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It was found that the catalytic activity and selectivity of polycrystalline Ag for the dehydrogena- 
tion and decomposition of CHjOH can be markedly affected by electrochemically pumping oxygen 
anions from the catalyst surface via stabilized zirconia solid electrolyte cells. The steady-state 
increases in catalytic rates are typically a factor of 20 higher than the rate of 02- transfer from the 
catalyst surface. Oxygen anion pumping causes up to sixfold increases in the rates of production of 
H,CO, CO, and CH4 and induces significant changes in product selectivity. Over a wide range of 
conditions the rates of the catalytic reactions increase exponentially with catalyst-solid electrolyte 
interface overpotential 7). which is proportional to the induced change in catalyst work function. 
The phenomena are reversible and show that catalyst work function and catalytic activity and 
selectivity can be varied deliberately by adjusting the catalyst potential. The observed non-Fara- 
daic rate enhancement for this catalytic system can be interpreted by taking into account the 
decrease in catalyst work function with decreasing catalyst potential and the consequent changes in 
the strength of chemisorptive bonds. Q 1989 Academic Prcsb. Inc. 

INTRODUCTION 

Solid electrolyte cells can be used in sev- 
eral ways to study and to influence catalytic 
phenomena on metals. Progress in this area 
has been reviewed recently (I, 2). The first 
studies focused mostly on passive potentio- 
metric measurements of the activity of oxy- 
gen on porous metal catalyst films. This 
technique of solid electrolyte potentiome- 
try (SEP) has been used in conjunction with 
kinetic measurements to study a number of 
catalytic reactions on metals (3-6). It is 
particularly suitable for the study of oscilla- 
tory reactions (4, 7-10). 

In recent years it has been found that the 
catalytic activity and selectivity of metal 
catalysts can be altered dramatically and in 
a reversible manner by electrochemically 
pumping oxygen anions (02-) to or from 
catalyst surfaces. In this “active” mode of 
operation a current I is applied to cells of 
the type 

’ To whom correspondence should be addressed. 

gaseous reactants, metal catalyst 
1 ZrOz(8 mol% YzO~) 1 M,Oz 

(1) 
and 02- are pumped to or from the catalyst 
surface at a rate 1/2F, where F is Faraday’s 
constant. The metal (M) catalyzes the reac- 
tion 

02(g) + 4e- % 202- (2) 

and serves as a means of supplying or re- 
moving 02- to or from the porous metal 
catalyst film through the gas-impervious 
stabilized zirconia solid electrolyte. 

Oxygen anion removal from the catalyst 
surface has been found to significantly en- 
hance the rate of NO decomposition on Pt 
and Au (11,12) and the rate of CO hydroge- 
nation on transition metals (13, 14). In the 
latter case the rate increase has been attrib- 
uted to an enhancement in the rate of disso- 
ciation of chemisorbed CO. 

It is useful to define an enhancement fac- 
tor A from 

A = Arf(If2F) (3) 
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where Ar is the change in catalytic reaction 
rate and Z/2F is the rate of O*- transport to 
or from the catalyst surface. Throughout 
this paper and as in previous ones (1, 25, 
20) we have defined the current Z to be posi- 
tive when O*- is pumped to the catalyst and 
negative when O*- is pumped from the cat- 
alyst. The published results for the cases of 
NO decomposition on Pt and Au (II, 12) 
show that IAl = 1, i.e., the observed behav- 
ior was purely Faradaic. 

In several recent studies, IA/ values well 
in excess of unity have been reported for a 
variety of catalytic reactions. These include 
the partial oxidation of ethylene and pro- 
pylene on Ag (26-Z@, where significant 
changes in product selectivity were also ob- 
served, the oxidation of CO on Pt (19), and 
the complete oxidation of ethylene on Pt, 
where A values as high as 3 x lo5 were 
measured with a concomitant 50-fold in- 
crease in catalytic reaction rate (15, 20). 
The term non-Faradaic electrochemical 
modification of catalytic activity (NEMCA) 
was proposed to describe this new phenom- 
enon (1.5, 20). It should be emphasized that 
the term non-Faradaic simply implies that 
the change in the rate of the catalytic reac- 
tion exceeds the rate of O*- transport 
which, of course, always equals the rate of 
the electrocatulytic reaction (2). 

