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The oxidative coupling of CH, was investigated on polycrystalline Ag films deposited on yttria-
stabilized zirconia (YSZ) at temperatures 720 to 850°C. It was found that electrochemical supply
or removal of O~ 10 or from the catalyst film results in very significant changes in both the rate
of CH, consumption and in the product selectivity. For high CH-to-oxygen ratios, electrochemical
supply of O~ causes up to 50-fold increases in the rate of CH, consumption with a concomitant
decrease in C, hydrocarbon selectivity. Electrochemical removal of O*~ causes a decrease in the
rate of CH, consumption and an increase in C, selectivity. Electrochemically supplied oxygen can
be significantly more active and selective than gas-phase oxygen. By varying the imposed current
and catalyst potential the selectivity to C, hydrocarbons is varied reversibly between 25 and
75%. Maximum C, hydrocarbon yield was 8%. Due to the high operating temperatures, direct
electrocatalysis and homogeneous reactions, more than NEMCA, affect the overall kinetic behav-
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INTRODUCTION

Starting with the initial work of Keller
and Bhasin (/), the reaction of oxidative
coupling of methane (OCM) has been the
focal point of several hundred studies which
have examined more than a hundred cata-
lytic materials (2-5). Since the pioneering
work of Ito and Lunsford (4), it is generally
believed that the main role of the catalyst
surface is to generate CH; - radicals which
then combine primarily in the gas phase to
generate C,Hy. Due to its hetero-homoge-
neous nature, the OCM system is difficult to
study in detail. Increasing CH, conversion
always causes substantial losses in selectiv-
ity to C, hydrocarbons, due to the higher
combustion reactivity of C,H, and C,H,,
thus maximum C, yield is of the order of
25%.

The electrochemical oxidation of CH, to
C, hydrocarbons utilizing solid electrolyte
YSZ cells offers in principle several advan-
tages (6). First dioxygen is, in principle, not
introduced in the gas phase, thus eliminating
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the homogeneous pathways leading to CO,
formation. Second, oxygen is introduced as
0O?", which is still believed by several work-
ers to be the active oxygen species for hy-
drogen abstraction from CH, to generate
CH,; - and thus initiate the OCM reaction.
Thus, starting from 1985, Otsuka et al.
(7-10) and Stoukides and co-workers
(/1-13) and others (/4, /5) have expiored
the use of YSZ solid electrolyte cells with
Ag, Bi,O;/Ag (7), LiMgO,/Ag (8), Au (12),
LiCI/NiO (8), and LiNiO, (9) anodes for the
OCM process. Work in this area has been
reviewed recently (6). With the exception
of that for the LiCl/NiO electrode (8), all
other studies showed a decrease in C, selec-
tivity with increasing rate of O°~ supply,
although electrochemically supplied oxygen
was shown to be more active than gas-phase
supplied oxygen (7).

It has been recently found that solid elec-
trolytes, such as YSZ and 8"-Al,0O,, can act
as active catalyst supports and alter dramat-
ically the catalytic activity and selectivity
of supported metal films upon polarizing the
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metal-solid electrolyte interface (/6-37).
This effect of non-Faradaic electrochemical
modification of catalytic activity (NEMCA)
(16-37) or ‘‘Electrochemical Promotion in
Catalysis’’ (39) has been studied already at
temperatures 200 to 650°C for over 20 cata-
lytic reactions on Pt, Pd, Rh, Ag, and Ni
utilizing O*~ (17-24, 26-35), Na* ({6, 25),
H* (36), and more recently F~ (37) con-
ducting solid electrolytes. It has been shown
that the rate of catalytic reactions can be
reversibly enhanced by up to a factor of
60 (/6, 17) and that the steady-state rate
increase can be up to a factor of 3 x 10°
higher than the rate of supply of O’~ (16,
17). In all NEMCA studies of catalytic oxi-
dations, oxygen was, of course, admixed in
the gas phase, which was not the case in
most previous solid electrolyte OCM stud-
ies, with some exceptions (Refs. (8, 9, 12,
13)).

The present work is part of an investiga-
tion attempting to utilize solid electrolyte
supports and NEMCA to promote methane
conversion to C, hydrocarbons on metal and
metal oxide catalysts (29, 38, 40). The work
of Otsuka et al. on LiNiO, utilizing a two-
electrode system has indeed shown (9) that
when O, is admixed in the gas phase then
the increase in its rate of consumption upon
O?" pumping can exhibit some non-Far-
adaic behaviour, i.e., enhancement factor A
values (16, /7) up 1o 2.7 (6).

Unlike previous studies which used a two-
electrode configuration, the present one uti-
lizes a three-electrode system so that cata-
lyst potential (17-34) and work function
changes (16, 17) can be measured. Also, the
effect of both positive and negative currents
on the rate of CH, consumption and on C,
selectivity and yield is studied in detail.

