoxidation and deep oxidation reaction are
close to the ones predicted by

|3| = 2Fro/I0, [10]

where ro is the total open circuit catalytic rate and I0 is the
exchange current density (Fig. 6).

The selectivity to C2H4O is also altered significantly by
changing the catalyst potential and reaches a maximum
value of 78% (Fig. 10). For low catalyst work function

FIG. 14. Typical current–overpotential curves at various levels of
gaseous 1,2-C2H4Cl2 concentrations; catalyst, ZR1; PC2H4/PO2 = 2.8.

e8 values the selectivity to acetaldehyde is up to 55%
(Fig. 12b).

The observed behavior is complex and defies a rigor-
ous quantitative description. All the observed features can,
however, be rationalized qualitatively by taking into ac-
count the effect of changing e8 and concomitant change in
the coverage of backspillover oxide ion species with posi-
tive1(e8) on the strength of the chemisorptive bonds of the
reactive surface species, i.e., of covalently bonded ethylene
and atomic oxygen (22, 43), in conjunction with the pre-
vailing ideas about the mechanism of the ethylene epox-
idation system (4). It is well known that several forms of
oxygen can exist on Ag surfaces. These include (I) molec-
ularly adsorbed oxygen, which is rather inactive and has
been shown by Lambert and co-workers to behave as a
“spectator” species (5, 6); (II) atomic oxygen, which has

FIG. 15. Dependence of the exchange current I0 and of the cathodic
limiting current IL,c on 1,2-C2H4Cl2 concentration; conditions as in Fig. 14.
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been shown to be the reactive oxygen species for both
ethylene epoxidation and deep oxidation (4–10); and (III)
subsurface oxygen, which is necessary for obtaining high
selectivity to epoxide, although it does not directly partic-
ipate in catalytic events (4, 8, 66). The presence of sub-
surface oxygen causes a weakening of the chemisorptive
bond strength of adsorbed atomic oxygen via withdrawal
of electrons from the silver sites, thus favoring the creation
of weakly bound, electrophilic oxygen atoms which pro-
duce epoxide (4). Strongly bound, bridging, oxygen atoms
coordinated to Ag ions of low charge react preferentially
with the hydrogen atoms of the ethylene molecule, with
concomitant C–H bond rupture and CO2 formation (4, 18).

In addition to the above forms of oxygen one must also
take into account in the present case the presence of back-
spillover oxide ions Oδ−which migrate onto the catalyst sur-
face with positive currents, i.e., when 1(e8> 0) as shown
by XPS (55, 56, 58). These species are 3 (∼100) times less
reactive than atomic oxygen and thus act as promoters (22,
42–45).

Ethylene adsorption on Ag is weak (4, 67–70) but is en-
hanced in the presence of preadsorbed oxygen, which cre-
ates on the silver surface positively charged sites which are
necessary for ethylene adsorption (2, 4, 12). Thus C2H4 is
adsorbed on such sites with the C–C bond parallel to the
surface and with transfer of electron density from the dou-
ble bond to the surface (4, 12, 68, 69).

Types of atomic oxygen responsible for epoxidation and
deep oxidation. As previously noted two types of disso-
ciatively chemisorbed oxygen are believed to play an im-
portant role in the epoxidation and complete oxidation re-
actions (4–13); as shown in Fig. 16:

(a) weakly bound, electrophilic adsorbed oxygen which
reacts preferentially with the π -electrons of adsorbed ethy-
lene thus producing epoxide (4, 5, 11–13);

(b) strongly bound, bridging oxygen atoms coordinated
to Ag ions of low charge which attack preferentially the H
atoms of adsorbed ethylene with a concomitant C–H bond
rupture and CO2 formation (4, 5, 11–13).

For brevity in the following discussion we refer to these
two types of adsorbed oxygen as α- (or electrophilic) oxy-
gen and β- (or ionic) oxygen, respectively. As originally
shown by Grant and Lambert (5) and as also supported
by the present work, as discussed below, these two states
of adsorbed oxygen must be considered as two different
extreme conformations of the same atomic oxygen species
and not as two intrinsically distinct forms which coexist on
the surface. There appears to be only one type of atomic
oxygen leading both to epoxidation and complete oxida-
tion. Depending on the operating conditions, however, this
atomic oxygen can behave as predominantly electrophilic
or ionic.

FIG. 16. Schematic of the two extreme conformations of adsorbed
atomic oxygen: covalently bonded electrophilic oxygen (α-) and ionically
bonded oxygen (β-).