One of the central findings of the recent 
investigations of the NEMCA effect (25, 
20) is that the most significant parameters 
in describing and understanding the effect 
are the catalyst-solid electrolyte activation 
overpotential 77 and the catalyst potential, 
relative to the reference electrode, VW+. It 
was found that over wide ranges of VW the 
catalytic reaction rate r changes exponen- 
tially with VWR according to 

ln(r/r,) = aF(VwR - V&,)/RT (4) 

where r0 is the regular (open-circuit) cata- 
lytic rate and (Y and V&, are constants. This 
behavior was explained by considering the 
change in the heats of adsorption of chemi- 
sorbed species caused by changes in the 

catalyst work function as the catalyst po- 
tential changes (15, 20). 

In the present communication the 
NEMCA effect is examined for the reac- 
tions of methanol dehydrogenation and de- 
composition on Ag. Similarly to previous 
studies (15, 20) it is found that over a range 
of catalyst potential the rates of the dehy- 
drogenation, decomposition, and methane 
formation reactions depend exponentially 
on catalyst potential. However, an impor- 
tant difference with previous reactions 
studied is that the rates increase exponen- 
tially with decreasing catalyst potential, 
i.e., when oxygen anions are pumped from 
the catalyst surface. This behavior can be 
understood by considering that oxygen an- 
ion removal from the catalyst leads to a de- 
crease in catalyst work function and to a 
concomitant increase in chemisorptive 
bond strengths which results in an enhance- 
ment in the rates of dehydrogenation and 
decomposition. 

EXPERIMENTAL 

The experimental apparatus is shown 
schematically in Fig. 1. An ultrapure 
(99.999%) He stream was saturated with 
CH30H by being sparged through a thermo- 
stated saturator containing liquid CH30H. 
The reactor inlet CHJOH concentration 
was controlled by mixing the saturated He 
stream with a second ultrapure He stream. 
A TC detector (Gow-Mac 50-152) was used 
to continuously monitor the reactor inlet 
CH30H concentration. Reactants and 
products were analyzed by on-line gas 
chromatography using a Perkin-Elmer 
Sigma 300 gas chromatograph with a TC 
detector and a Perkin-Elmer LCI-100 inte- 
grator. A Chromosorb 107 glass column 
was used to separate CHjOH, H&O, and 
CO2 and a molecular sieve .5A column to 
separate 02,C0, and CH4. Relative re- 
sponse factors based on N2 were measured 
for each component separately and are 
given in Table 1. The inlet CH30H partial 
pressure was typically on the order of 5 x 

lo-* bar. The feed also contained small 
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FIG. 1. Schematic diagram of the apparatus. 

amounts of O2 and H20, typically 9 x 10-j 
and 3.5 x lop4 bar, respectively. 

A Balzers QMG 31 I mass spectrometer 
with a continuous gas-sampling system and 
a QDP data processor were also used for 
reactant and product analysis. This permit- 
ted continuous monitoring of the exit con- 
centrations of CH30H, H$O, CO, CH4, 
HZ, and HZO. All gas lines and valves were 
heated at 100°C using heating tapes to pre- 
vent condensation of CH30H, H2C0, and 
HZ0 and polymerization of H2C0. The car- 
bon mass balance was typically found to 
close within 0.5%. The oxygen mass bal- 
ance was also found to close within 1%. 
Due to the strong hydrogen background sig- 
nal in the vacuum system resulting from the 
turbomolecular pumping unit, no system- 
atic study was made of the hydrogen mass 
balance closure, which, however, is almost 

TABLE 1 

Relative Response 
Factors 

02 1.00 
co 1.00 
CH30H 0.88 

HzCO 1.175 
C& 1.09 
H2O 1.70 

guaranteed by the very good closure of the 
carbon and oxygen mass balances. 

The atmospheric pressure yttria-stabi- 
lized zirconia continuous-flow reactor 
shown schematically in Fig. 2 has a volume 
of 30 cm3 and has been described in detail in 
previous communications (7, 9, 15, 19). 
Within the flow rate range used in this in- 
vestigation, i.e., typically 90 to 110 cm3 
STP/min, the reactor has been shown to be- 
have like a CSTR by measurement of its 
residence time distribution with an IR CO2 
analyzer (7). 