EXPERIMENTAL

The apparatus (Fig. 1). utilizing gas chro-
matography and IR-spectroscopy (Anarad
analyzers for CH, and CO,) for reactant and
product analysis has been described in pre-
vious papers (/7-21). The carbon balance
closure was typically within 1% and there

TSIAKARAS AND VAYENAS

- -—--|Pofentios tat- __
| - {Galvanas tat

55 e a0

100

AGH, €O, CHg CH M0 |

Vent

Feed Unit Anatysis Unit  Signals

F1G. 1. Schematic of the apparatus,

was no sign of any significant coke deposi-
tion even at the highest temperatures and
CH,-to-O, ratios used. The YSZ (8 mol%
Y,0; in ZrO,), atmospheric pressure, con-
tinuous flow well mixed (CSTR) reactor has
a volume of 30 cm® and has also been de-
scribed previously (/7-21). Results re-
ported here are typically obtained with total
flowrates of 1-3 cm® STP/s. Reactants were
Air Liquide certified standard CH, in N, and
Air Liquide 20 mol% O, in N,. They could
be further diluted in pure N, (99.99%).

The Ag catalyst film was deposited on
the inside bottom wall of the YSZ tube by
applying a thin coating of Ag solution in
butyl acetate (GC electronics) followed by
drying and then calcining in air, initially at
200°C for 2 h, then at 400°C for 2 h, and
finally at 880°C for 30 min. This high sin-
tering temperature was necessary since the
catalyst had to operate at temperatures up
to 850°C. Furthermore, high sintering tem-
peratures lead to larger Ag crystallites thus
decreasing the three-phase-boundary length
YSZ-Ag-air and thus decreasing the ex-
change current /; of the YSZ-Ag interface
(17), which is known to be necessary in
NEMCA studies (/7-34).

Two Ag catalyst films, labeled C1 and C2,
were used in the course of the experiments
and both gave similar results in terms of A
and r/r,. Their active catalytic surface areas
were measured by measuring their reactive
oxygen uptake N, via surface titration of
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0,-CO at 400°C (17, 18, 32, 33). The value
of N, was found to be 5 x 1077 and 3 X
10~* gatom O, for the two films respectively.
The films were also characterized by mea-
suring the exchange current /; of the cata-
lyst-solid electrolyte interface. The experi-
mental procedure for extracting /, from
current vs overpotential (Tafel) plots has
been described in detail elsewhere (/7). The
results are presented below.

Two similar Ag films were deposited on
the outside wall of the stabilized zirconia
tube which was exposed to ambient air (Fig.
2) and served as counter and reference elec-
trodes, respectively. In the course of the
experiments both galvanostatic and potenti-
ostatic operation was used, by means of an
AMEL 553 galvanostat—potentiostat, and
both gave similar results. In the galvanos-
tatic mode a constant current I is applied
between the catalyst and the counter-elec-
trode while monitoring the ohmic-drop-free
(17-34) catalyst potential Vy between the
catalyst and the reference electrode. To ob-
tain Vy one must subtract from the mea-
sured Vypg value the parasitic working-refer-
ence (IR)y g ohmic drop (/7). The procedure
for doing this via the current interruption
technique and utilizing a memory oscillo-
scope (Hameg HM-205) has been described
previously (/7). In the present work, and
due to the high operating temperatures,
(IR)wg was found to be typically less than
5 mV and was thus neglected in subsequent
measurements. In the potentiostatic mode
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a constant potential Vy; is applied between
the catalyst and the reference electrode
while monitoring the current / between the
catalyst and the counter electrode.

RESULTS

A set of blank experiments performed in
absence of the Ag catalyst revealed that the
YSZ solid electrolyte is a reasonably active
and selective catalyst for the OCM reaction.
These results together with kinetic measure-
ments obtained with YSZ powder have been
discussed elsewhere (41). The turnover fre-
quency of CH, conversion on YSZ under the
temperature and gas composition conditions
employed here is typically 2 x 1072 mole-
cules CH,/(surface Zr atom)- s (41). This
corresponds to rate values of at most 107°
mol/s in the present reactor arrangement.
In view of the fact that measured CH, con-
version rates in presence of the Ag catalyst
were 1078107 mol/s one can, to a good
approximation, neglect the rate due to the
solid electrolyte.

Figure 3 shows the effect of CH, partial
pressure Pey, on the rates of formation of
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Fig. 3. Effect of PCH4 on the rates of formation of
C,Hq, CHy, and CO,: Py = 3kPa, T = 835°C, catalyst
Cl, total oulet volumetric flowrate F, = 60 cm*® STP/
min.
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C,H,, C,H,. and CO, at constant P, over
the Ag catalyst. The apparent reaction or-
ders with respect to methane are 0.7, 0.8,
and 0.55 for C,H,, C,H,, and CO, formation,
respectively.

The effect of P, at constant Pcy, 1s shown
in Fig. 4. The apparent reaction orders with
respect to oxygen are 0.7, 1.3, and 0.9, re-
spectively, for C,H,, C,H,, and CO, forma-
tion. The significantly higher reaction order
for C,H, vs C,H, formation suggests that,
indeed, C,H, is a secondary reaction prod-
uct resulting from the oxidative dehydroge-
nation of C,H,. This is also supported by
the very high apparent activation energy for
C,H, formation (80 kcal/mol vs 48 and 40
for C,H, and CO,, respectively (43) which
suggests a predominantly homogeneous
pathway for the dehydrogenation reaction.