In order to facilitate the discussion we first list the factors
affecting the rates of epoxidation, complete oxidation, and
acetaldehyde formation and the product selectivity. These
include:

(a) the coverage of atomic oxygen, θO, and its predom-
inantly α- or β-type character;

(b) the coverage of ethylene, θC2H4 , and ethylene oxide,
θC2H4O;

(c) the chemisorptive bond strength of atomic oxygen,
ethylene, and ethylene oxide.

We then list the operating variables at our disposal in the
present work. These include:

(a) the gas phase composition which affects θO, θC2H4 ,
and θC2H4O, as well as the amount of subsurface oxygen
(54);

(b) the catalyst potential VWR and work function change
1(e8) which controls the coverage of spillover ions θOδ−

and thus affects θO, θC2H4 , and θC2H4O and the correspond-
ing binding strengths (22, 23, 43–45, 61) (VWR also affects
to a minor (Faradaic) extent the amount of subsurface oxy-
gen (54). Since the latter is controlled both by gas phase
composition and VWR (54), no attempt will be made to sep-
arate its role and treat it as an independently controllable
variable.);

(c) the chlorine coverage θCl which is largely controlled
by PC2H4Cl2 and which affects θO, θC2H4 , and θC2H4O, and also
the corresponding binding strengths.

Effect of operating variables on coverages and bind-
ing strengths. Table 2 shows the anticipated effect of the
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TABLE 2

Expected Effect of the Operating Variables on Coverages θi

and Binding Strengths Ei

θO θOα /θOβ θC2H4 EO,α EC2H4 r

PO2/PC2H4 ↗ ↗ ↗ ↘ ↘ ↗ ↗ ↘

VWR, e8 ↗ ↘ ↗ ↗ ↘ ↗ ↗

Cl ↗ ↘ ↗ ↗ ↘ ↗ ↗ ↘

operating variables on the coverage and binding strengths
of the adsorbed species relevant to epoxidation and com-
plete oxidation. In the following discussion we justify these
predictions and compare with experiment.

Effect of e8 and gaseous composition. Increasing e8
above its open-circuit value and thus providing Oδ− onto
the catalyst surface is known (22, 59, 62) to weaken the
binding strength of electron acceptor adsorbates, such
as chemisorbed oxygen (54, 71) and to strengthen the
chemisorptive bond strength of electron donor adsorbates,
i.e., ethylene and ethylene oxide (4, 69, 70, 72). In the
present case, increasing e8 causes a strong enhancement in
the rates by weakening the chemisorptive bond strength of
atomic oxygen (Figs. 7a, 8a). This is also established by the
observed pronounced decrease in activation energy of both
reactions with increasing e8, with slopes near −1 (26). In
general increasing e8 is also expected to enhance the selec-
tivity to ethylene oxide by favoring the more weakly bonded
electrophilic (α-) state of adsorbed oxygen (Figs. 7b, 8b) at
least until the point is reached at very high e8, where ethy-
lene and also ethylene oxide which are electron donors (69,
70, 72), become more strongly bound on the surface and
thus more susceptible to further oxidation (4, 26). These
considerations can explain the observed increase in selec-
tivity with increasing e8 near the open-circuit conditions
(Figs. 7b and 8b) and the appearance of the selectivity max-
imum at 1(e8)≈ 0.1 eV.

Decreasing VWR and e8 below their open-circuit values
via negative current application is known to cause a pro-
nounced strengthening in the chemisorptive bond of oxy-
gen (54) as also evidenced by the limiting current behavior
under these conditions (Fig. 14). This is the cause of the pro-
nounced decrease in the rates of epoxidation and complete
oxidation (Figs. 7a and 8a) which is much more pronounced
in reducing environments (Fig. 7a). Under these conditions
a second maximum appears in the selectivity to ethylene ox-
ide (Fig. 7b). It is possible that this maximum, also observed
in atmospheric pressure ethylene epoxidation studies (26),
is caused by preferential removal of ionic oxygen from the
catalyst surface via the negatively applied current. This is
corroborated by the concomitant increase in the NEMCA

coefficients α (Fig. 7b), which is similar to the α behavior at
the high e8 ethylene oxide selectivity maximum.

An additional factor causing the second selectivity max-
imum may be the weakening in the chemisorptive bond
of ethylene and also ethylene oxide which makes them
less susceptible to complete oxidation. At very low e8 val-
ues, however, the effect of strongly bound oxygen domi-
nates and the selectivity to ethylene oxide decreases again
(Fig. 7b).