Porous Ag catalyst films were deposited 
on the inside bottom of the stabilized zirco- 
nia tube as described previously (3-5, 16- 
18), i.e., by using thin coatings of a Ag solu- 
tion in butyl acetate followed by drying and 
calcining at 650°C. Porous Ag films depos- 
ited in this mode have thickness on the or- 

solid catalyst 

I / I I I 
counter 
electrode 

reference 
electrode 

FIG. 2. Catalyst and auxiliary electrode configura- 
tion. G, galvanostat-potentiostat. 
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TABLE 2 

Catalyst 

1 
2 

Reactive oxygen Exchange current 
uptake of catalyst density at PM = 

electrode 5 x 10e2 bar 
(NJg-at. 0) PO (~Ncm*)l 

5.5 x 10-C 67 (650°C) 
6.9 x 1O-6 45 (663°C) 

Relaxation time (s) 

Experimental Computed 
(4 WW,@ 

- - 
350-700 (I = -2 mA) 664 

der of 5 ,um and have been found by ex situ 
AES to be fairly clean (3). Their superficial 
surface area is 2 cm* and their true surface 
area as measured by a surface titration 
technique described previously using O2 
and CO (7, 9, 16) is on the order of 2000 
cm*. Three porous Ag films were used in 
the course of the experiments and all 
showed qualitatively the same kinetic be- 
havior. However, detailed kinetic and elec- 
trokinetic investigation was done with two 
of them. Their reactive oxygen uptake at 
450°C estimated surface area, and ex- 
change current density characteristics are 
given in Table 2. 

Electrochemical measurements. The 
three-electrode system shown in Fig. 2 and 
described in previous communications (25, 
19, 21) was used to measure the catalyst- 
solid electrolyte activation overpotential r) 
and the exchange current Z,. 

The two porous Ag films deposited on the 
outside bottom wall of the stabilized zirco- 
nia tube were exposed to ambient air. One 
had a superficial surface area of 1.2 cm* and 
served as the counterelectrode; the other 
with a superficial area of 0.1 cm* served as a 
reference electrode. 

Under open-circuit conditions the porous 
Ag film exposed to the reactants (working 
electrode) functions as a regular catalyst. 
When the circuit is closed and a galvanostat 
(in this work an AMEL 553 galvanostat- 
potentiostat) is used to impose a constant 
current Z between the working and coun- 
terelectrodes, oxygen anions O*- are trans- 
ferred to or from the catalyst at a rate Z/2F, 

where F is a Faraday’s constant. At the 
same time the catalyst potential relative to 
the reference electrode VbR deviates from 
its open-circuit emf value V&,, = VWR(~=~), 
which is on the order of - 1 V for this sys- 
tem. The difference V&, - V&R equals theo- 
retically the overpotential 7 at the catalyst- 
solid electrolyte interface (25, 29, 22, 22). 
In practice the reference electrode is never 
ideal and VbR always contains a nonzero 
ohmic component. This component, which 
was typically of order lo-30 mV in our sys- 
tem, was measured using the current inter- 
ruption technique in conjunction with a Ha- 
meg HM 205 memory oscilloscope and was 
subtracted from I&, to obtain the IR-free 
catalyst potential VWR. One can then com- 
pute 7) from 

q = v,, - vg,,. (3 

By measuring q as a function of the cur- 
rent I, or equivalently current density i = 
Z/A, where A is the solid electrolyte surface 
area (=1.5-2.0 cm2 in our system) and by 
using the classical Butler-Volmer equation 

Z/I, = exp(a,Fr]lRT) 
- exp(-acFr]/RT) (6) 

one can determine the values of the ex- 
change current Z, and of the anodic and 
cathodic transfer coefficients (Y, and (Y,. 
This is usually done by using the high-field 
approximation (171 > 100 mV), in which 
case Eq. (6) reduces to 

ln(Z/Z,,) = a,Fr)lRT (7) 

for anodic (Z > 0, r] > 0) currents and 
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FIG. 3. Tafel plots of the catalyst-solid electrolyte 
interface. PM = 5 x 10m2 bar. 