Current—potential behaviour. Figure 5
shows the effect of catalyst overpotential 7
on current /. The overpotential 7 is defined
from

(N

where Vi is the open-circuit catalyst po-
tential relative to the reference electrode.
Positive overpotentials (n > 0) cause an ex-

n=Vwr — Vir:
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Fi1G. 5. Effect of catalyst overpotential 5 on current;
Catalyst C2. Straight lines for n > 0 from Eq. (2).

ponential increase in current (/ > 0) and
thus in the rate I/2F of O~ supply to the
catalyst. This exponential (Tafel) depen-
dence is in good agreement with the high-
field approximation of the Butler—Volmer
equation (/7, 20, 21), i.e., with

In(//1,) = a,Fn/RT, )

where /, is the exchange current of the
metal-solid electrolyte interface and a, is
the anodic transfer coefficient, with a value
near 2 for the present system (Fig. 5).

Negative overpotentials (n < 0, I < 0)
lead to limiting current behaviour, i.e.,
the current approaches a limiting, mass-
transfer limited, value /; (Fig. 5) and thus
no Tafel (exponential) behaviour is ob-
served. This behaviour is due to the low
value of P, .

The measured apparent activation en-
ergy of I, i.e., 21 kcal/mol (43) is in good
agreement with literature values obtained
for Ag obtained in presence of O, only
(17).

The measured (43) apparent activation
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energy for I; was also high (17 kcal/mole)
suggesting that the limiting current behav-
iour is not due to gas-phase diffusional limi-
tations but rather to surface diffusion on the
Ag catalyst film and bulk diffusion through
the film, which has a substantial oxygen sol-
ubility at these elevated temperatures (33,
42). It is likely that this oxygen solubility
plays an important role in the OCM reac-
tion, as discussed below.

Similarly to the case of the other known
OCM catalysts, high operating tempera-
tures (700-850°C) are necessary to activate
CH, on Ag. These high temperatures cause
the measured high values of /.

Previous NEMCA studies (/6-34) have
shown that one can estimate the order of
magnitude of the absolute value |A[ of the
enhancement factor A, defined by

A = Ar/(1/2F) (3)
on the basis of the approximate expression
|A| = 2Fr,/1,, 4)

where r, is the open-circuit catalytic rate.
The derivation of Eq. (4) has been pre-
sented in detail elsewhere (/7). The good
agreement between Eq. (4) and experiment
is shown in Fig. 6, which depicts measured
A values for 15 catalytic reactions, includ-
ing the present one. Due to the high op-
erating temperatures and high 7, values,
the measured A values are small (Eq. (4)),
typically less than 2, although for low
applied currents A values up to 4 were
also measured.

The physical origin of this can be under-
stood as follows: when /; is high (say 0.2
mA), then currents / of 20 mA are required
to cause a nontrivial catalyst overpotential
of, say, 200mYV (Fig. 5or Eq. (2)). However,
the 0>~ flux I/2F corresponding to 20 mA
is 1.03 x 1077 g-atom O/s, i.e., larger than
the open-circuit catalytic rate which is typi-
cally 2 x 107% g-atom O/s. Thus even a
tenfold rate increase will give A values of
order 2. Therefore it is the combination of
slow kinetics for CH, oxidation (low r,) and
high operating temperatures (high I,;) which
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FiG. 6. Effect of the parameter 2Fr,/I, on the abso-
lute value |A| of the enhancement factor A for different
catalytic reactions (see also Ref. (/7).

dictates the low magnitude of |A|. Conse-
quently, as in the case of CH, oxidation on
Pt (38), direct electrocatalysis is expected to
strongly affect the overall kinetic behaviour
during O?~ pumping.

Galvanostatic transients. Figures 7a, 7b,
and 7¢ show typical galvanostatic tran-
sients, i.e., they depict the transient effect
of step changes in applied current on the
rate of CO, production r,, . These rate tran-
sients were followed via the nondispersive
IR CO, analyzer thus, unfortunately, the
rates of ethane and ethylene production,
re,n, and re,y . respectively, could not be
continuously monitored. Product sampling
and GC analysis showed, however, that
they follow, qualitatively, the same tran-
sient behaviour.

Figures 7a and 7b depict the effect of posi-
tive currents at high (24:1) and very high
(150: 1) inlet CH,-to-O, ratios. Such high
ratios were found necessary to obtain high
open-circuit selectivity to C, hydrocarbons
and, consequently were chosen for investi-
gating the effect of applied current and po-
tential. Under these conditions and due to
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FiG. 7. Transient effect of step changes in applied current on the rate of CO, formation r¢

,> catalyst

C2. (a) Positive currents at high (24: 1) CH,10-O, inlet ratio; maximum oxygen conversion is 10%.
(b) Positive current at very high (150: 1) CH,-10-O, inlet ratio; maximum oxygen conversion is 88%.
(¢) Effect of negative currents; maximum oxygen conversion is 5%. See text for discussion.

the large effect of applied current described
below, near complete conversion of totally
supplied oxygen is often reached. Denoting
by G the total inlet (feed) molar flowrate and
by yo,, the inlet oxygen molar fraction, it
follows that the total oxygen supply (g-
atom/s) equals (2G - yo,  + 1/2F). Thus, be-
cause of the high inlet CH4 to-O, ratios and
high total oxygen conversions it was not
practical to attempt to maintain P, in the
reactor constant upon varying the current
or the catalyst potential. Consequently the
experiments were performed under con-

stant inlet CH, and O, values P¢y, and
Pg, . When desirable the corresponding
PCH and Py, values in the atmospheric pres-
sure CSTR can be immediately computed
at steady-state or during transients from the
given values of total volumetric flowrate F,
(in cm® STP/min) together with the applied
current and observed rate values. The two
positive current transients shown on Fig-
ures 7a and 7b were chosen because the
former corresponds to a Faradaic process
{Aco, < 1) and the latter to a non-Faradaic
one (Aco, > 1). The enhancement factors
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Acymgs Acy,s Aco, are defined by