It is worth nothing that the second ethylene oxide se-
lectivity maximum is absent under “oxidizing” conditions
(Fig. 8b) and instead there is a pronounced increase in the
selectivity to acetaldehyde. This is consistent with the pro-
nounced enhancement in the rate of ethylene oxide isomer-
ization with decreasing e8 (Fig. 9). The strong suppression
in the rate of acetaldehyde production for high ethylene
to oxygen ratios (Fig. 7) can be explained if ethylene and
ethylene oxide compete for the same surface sites. If this is
the case, the observed severe suppression in acetaldehyde
production must be due to the low coverage of ethylene
oxide under reducing conditions. Note that a low coverage
of ethylene oxide does not imply a low rate of ethylene ox-
ide production, as long as its desorption is not rate limiting.
There is no evidence in the literature that desorption of
ethylene oxide is rate limiting.

Effect of chlorine. The effect of chlorine addition on the
selectivity to ethylene oxide (Figs. 10 and 12a) bears several
interesting similarities with the effect of increasing VWR and
e8 (Figs. 7b and 8b).

Thus under reducing conditions (Figs. 10 and 7b) both
increasing Cl coverage and increasing e8 cause the appear-
ance of two ethylene oxide selectivity maxima, although in
the former case the second maximum is not well defined.

Under oxidizing conditions (Figs. 12a and 8b) both in-
creasing Cl coverage and increasing e8 cause the appear-
ance of only one selectivity maximum.

Furthermore, both Cl addition and increasing e8
severely suppress the selectivity to acetaldehyde (Figs. 12b,
7a, and 8a).

There is, however, a certain synergy between these two
parameters leading to ethylene oxide selectivities up to 78
and 73%, respectively, under reducing and oxidizing condi-
tions (Figs. 10 and 12a). As evidenced by these figures nei-
ther dichloroethane addition nor NEMCA along suffices to
attain these values.

Consequently, the main role of chlorine is to increase
the catalyst work function and to favor the formation of
weakly bonded electrophilic oxygen. On the other hand, it
also blocks oxygen chemisorption sites.

This twofold role of chlorine is clearly manifested in
Figs. 11a and 11b, which show the effect of Cl on the rates of
epoxidation and complete oxidation at various fixed values
of catalyst potential VWR and e8: When VWR and e8 are
high and the Ag–O bond is thus already weak, the blocking
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character of Cl dominates and both rates decrease mono-
tonically with dichloroethane concentration (Fig. 11). For
low VWR and e8 values, addition of Cl enhances both rates,
via weakening of the Ag–O bond, until the point where
the blocking character of Cl dominates and both rates go
through a maximum is reached (Fig. 11). Interestingly, at
this point both rates also go through a maximum with re-
spect to VWR as can be observed from Fig. 11. Beyond the
maximum electrophilic behavior is thus obtained. This ob-
servation underlines again the similar roles of Cl addition
and electrochemically induced work function increase.

NEMCA coefficients and selectivity. It is remarkable
that the NEMCA coefficients αC2H4O and αCO2 are maxi-
mized at the same VWR where the selectivity to ethylene
oxide is also maximized (Figs. 7b and 8b). In general, the
NEMCA coefficient α provides a measure of the charge
which is transferred between the surface and the adsorbed
species during the rate limiting step of catalytic reaction.
An α value of unity implies that one electron is being trans-
ferred.

As shown in Figs. 7b and 8b the NEMCA coefficients
αC2H4O and αCO2 vary between 0 and 1. As derived in the
Appendix the selectivity to ethylene oxide S is related to
αC2H4O and αCO2 via

dS

S(1− S)
= F

RT
(αC2H4O − αCO2) dVWR [11]

and thus

S

1− S
= So

1− So
exp

(
F

RT

∫ VWR

Vo
WR

(αC2H4O − αCO2) dV′WR

)
,

[12]

where So is the open-circuit selectivity (VWR = Vo
WR). The

above equations, valid for negligible acetaldehyde produc-
tion, stem directly from the definitions of αC2H4O and αCO2

(Eq. [8a]) and contain mathematical information only. They
dictate that when the selectivity is at a maximum with re-
spect to VWR (and e8) then αC2H4O = αCO2 . This is indeed
the case as shown in Figs. 7b and 8b. The same figures show
that when αC2H4O>αCO2 then the selectivity increases with
VWR as also dictated by Eqs. [11] and [12]. What the above
mathematical equations do not necessarily dictate, how-
ever, and what is rather surprising and physically interest-
ing is that αC2H4O and αCO2 are maximized at the same VWR

and e8 values as the selectivity does. This implies physically
that the selectivity to ethylene oxide is maximized when the
charge transferred between the catalyst and the adsorbed ac-
tivitated complex in the rate limiting step is maximum and
near one. This is consistent with the idea that covalently
bonded oxygen rather than ionic oxygen (which has already
accepted up to two electrons from the Ag catalyst) leads to
epoxidation.