In(-III,) = -cy,Fr)IRT (8) 

for cathodic operation. Thus, by plotting ln- 
Z versus r) (Tafel plot) one obtains Z,, 
CX,, and (Y,. Such Tafel plots are shown in 
Fig. 3. 

The exchange current density i, = Z,IA is 
a measure of the electrocatalytic activity of 
the catalyst-solid electrode interface for 
the reaction 

02- S O+(a) + (2 - &)e (9) 

where O*-(a) is oxygen chemisorbed on the 
Ag catalyst in the vicinity of the three phase 
boundaries between the catalyst, the solid 
electrolyte, and the gas phase. The parame- 
ter i, expresses the rates of the forward and 
backward reactions (9) which are equal 
when Z = 0. High i, values, e.g., 10e3 Al 
cm2, indicate a nonpolarizable metal-solid 
electrolyte interface, while low i, values, 
e.g., 10e9 fUcm2, are indicative of a highly 
polarizable interface. 

The parameters i,, (Y~, and (Ye refer to the 
electrocatalytic reaction (9) the rate of 

which, as already mentioned, can be 15-20 
times smaller than the induced changes in 
the catalytic rate of CH30H consumption, 
which takes place over the entire Ag cata- 
lyst surface. However, these parameters 
are important in understanding the electro- 
catalytically induced change in catalytic ac- 
tivity. It is the overpotential 71 that con- 
nects the electvocatalytic reaction rate, 
which equals the rate of 02- transport 
through the electrolyte to or from the cata- 
lyst, with the induced change in the cata- 
lytic activity of Ag, which, as recently 
shown (25, 20) and as discussed below, is 
proportional to the induced change in the 
average work function of the catalyst. 

RESULTS 

Regulur (Open-Circuit) Catulytic Behuvior 

The kinetics of CH30H dehydrogenation 
to H2C0 (rH&, decomposition to CO and 
HZ (rco), and conversion to CH4 (rCH4) 
were studied at temperatures from 600 to 
680°C and CH30H partial pressures up to 
0.07 bar, first under open-circuit condi- 
tions. Although the reactor behaves as a 
CSTR, the total CH30H conversion was 
deliberately maintained below 20% in all 
the experiments to maintain differential re- 
actor conditions and limit the occurrence of 
consecutive reactions, such as H2C0 de- 
composition and CO hydrogenation to 
CH4. Figure 4 shows typical results for the 
dependence of the rate of formaldehyde 
production r&co on the partial pressure of 
methanol PM. It was found that r&co can be 
approximated well by simple Langmuir- 
type rate expressions, i.e., 

with 

K 0-M = 0.032 exp(88000) bar’ (11) 

K o,Hf.ZO = 14.7 exp(-7050/T) s-l (12) 

where the subscript o is used to denote reg- 
ular, i.e., open-circuit, catalytic behavior, 
and the kinetic constant Ko,H2C0 has been 
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FIG. 4. Effect of methanol partial pressure on the 
open-circuit kinetics of formation of H2C0, CO, and 
CH4 at 640°C (a) and on the open-circuit kinetics of 
HzCO formation at various temperatures (b). +, T = 
600°C; X, T = 625°C; A, T = 640°C; n , T = 663°C; 0, 
T = 679°C. Solid lines from equations (lo)-(16). Cata- 
lyst 2. 

expressed in s-l by using the reactive oxy- 
gen uptake of the catalyst, i.e., IV, = 9.4 x 
1O-6 g-at. The solid curves in Fig. 4 were 
obtained from the kinetic expression (10). 
The open-circuit rates of CO and CH4 for- 
mation, i.e., ~,,co and ro,c&, respectively, 
are also zero order in methanol for CH30H 
partial pressures above 5 x 10m3 bar and 
can be approximated reasonably well by 

ro,CO = &,CO&,MpMI(l + &,MPM) (13) 

ro,CH4 = &,CH,&,MPM/(l + %,MpMM) (I41 

with 

K o,co = 0.41 exp(-6500/T) s-l (15) 

K o,CH4 = 10.2 exp(-10,000/T) s-l (16) 

The selectivities to H,CO, CO, and CH4, 
defined from 

SH2C0 = rH2COkH30H, SC0 = kOkH30H, 

S C& = rCH4hH30H, 

where rcH,oH is the rate of CH30H con- 
sumption, are typically of order S,,HZco = 
85-90%, &co = T-11%, and &,c& = 3-5% 
over the temperature range investigated 
and are essentially independent from the 
partial pressure of methanol, PM. Although 
the kinetics and mechanism of CH30H oxi- 
dation on Ag have been studied exten- 
sively, e.g., Refs. (23-25), there is, to our 
knowledge, no previously published de- 
tailed investigation of the kinetics of the 
above reactions in the absence or presence 
of trace amounts of oxygen. 