AC2H6 = ArC:Hb/(I/ZPV) (Sa)

AQH4 = A"CZH4/(1/2F) (5b)

Aco, = Arco,/(112F), (5¢)

where, in order to keep the notation consis-
tent with previous NEMCA studies, the
rates re,y, , fc,u, - and reo, are expressed in g-
atom O/s or g- equwalent O/s by using the
stoichiometries of the three overall reac-
tions:

2CH, + $0,— C,H; + H,0O (6a)
2CH, + 0,— C,H, + 2H,0 (6b)
CH, + 20,— CO, + 2H,0. (6¢c)

It follows from the definitions of AC,Hh
Ac,n,» @and Acp, that their sum equals A, i.e.,
the total enhancement factor for oxygen
consumption.

As shown in Fig. 7a, the electrical circuit
is initially open (/ = 0) and the open-circuit
rate of CO, formation ry¢q, is 1.2 x 107#
g-atom O/s. The corresponding open-circuit
catalyst potential value Vg is — 150 mV.
At t = 0 the galvanostat is used to apply a
constant current /I = 4 mA, which corre-
sponds to a rate of O2~ transfer to the catalyst
of I/2F = 2.1 x 10~% g-atom O/s. The cata-
lyst potential Vg changes rapidly to —60
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mV, while r¢,, gradually reaches a steady-
state value of 2.1 X 10~% g-atom O/s, which
is 75% higher than rg ¢, , i.e., in this case
it is pco, = rco,/ro.co, = 1.75 and Aco, =
0.45. Upon current interruption rco, returns
to its open-circuit value, thus the effect is
reversible.

Subsequent application of a larger posi-
tive current (I = 10 mA, I/2F = 5.18 x
10~ ® g-atom O/s) causes a 240% increase in
the rate (pco, = 3.4) and a Acp, value of
0.56. The rate again returns to its open-cir-
cuit value upon current interruption (Fig.
7a).

Both the rate enhancement ratio p¢(, and
the enhancement factor Acq, increase sub-
stantially at higher CH, to O, ratios, as
shown in Fig. 7b. Here the initial open-cir-
cuit (f = 0) value of reg, is 5.3 x 107°
atom O/s with V$z = —900 mV. Applica-
tion of a positive current (/ = 25 mA, I/2F
= 1.3 x 1077 g-atom O/s) leads to r¢o, =
2.3 x 1077, i.e., reo, increases by 4200%,
thus pco, = 42. The rate increase Arc,, =
2.25 x 1077 g-atom O/s is 73% higher than
1/2F, i.e., Ao, = 1.73. Thus in the above
case, even without taking into account that
re,n, and re,y, are also increasing, the effect
of current is non-Faradaic.

Figure 7c shows two examples of negative
current application (O*~ removal from the
catalyst). In the former case (/ = — 10 mA)
it is pco, = 0.88 and Acp, = 0.14. In the
latter case (I = —40 mA) one obtains
pco. = 0.56 and A, = 0.12. As discussed
below, negative currents lead to proportion-
ally smaller decreases inr¢ y _and rcy, , thus
the C, selectivity increases.

Steady-state effect of current and poten-
tial. Positive currents, i.e., O° supply to
the catalyst, was found to increase the rates
of formation of C,H¢, C,H,, and CO, with
a concomitant decrease in selectivity to C,
hydrocarbons from an open-circuit value S,
= (.55-0.6 down to 0.25-0.30 and a con-
comitant increase in C, yield up to 8%. Typi-
cal results are shown in Fig. 8a, 8b (catalyst
C1, different inlet CH, to O, ratios), and 8¢
(catalyst C2).
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As also shown in these figures negative 9, the rates of formation of C,H,, C,H,,
currents cause an increase in C, selectivity and CO, vary exponentially with catalyst
up to 0.75-0.80 and a concomitant decrease  potential Vg . This dependence can be ex-
in C, yield. pressed in terms of the dimensionless cata-

This behaviour can be rationalized onthe |yst potential IT = FVyg/RT as

basis of Figs. 9 and 10, which show typical

results of the dependence of the rates of  |n(r. m/To.cmy) = o, (1 = Miy)
Y 2 2 M6

C,H,, C,H,, and CO, formation on catalyst

potential Vyg and on applied current. In-  In(rcy /rocu,) =

creasing Vg and / causes an increase in the

three rates in the sequence Arcy < Arcy, In(reo, /7o co,) =

< Arco,,» thus in general causing a

decrease in C, selectivity. As shown in Fig.  with H*CZH(‘ =~ HE,H4

acznd(n - HE;H‘,)

aco,(IT - M ¢o,),

(7a)
(7b)
(7¢)

~ Mo, = —3.5 and
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= 0.4 (I1 > My );
acsz = 0.75 (H > HEZH4);

aCO: = l (H > HEOZ)’

XCoH,

The fact that the o coefficients (/7) are
smaller than the anodic transfer coefficient
a,(=2) can explain why (/7) the measured
A values depicted in Fig. 10 are, in general,
smaller than 2Fr,/I;. An additional reason
is that under these conditions, i.e., nearly
complete oxygen conversion, the A values
are also restricted by mass balance consid-
erations, i.e., by the total supply of oxygen.
As shown in Fig. 10, measured A values are
typically on the order of 0.05, 0.1, and 1 for
Acyh, s Acn,» and Ao, , respectively.