There is, however, another important feature of Figs. 7b
and 8b which seems to challenge the idea of the two in-
trinsically different chemisorbed types of oxygen (α- and
β-), one leading to epoxidation, the other to complete ox-
idation. If this were exactly the case, then one would ex-
pect αC2H4O and αCO2 to be consistently and significantly
different since the partial charges δ−α and δ−β (Fig. 16) are
expected to differ significantly. In fact, according to the pre-
vious paragraph, one would expect to have αC2H4O>αCO2

over the entire VWR range. The fact that this is not the case
and that αC2H4O and αCO2 trace each other so closely, as
VWR is varied, leads to an alternative picture: There may
exist, as originally proposed by Grant and Lambert (5),
only one type of oxygen leading both to epoxidation and
complete oxidation. Changing VWR, or adding Cl, simply
changes the binding state of this oxygen and thus affects
both its reactivity and its relative propensity for epoxi-
dation and complete oxidation. As VWR (and e8) is in-
creased the chemisorptive bond weakens and this causes
the pronounced increase in both rates (Figs. 7a and 8a).
Also as VWR is increased, the partial negative charge of this
oxygen varies (to a first approximation as the parameter
2-αC2H4O ≈ 2-αCO2 ) and when this charge is minimum (co-
valently bonded electrophilic oxygen) then the selectivity
to ethylene oxide is maximized (Figs. 7b and 8b). This pic-
ture, where theα- andβ-oxygen are extreme conformations
of the same atomic oxygen species (each predominating at
different VWR, e8, chlorine coverage, etc.) rather than two
separate species which coexist on the surface, appears to be
perfectly consistent with the observed dependence of the
rates (Figs. 7a, 8a) and of the α coefficients (Figs. 7b, 8b) on
catalyst potential and work function.

CONCLUSIONS

The catalytic activity and selectivity of Ag films de-
posited on O2−-conducting solid electrolytes can be varied
markedly and reversibly at temperatures, pressures, and
gaseous compositions similar to those used in industrial
practice via the effect of NEMCA or in situ controlled pro-
motion. The rates of epoxidation and complete oxidation
vary by up to a factor of 230 by changing the catalyst po-
tential. The rate changes are typically a factor of 200 higher
than the rate of supply or removal of promoting oxide ions.
Dramatic variations in product selectivity are also obtained.
For negative catalyst potentials, i.e., low work function
values, acetaldehyde becomes the main product with se-
lectivity up to 55%. Positive potentials in conjunction with
dichloroethane addition lead to ethylene oxide selectivity
up to 78%. Increasing catalyst work function, which is
in situ controlled by the catalyst potential, and addition of
dichloroethane cause qualitatively similar effects on the
selectivity to ethylene oxide, but a constructive synergy
also exists.
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Ethylene oxide selectivity is maximized when the
NEMCA coefficients α (= (RT/F)dr/dVWR) are also at a
maximum. This shows that covalently bonded atomic oxy-
gen has a higher propensity for epoxidation. The fact that
αC2H4O andαCO2 differ only marginally but vary significantly
with catalyst potential (roughly between 0 and 1) shows that
the same atomic oxygen species is responsible for epoxi-
dation and complete oxidation and that its partial charge,
dipole moment, binding strength, and propensity for epox-
idation can be affected significantly and controlled by the
catalyst potential.

The ability of solid electrolytes to tune precisely and in
situ the state of catalyst surfaces via NEMCA appears to
be of considerable practical importance. It also permits a
systematic study of the role of promoters in heterogeneous
catalysis.