A limited study of the effect of flow rate 
or residence time showed that S&co, Sco, 
and SCH~ are essentially independent from 
residence time or CH30H conversion to the 
extent that the latter does not exceed 20%. 
Consequently, over the range of the present 
investigation, the three reactions 

CH30H * HzCO + H2 (17) 

CH30H --, CO + 2H2 (18) 

CH30H + HZ -+ CH4 + Hz0 (19) 

can be viewed macroscopically and kineti- 
cally as three parallel reactions, the rates of 
which depend essentially only on PM and 
temperature. 

current.mA 
0 -0.5 -1 -15 -2 

I I I I ’ / 
/ 

2 

t 

A T=620%! / 

0 T=&U’C / ‘0 
0 T=663’C / 

I 

1 

FIG. 5. Effect of current on the rate (open symbols) 
and on the increase in the rate (filled symbols) of meth- 
ane formation. The dashed line corresponds to the 
stoichiometry of reaction (21). 
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Electracatalytic Behavior 

Figure 3 shows typical current-overpo- 
tential (Tafel) plots. One curve corresponds 
to anodic operation and exhibits clear Tafel 
behavior with an anodic transfer coefficient 
(Y, = 0.75 +- 0.05. A linear Tafel plot implies 
that the coverages of kinetically important 
adsorbed species remain practically con- 
stant. It should be noted that anodic opera- 
tion, i.e., oxygen anions being pumped to 
the catalyst, was found to cause only Fara- 
daic changes in the rates of the catalytic 
reactions. The temperature dependence of 
the exchange current density i, extracted 
from the anodic Tafel plots corresponds to 
an activation energy of 45 kcal/mol. 

The second curve corresponds to cath- 
odic operation, i.e., 02- removal from the 
catalyst, and exhibits no clear Tafel, i.e., 
linear, region. This behavior can be under- 
stood as follows. 

At low (<lo0 PA) currents, the cathodic 
electrocatalytic reaction is 

oqa) + (2 - 6-)e -+ o*- (20) 

However, 02 is present only in trace 
amounts in the reactor, since its inlet partial 
pressure is on the order of 9 x 10m5 bar and 
since most of it reacts with H2 produced by 

the catalytic reactions (17) and (18). Conse- 
quently, a plateau (limiting current) is ap- 
proached in the In I versus jr)/ plot. At 
higher (>I00 ,uA) cathodic currents a sec- 
ond electrocatalytic reaction starts taking 
place in parallel with reaction (20), i.e., 

CH30H + 2e + CH4 + 02- (21) 

and this leads to the observed near-expo- 
nential increase in current with 171 shown in 
Fig. 3 for high cathodic currents. The fact 
that oxygen abstraction from CHjOH is in- 
deed taking place by the electrocatalytic re- 
action (21) at high current densities is 
shown conclusively in Fig. 5, where the in- 
crease in the rate of CH4 formation Arcn4 is 
plotted versus the rate of 02- removal from 
the catalyst, Z/2F, for the same conditions 
as in Fig. 3 and for two additional tempera- 
tures. As shown on the figure the slope of 
Arc-, versus I/2F is near unity at high cur- 
rent densities. The difference between Ii2F 
and Arcn4 corresponds, for all currents, to 
the rate of OzP formation from reaction 
(20). 