In general, due to the heterohomogeneous
nature of the OCM process and high oxygen
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FiG. 9. Effect of catalyst potential on the rates of
formation of C,H,. C:H,, and CO,; catalyst C1, F, =
30 cm' STP/min; maximum oxygen conversion is 90%.
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aCZHﬁ = 0.07 (H < HEZH(;) (83.)
ac, = 0.15 (IT < Mey,) (8b)
aco, = 0.3 (II < M) (8c)

conversions used in the present study no
simple or unambiguous physicochemical
meaning can be assigned to the measured o
values, as in previous NEMCA studies (/7,
20, 23), since in the present case they reflect
not only surface properties of the Ag cata-
lyst, but also the effect of oxygen addition
in the gas phase. Thus, to a first approxima-
tion if all the OCM reaction were taking
place homogeneously in the gas phase, then
all three o values would be close to 2, i.e.,
would equal the anodic oxygen transfer co-
efficient. Thus the observed sequence
(acn, < acu, < @co,) may simply reflect
the increasing participation of gaseous oxy-
gen in the formation of C,H, and CO, while
the main role of the surface is to generate
CH, - via reaction of methane with Q% as
analyzed in the Discussion.

Comparison of electrochemically sup-
plied and gas-phase supplied oxygen. A
question frequently addressed in the elec-
trocatalytic OCM literature (6-13) is to
what extent electrochemically supplied oxy-
agen (at arate I/2F) is more active and selec-
tive than gas-phase supplied oxygen (at a
rate 2G - yo, . where G is the total inlet mo-
lar flowrate and Yo, 1s the inlet oxygen mole
fraction). As analyzed in discussion this
question is usually not well-posed in the lit-
erature but, nevertheless, we felt it was
worth addressing since the measured A val-
ues were small and since increasing Vg and
1/2F is found to cause the same qualitative
trends (increase in rates, decrease in C, se-
lectivity) as increasing gas phase oxygen
concentration does in nonelectrocatalytic
OCM reactors.

Figure 11 is based on the data of Figs. 7a,
7b, 8a, and 10 referring to positive currents
and shows the effect of total rate of oxygen
supply 2G - yo,, + 1/2F) on the total rate
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of oxygen consumption. Open symbols in
the figure correspond to pure gas-phase O,
feed (I = 0), while filled symbols correspond
to a mixed feed.

Itisclearthat mixedfeedleads to total oxy-
gen conversions which are typically 10 times
larger than in the case of a pure-gas phase O,
feed. Thus electrochemically supplied oxy-
gen is to a first approximation 10 times more
active than gas-phase supplied oxygen.

As shown in Fig. 12 electrochemically
supplied O, is also more selective for C,
formation than gas-phase oxygen. In this

figure for each y,, value a constant addi-
tional amount of oxygen has been electro-
chemically supplied ({/2F). Both modes of
oxygen addition lead in general to a loss in
C, selectivity but the loss is significantly
more pronounced in the case of gas-phase
supplied oxygen.

DISCUSSION

The present results show that Agis a rea-
sonably selective catalyst for the OCM reac-
tion and that the rate of CH, conversion can
be enhanced by up to a factor of 5000% by
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Open symbols : Gas phase supplied Oxygen

Clowod symbols : Gas phase plus electrochemically
supplied Oxygen

Total rute of arygen consumption 10gatom ox

Total oxygen feed (m~y02 r IbF), Wgatom o

FiG. t1. Effect of total oxygen feed on the total rate of
oxygen consumption; comparison between gas-phase
oxygen supply (open symbols) and electrochemical
plus gas-phase oxygen supply {filled symbols) (<,
from Figs 7a and 7b: V from Fig. 8a;: O, A, (J from
Fig. 10 (T = 770. 800, and 820°C, respectively)).

supplying O*~ via the YSZ solid electrolyte.
The C, selectivity can be varied between 235
and 75%. Maximum C, yield was 8%, but
this can very probably be improved by em-
ploying higher CH, conversions.

The ability of Ag to promote the OCM
reaction at these elevated temperatures,
where atomic oxygen adsorption on the Ag
surface is practically nil (33, 34), must be
related to the finite solubility of oxygen in
Ag (33, 42). The solubility constant of oxy-
gen on Ag and its diffusivity have been stud-
ied by material scientists using YSZ cells
similar to the one used here (42). One com-
putes from reference (42) that the solubility
of oxygen in Ag at 800°C and at atmospheric
pressure is 3.4 x 10~?atom%. In a previous
paper on the NEMCA effect during C,H,
epoxidation (34), we have discussed the
possible relationship between this dissolved
oxygen of material scientists and the subsur-
face oxygen of surface scientists (44), which
is known to give broad TPD peaks at tem-
peratures above 650°C (44, 45).
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This dissolved oxygen species hereafter
denoted by O(d) is, the only oxygen species
likely to survive near or on the Ag surface
at these elevated temperatures and must be
responsible for the abstraction of hydrogen
from CH, and for the initiation of the OCM
reaction:

CH, + O(d)—CH,- + OH-. (9
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F1G. 12. Effect of total oxygen feed on C; selectivity;
comparison between gas-phase oxygen supply (open
symbols) and electrochemically plus gas-phase oxygen
supply (filled symbols) at high (top) and low (bottom)
flowrates and currents.
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This is in agreement with the results of An-
shits and co-workers (46, 6) who used a
silver membrane (0.13 mm thick) to supply
oxygen for the OCM reaction and found that
oxygen supplied through the Ag film was
clearly more active and selective than gas-
supplied O,.