APPENDIX

Here we derive Eqs. [11] and [12]. We denoteαC2H4O=α1,
αCO2 =α2, rC2H4O= r1, rCO2 = r2, and VWR=V. From the
definitions of the NEMCA coefficients αC2H4O and αCO2

(Eq. [8a]) one obtains

F

RT
(α1 − α2) dV = dr1

r1
− dr2

r2

= −r1dr2 − r2dr1

r1r2
= −r1

r2
d

(
r2

r1

)
. [A1]

From the definition of the selectivity to ethylene oxide S,

S= r1

r1 + r2
= 1

1+ (r2/r1)
, [A2]

it follows that

dS= − d(r2/r1)

(1+ r2/r1)2
. [A3]

Combining [A1] and [A3] one obtains

r1

r2

(
1+ r2

r1

)2

dS= F

RT
(α1 − α2) dV, [A4]

or, using [A2],

dS

S(1− S)
= F

RT
(α1 − α2) dV, [A5]

which is Eq. [11]. Direct integration gives then Eq. [12].
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Chem. 174, 11 (1991).
17. Compbell, C. C., and Paffett, M. T., Surf. Sci. 143, 517 (1984).
18. Van den Hoek, P. J., Baerends, E. J., and Van Santen, R. A., J. Phys.

Chem. 93, 6469 (1989).
19. Vayenas, C. G., Bebelis, S., and Neophytides, S., J. Phys. Chem. 92,

5083 (1988).
20. Vayenas, C. G., Bebelis, S., and Ladas, S., Nature (London) 343, 625

(1990).
21. Pritchard, J., Nature (London) 342, 592 (1990).
22. Vayenas, C. G., Bebelis, S., Yentekakis, I. V., and Lintz, H.-G., Catal.

Today 11, 303 (1992).
23. Bebelis, S., and Vayenas, C. G., J. Catal. 118, 125 (1989).
24. Neophytides, S., and Vayenas, C. G., J. Catal. 118, 147 (1989).
25. Vayenas, C. G., and Neophytides, S., J. Catal. 127, 645 (1991).
26. Bebelis, S., and Vayenas, C. G., J. Catal. 138, 588 (1992).
27. Tsiakaras, P., and Vayenas, C. G., J. Catal. 140, 53 (1993).
28. Vayenas, C. G., Bebelis, S., and Despotopoulou, M., J. Catal. 128, 415

(1991).
29. Yentekakis, I. V., and Vayenas, C.G., J. Catal. 149, 238 (1994).
30. Alqahtany, H., Chiang, P. H., Eng, D., and Stoukides, M., Catal. Lett.

13, 289 (1992).
31. Cavalca, C. A., Larsen, G., Vayenas, C. G., and Haller, G. L., J. Phys.

Chem. 97, 6115 (1993).
32. Yentekakis, I. V., Moggridge, G., Vayenas, C. G., and Lambert, R. M.,

J. Catal. 146, 292 (1994).
33. Politova, T. I., Sobyanin, V. A., and Belyaev, V. D., React. Kinet. Catal.

Lett. 41, 321 (1990).
34. Mar’ina, O. A., and Sobyanin, V. A., Catal. Lett. 13, 61 (1992).
35. Mar’ina, O. A., and Sobyanin, V. A., Belyaev, V. D., and Parmon, V. N.,

Catal. Lett. 13, 567 (1992).
36. Varkaraki, E., Nicole, J., Plattner, Comninellis, Ch., and Vayenas, C. G.,

J. Appl. Electrochem. 25, 978 (1995).
37. Pliangos, C., Yentekakis, I. V., Verykios, X. E., and Vayenas, C. G., J.

Catal. 154, 124 (1995).
38. Harkness, I. R., and Lambert, R. M., J. Catal. 152, 211 (1995).
39. Cavalca, C. A., and Haller, G. L., J. Catal. in press (1996).
40. Neophytides, S. G., Tsiplakides, D., Stonehert, P., Jaksic, M. M., and

Vayenas, C. G., Nature (London) 370, 45 (1994).
41. Bockris, J. O.’ M., and Minevski, Z. S., Electrochim. Acta 39(11/12),

1471 (1994).



    

204 KARAVASILIS, BEBELIS, AND VAYENAS

42. Ladas, S., Kennou, S., Bebelis, S., and Vayenas, C. G., J. Phys. Chem.
97, 8845 (1993).

43. Vayenas, C. G., Jaksic, M. M., Bebelis, S. I., and Neophytides, S. G.,
The electrochemical activation of catalytic reactions, in “Modern As-
pects of Electrochemistry” (Bockris, J. O.’ M., et al., Eds.), Vol. 29, pp.
57–202. Plenum, New York, 1995.

44. Vayenas, C. G., and Yentekakis, I. V., Electrochemical modification of
catalytic activity, in “Handbook of Heterogeneous Catalysis” (G. Ertl,
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