The NEMCA Effect: Transients 

Figure 6 shows a typical galvanostatic 
transient, i.e., a typical catalytic rate tran- 

3 23 

--2 

-22 

28 32 

FIG. 6. Rate and catalyst potential response to a step change in applied current. Comparison of 
experimental (7) and computed (2FNJI) relaxation time constants. T = 66O”C, PM = 5.2 x lo-* bar, 
catalyst 2; see text for discussion. 
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sient when a constant negative current, I, 
i.e., a constant flux of O*- equal to Z/2F, is 
removed from the catalyst. The same figure 
shows the corresponding catalyst potential 
VW transient. 

At the start of the experiment the circuit 
is open and the rates of HzCO, CO, and 
CH4 production are r0,u2co = 4.9 X lo-* 
mol/s, r,,co = 7.6 X low9 mol/s, and r0,cn4 = 
1.5 X lop9 mol/s, respectively. At time l = 0 
the galvanostat is used to apply a current 
Z = -2 mA with a corresponding rate of 
oxygen transfer from the catalyst G, = 
Z/(2F) = 1.04 x lop8 g-at./s. This causes a 
380% increase in r&co and a 413% increase 
in rco. The corresponding enhancement 
factors are Anzco = -17.5, AC0 = -3. 
There is also a 190% increase in rc& with a 
corresponding enhancement factor AC& = 
-0.3, but this rate increase, as previously 
mentioned, is mostly Faradaic and due to 
the electrocatalytic reaction (21). The rate 
relaxation time constants T, defined as the 
time required for the rate increase Ar to 
reach 63% of its final value, are shown in 
Fig. 6 to vary between 350 and 700 s, in 
very good agreement with 2FNJZ = 664 s, 
which is the time required to remove a 
monolayer of OS- from the catalyst surface 
through the O*- conducting solid electro- 
lyte. 

It is worth noting in Fig. 6 that the relax- 
ation time constant 73 for CH4 formation is 
substantially shorter than the time con- 
stants rl, and r2 for HzCO and CO forma- 
tion, respectively. This must be due to the 
fact that CH4 is formed not only from the 
catalytic reaction (19) but also from the 
electrocatalytic reaction (21) which is ex- 
pected to have a negligible time constant 
during a galvanostatic transient. 

As shown in Fig. 6 the catalyst potential 
VWR changes from its open-circuit value of 
VgNR = - 1030 mV to a steady-state value of 
-1860 mV. The observed changes in the 
rates and in VWR are quite reversible. Upon 
current interruption r&co) rc0, rCHIy and 
VWR all return to their open-circuit values 
with a time constant four to five times 
longer than T. 

Positive current application, i.e., 02- 
pumping to the catalyst, has only a Fara- 
daic (A I 1) effect on the rates for this reac- 
tion system. 

Steady-State Effect of Current 

Figure 7 shows the effect of current on 
the steady-state increase in the rate of 
H2C0 formation and on &co. Increasing 
negative current enhances the rate of H2C0 
formation but causes a decrease in &co. 
Enhancement factors &co on the order of 
- 15 are typically obtained. As shown in the 
Discussion and as recently described (Z5- 
20) the magnitude of A is basically deter- 
mined by the magnitudes of the open-cir- 
cuit rate and of the exchange current 
density i,. 

Effect of Overpotential 

Figure 8 shows the effect of the catalyst- 
solid electrolyte overpotential 7 on the 
rates of formation of H2C0, CO, and CH4. 
It can be seen that small negative r) values 
have no effect on the rate. However, as 77 
becomes more negative, rn2co, rco, and rcn4 
start to increase exponentially with de- 
creasing q. One can approximate this ki- 
netic behavior by 

= AH~CO (d&o -r)) rl < q&o (22a) 

= Aco(rll!!o - $ rl < do (22b) 

= AcH~($H~ - 7) r) < 1)'?H, cw 

where AH~CO, ACO, ACHY, dk~, rlzo, and 
$n4 are temperature-dependent parame- 
ters. The exponential dependence of the 
rates of H2C0 and CO formation on over- 
potential is similar to that reported recently 
for the oxidation of C2H4 on Pt (15,20). The 
only difference is in the sign of 7, i.e., in the 
present case the rates increase with de- 
creasing r). As shown in the Discussion it is 
n = A@; consequently the catalytic rates 
increase with decreasing catalyst work 
function. 
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I ,mA 

FIG. 7. Steady-state effect of current on the rate of formation of HzCO and on the selectivity 
H*CO. Solid lines are consant enhancement factor A H2co lines. (a) Catalyst 1, (b) catalyst 2. 