This is also supported by the present re-
sults (Figs. 11 and 12) which show that elec-
trochemically supplied oxygen can be more
active and selective than gas-supplied O,.
In a recent paper (34) we have discussed
the main pathways followed by 0%~ electro-
chemically supplied to Ag catalyst elec-
trodes: a certain fraction of the O°~ flux
forms covalently bonded chemisorbed
atomic oxygen O{a) and eventually gaseous
0,:

02 - 0(a) + 2e~
O(a) — (1/2) Oxg).

(10)
(1n

Another fraction, which increases with
catalyst overpotential can form ionically
bonded spillover ions O*, as evidenced by
XPS (47, 48), which spread over the catalyst
surface and cause NEMCA:

07" — O* + 2e~
0*— (1/2) 04 ().

(12)
(13)

Reactions (10) and (12) take place at the
three-phase boundaries (tpb) YSZ-Ag—gas
(34). Reactions (11) and (13) are very fast at
the high temperatures of the present study,
leading to very low coverages of adsorbed
and spillover oxygen, O(a) and O* respec-
tively. In the case of Ag catalyst-electrodes,
in addition to reactions (10) and (12) which
occur at the tpb, there is a third charge trans-
fer reaction taking place at the two-phase
boundary YSZ~Ag and leading to formation
of dissolved oxygen O(d):

0" —0(d) + 2e- (14)

To the extent that the Ag crystallites are
saturated with dissolved oxygen O(d), it fol-
lows that the occurrance of the charge trans-
fer reaction (14) leads to the appearance of
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O(d) on the gas-exposed Ag surface giving
rise to the OCM reaction according to reac-
tion (9), i.e., the Ag film acts as a “*sponge”’
for dissolved oxygen and supplies it at the
Ag surface upon supplying O  at the
YSZ-Ag interface.

Once CH; - and OH - radicals have been
generated and introduced to the gas phase
via reaction (9), then they can react ac-
cording to the general scheme established
in classical catalytic OCM studies (5),

2CH; + M—> C,Hg + M,  (15)

where M stands for a third body (5) which,
conceivably, could be the surface itself (2).

CH, + O, + M— CH,00- + M (16)

CH,00- + CH,— CH,00H + CH,".
(17)

According to this scheme CO, products re-
sult from CH;O0H combustion, while C,H,
results from C,H¢ oxidative dehydroge-
nation.

Thus, according to the proposed reaction
scheme for the system Ag-YSZ, dissolved
oxygen O(d) formed at the YSZ-Ag inter-
face is responsible for the initiation of the
OCM reaction leading to C,H, formation,
while adsorbed and spillover oxygen form-
ing at the tpb lead primarily to O,(g) evolu-
tion and to subsequent formation of C,H,
and CO,.

Itis worth noting that due to the heteroho-
mogeneous nature of the OCM process, it
is possible to obtain A values exceeding 1,
even without changing the catalytic proper-
ties of the surface, as in NEMCA studies.
Thus, considering the limit of zero overall
C,-selectivity, i.e., when CO, and H,O are
the only oxidation products, A can be as
high as 4 if O>~ only generates CH; - and
OH - radicals (Eqgs. (9) and (14) which are
then converted to CO, and H,O via gas-
supplied oxygen. Thus even in the case of
50% C, selectivity, A values of the order of
2 can be obtained.

It appears therefore that the above simple
kinetic scheme where Agactsasa ‘‘sponge”
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for dissolved oxygen which can generate
CH, - radicals on the Ag surface via reac-
tions (9) and (14) can, to at least a first ap-
proximation, explain the observed Kkinetic
behaviour.

The superior selectivity of electrochemi-
cally supplied vs gas-supplied O, is due to
the fact that the former produces primarily
0(d), while the latter, in addition to forming
0O(d), gets also involved in the homogeneous
gas-phase reactions leading to formation of
CO,.

The observed decrease in selectivity with
increasing current and potential is due to
two factors: first, increased oxygen evolu-
tion in the gas phase and second the effect
of increasing work function ¢® on the state
of dissolved oxygen near the catalyst sur-
face. Since dissolved oxygen is an electron
acceptor, increasing e® weakens the
Ag-0(d) bond near the Ag surface (/7). This
is known (5) to cause a decrease in selectiv-
ity, as strongly bonded oxygen is known to
promote C, formation, while weakly bound
oxygen is known to favor complete oxi-
dation.

It is finally worth emphasizing some
points where caution is needed when com-
paring the activity and selectivity of electro-
chemically and gas-phase supplied oxygen.
The results presented in Fig. 11 show that
electrochemically supplied oxygen is typi-
cally 10 times more active than gas-phase
supplied oxygen. Previous workers have
usually found smaller differences albeit in
the same direction (Ref. (6) and references
therein). When making such comparisons,
attention must be paid to the following two
points which are a very likely source of con-
fusion in the literature.:

I. A true comparison can be made only
when A is of order 1 or higher, as in the
present case. This practically means for the
present system using fuel-rich gas mixtures.
For otherwise a fraction (1-A) of the O~
flux ends up in the gas phase (O, evolution).
When A is less than, say, 0.1, then obviously
no difference should be detected between
gas-phase supplied and electrochemically
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supplied O, , unless there are *‘reaction engi-
neering’’ reasons for such a difference (non-
ideal mixing, different residence time distri-
butions, diffusional limitations).

1. The comparison between the rate
caused by electrochemically supplied and
gas-phase supplied oxygen, as usually done
in the literature (6), is trully meaningful only
when the catalyst surface area A is speci-
fied, which was not the case in previous
studies. The rate, or rate increase, r, due
to electrochemically supplied oxygen is

rq = AUI2F), (18)

while the rate r,, due to gas-phase supplied
oxygen is, in general,
Ten = Ak P3PRy,,

2 4

(19)

where k is a rate constant per unit surface
A. Consequently the ratio p’ of r, and r, is

, AU/2F)

P T ATk Py PR, (20)
and can be made almost arbitrary large or
small by appropriate choice of A. In the data
shown in Fig. 11 it is typically p’ = 10 with
A of the order of 100 cm’. However p’ would
decrease by 10 if A where to increase by 10.
Similarly the p' values measured by previ-
ous workers would be a factor of 10 higher
if the active gas-exposed catalyst-electrode
surface were 10 times smaller. Thus p’ val-
ues are only of engineering and not of any
catalytic usefulness.

Consequently the only catalytically
meaningful comparison of the activity of
electrochemically and gas-phase supplied
oxygen appears to be the comparison of
their reaction probabilities. The reaction
probability of electrochemically supplied
0%~ is A, i.e., of the order of unity in the
present study. The reaction probability of
gaseous O, can be estimated from the kinetic
theory of gases by dividing the observed
rate of molecular O, consumption with the
rate of O, impingement on the catalyst sur-
face P, /(2w k,ymT)"*. The reaction probabil-
ity of O, is thus found to be of the order 5
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x 10~% in the present case. Thus each O?~
ion supplied electrochemically by the YSZ
and then appearing on the Ag catalyst sur-
face has 2 x 10® times higher probability to
react with CH, than an O, molecule imping-
ing on the same surface.

One aspect of the present work worth fur-
ther investigation is the possible catalytic
role of the YSZ electrolyte during O*~
pumping. Under open-circuit conditions the
OCM rate on the YSZ accounted for less
than 5% of the observed rate. However, to
the extent that the Ag catalyst only acts as
an oxygen ‘‘sponge’’ it is possible that the
catalytic activity of the YSZ surface itself
changes during O>~ pumping, at least in the
vicinity of the Ag-YSZ interface, due to
enhanced activity of QO>~ for reaction with
CH, to generate CH, - radicals.

SUMMARY

The catalytic activity of Ag films inter-
faced with YSZ for CH, oxidative coupling
can be varied significantly by polarizing the
Ag/YSZ interface and supplying or remov-
ing O~ to or from the Ag catalyst. Due to
the slow kinetics of CH, activation and the
concomitantly high operating temperature
and exchange current [;, the role of
NEMCA is limited and direct electrocata-
lysts, in addition to homogeneous gas-phase
reactions, dominate the observed kinetic be-
haviour.

ACKNOWLEDGMENTS

Financial support by the EEC Non-Nuclear Energy
and Joule Programmes is gratefully acknowledged.
We also thank our reviewers for some valuable com-
ments.

REFERENCES

1. Keller, G. E., and Bhasin, M. M., J. Catal. 73,9
(1982).

2. Hinsen, W., and Baerns, M., Chem. Z., 107, 223
(1983).

3. Driscoll, D.J., and Lunsford, J. H., J. Phys.
Chem. 87, 301 (1983).

4. Ito, T., and Lunsford, J. H., Nature (London) 314,
721 (1985).

5. Lee, J. S., and Oyama, S. T., Catal. Rev.-Sci.
Eng. 30(2), 249 (1988).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

TSIAKARAS AND VAYENAS

. Eng, D., and Stoukides, M., Catal. Rev.-Sci. Eng.

33, 375 (1991).

. Otsuka, K., Yokoyama, S., and Morikawa, A.,

Chem. Lett. Jpn., 319 (1985).

. Otsuka, K., Suga, K., and Yamanaka, 1., Catal.

Lett. 1, 423 (1988).

. Otsuka, K., Suga, K., and Yamanaka, 1., Chem.

Let1. Jpn., 317 (1988).

Otsuka, K., Suga, K., and Yamanaka, 1., Catal.
Today 6, 587 (1990).

Seimanides, S., and Stoukides, M., J. Electro-
chem. Soc. 133, 1535 (1986).

Eng, D., and Stoukides, M., Catal. Let1. 9, 47
(1991).

Eng, D., and Stoukides, M., J. Catal. 30, 306
(1991).

Belyaev, V. D., Bazhau, O. V., Sobyanin, V. A_,
and Parmon, V. N., in ““New Developments in
Selective Oxidation™ (C. G. Centi and F. Trifiro,
Eds.), p. 469. Elsevier, Amsterdam, 1990.
Nagamoto, H., Hayashi, K., and Inoue, H., J.
Catal. 126, 671 (1990).

Vayenas, C. G., Bebelis, S., and Ladas, S., Nature
(London) 343 (6259), 625 (1990).

Vayenas, C. G., Bebelis, S., Yentekakis, 1. V.,
Lintz, H.-G., **Non-Faradaic Electrochemical
Modification of Catalytic Activity: A Status Re-
port’’, Catal. Today 11(3), 303 (1992).
Yentekakis, L. V., and Vayenas, C. G., J. Catal.
11, 170 (1988).

Vayenas. C. G., Bebelis, S., and Neophytides, S..
J. Phys. Chenm. 92, 5083 (1988).

Bebelis, S., and Vayenas, C. G.,J. Catal. 118, 125
(1989).

Neophytides, S., and Vayenas, C. G., J. Catal.
118, 147 (1989).

Vayenas, C. G., Bebelis, S., Neophytides, S., and
Yentekakis, I. V., Appl. Phys. A 49, 95 (1989).
Vayenas, C. G., Bebelis, S., Yentekakis, . V.,
Tsiakaras, P., and Karasali, H., Platinum Mer.
Reuv. 34(3), 122 (1990).

Vayenas, C. G., and Neophytides. S., J. Catal.
127, 645 (1991).

Vayenas, C. G., Bebelis, S., and Despotopoulou,
M.. J. Catal. 128, 415 (1991).

Ladas, S., Bebelis, S., and Vayenas, C. G., Surf.
Sci 251/252, 1062 (1991).

Lintz, H-G., and Vayenas, C. G., Angew. Chem.
101, 725 (1989); Angew. Chem. Int. Ed. Engl. 28,
708 (1989).

Vayenas, C. G., Bebelis, S., and Neophytides. S.,
in *New Developments in Selective Oxidation™
(G. Centi and P. Trifiro, Eds.), Studies in Surface
Science and Catalysis, Vol. 55, p. 643. Elsevier,
Amsterdam, 1990.

Vayenas, C. G., Bebelis, S., Yentekakis, 1. V.,
Tsiakaras, P., Karasali, H., and Karavasilis, Ch.,
ISSI Lett. 2, 5 (1991)



30.

3.

32.

33.

34.

35.

36.

OXIDATIVE COUPLING OF CH, ON Ag FILMS DEPOSITED ON ZrO,

Vayenas, C. G., Bebelis, S., and Kyriazis, C.,
Chemtech 21, 500 (1991)

Cavalca, C. A., Larsen, G., Vayenas, C. G.. and
Haller, G. L., J. Phys. Chem., 97, 6115 (1993)
Vayenas, C. G., Bebelis, S., Yentekakis, 1. V.,
Tsiakaras, P., Karasali, H., and Karavasilis, Ch.,
in **Proc. 3d Intnl. Symp. on Systems with Fast
lonic Transport, Holzhau, Germany, 1991,
“*Mater. Sci. Forum 76, 141 (1991); Tsiakaras, P.,
and Vayenas, C. G., 179; Karasali, H., and Vaye-
nas, C. G., 171; Karavasilis, Ch., Bebelis, S., and
Vayenas. C. G., 175; Bebelis, S., and Vayenas,
C. G., 221.

Bebelis, S., and Vayenas, C. G., J. Catal. 138, 570
(1992).

Bebelis, S., and Vayenas, C. G., J. Catal. 138, 588
(1992).

Yentekakis, I. V., and Bebelis, S., J. Catal. 137,
278 (1992).

T. 1. Politova,
Belyaev, React.
(1990).

and V. D.
41, 321

V. A,
Kinet.

Sobyanin,
Catal. Lett.

37

38.
39.
40.
41.
42.
43.
44.
45.

46.

47.

48.

347

. Yentekakis, I. V., and Vayenas, C. G., J. Cazal.,
submitted (1993).

Tsiakaras, P., and Vayenas, C. G., J. Caral. 140,
53 (1993).

Pritchard, J., Nature 343, 592 (1990).

Tsiakaras, P., and Vayenas, C. G., in preparation
Seimanides, S., Tsiakaras, P., Verykios, X. E.,
and Vayenas, C. G., Appl. Catal. 68,41 (1991).
Ramanarayanan, T. A., and Rapp, R., Metal
Trans. 3, 3239 (1972).

Tsiakaras, P., Ph.D. thesis, University of Patras,
1993.

Van Santen, R. A., and Kuipers, H. P. C. E.,
Adv. Catal. 35, 265 (1987).

Grant, R. B., and Lambert, R. M., Surf. Sci. 146,
256 (1984)

Anshits, A. G., Shigapov, A. N., Vereshchagin,
S. N., and Shevnin, V. N., Catal. Today 6, 593
(1990).

Arakawa, T., Saito, A., and Shiokawa, J., Chem.
Phys. Lett. 94, 250 (1983).

Ladas, S., Kennou, S., Bebelis, S., and Vayenas,
C. G., J. Phys. Chem., in press (1993).