As already mentioned the increase in the 
rate of CH4 formation is mostly Faradaic 
and the exponential dependence of rCnI on 
7 is a direct consequence of the linear de- 
pendence of rcn, on I (Fig. 5) and of the 
quasilinear dependence of In Z on q at suffi- 
ciently negative 7 values (Fig. 3). 

The parameters AH2co and Ace are, like 
AcH.,, on the order of FIRT, as discussed 
below. The parameters r*, which are sim- 
ply defined as the q values where the rates 
start to increase exponentially with q, are 
on the order of - 100 to -400 mV for this 
reaction system. As discussed below the n* 
values correspond to specific catalyst po- 
tentials V&R, which are proportional to T 
and are characteristic for each reaction. 

Effects of Catalyst Potential VWR 

The IR-free catalyst potential VWR with 
respect to the reference Ag electrode, 
which is in contact with air, is related to the 
overpotential r) through 

to 

15 

i &CO 

FIG. 8. Effect of catalyst-solid electrolyte activation 
overpotential 7) or rHzco, rco, and rCH4, PM = 5 X 10e2 
bar. A A A, T= 62O"C;O n 0, T= 643"C;O 00, T 

(5) = 663°C. Catalyst 2. VWR = v%R + 7) 
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FIG. 9. Effect of the parameter KI = FV&RT on the rates of formation of HzCO, CO, and CH4. 
Conditions asin Fig. 8. A, T = 620°C; H, T= 643°C; l , T = 663°C. 

where V&a is the open-circuit cell emf. The 
catalyst potential VWR has been recently re- 
ported to play a central role in describing 
the NEMCA effect during CZH~ oxidation 
on Pt (15, 20). The same applies here. It 
was found that the effects of VW, and tem- 
perature on the rates can be unified in a 
single parameter II defined as 

II = FV&RT (23 

This is shown in Fig. 9, which demonstrates 
that the logarithms of rHz~&,,~zc~ and rd 
r,,co depend linearly on Il. As shown in the 
same figure this also applies for r&ro,CH4, 
but it is worth noting that this is simply a 
consequence of the high-field approxima- 
tion of the Butler-Volmer equation, since 
CH4 is formed mainly by the electrocata- 
lytic reaction (21). The slopes of the plots, 
i.e., (YuZco, ffco, and (Yen4 are 0.14,0.30, and 
0.65, respectively. The corresponding in- 
tersects with the abscissa are H&co = - 16, 
II& = -18, and II&, = -19.2, respec- 
tively. Over the temperature range of this 
study these parameters are essentially inde- 
pendent of temperature as shown in Fig. 9. 
Consequently, according to Eq. (23) the 
catalyst potentials Vi&, below which the 
rates start increasing exponentially with de- 

creasing catalyst potential, are proportional 
to T. At T = 916 K the corresponding V& 
values are -1.26, -1.42, and -1.52 V for 
H&O, CO, and CH4 formation, respec- 
tively. Although, similarly to the case of 
C2H4 oxidation on Pt (15), the V& values 
for H$O and CO formation can be consid- 
ered to be characteristic of the correspond- 
ing catalytic reactions, i.e., methanol dehy- 
drogenation and decomposition on Ag, no 
such meaning can be attributed to V$R,CH~, 
the value of which is expected to also de- 
pend on the exchange current density of the 
catalyst-solid electrolyte interface. 

Despite the different origin of the expo- 
nential rate dependence on the parameter 
II, i.e., NEMCA effect for the formation of 
H&O and CO and simple electrocatalysis 
for the formation of CH4, one can summa- 
rize the observed kinetic behavior by the 
following equations: 

= aco(II& - rI), II < II&l (24b) 
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n 

FIG. 10. Effect of the parameter I1 = FV,,/RT on 
the selectivity to H,CO, CO, and CH4. Conditions and 
symbols as in Fig. 8; dashed lines from Eq. (24). 

It should be noted that from the definition 
of n and II, i.e., Eqs. (5) and (23), it is IIT = 
F(VgK + qT)IRT for all three reactions. 

Figure 10 shows the effect of II on the . . . selecttvities SH2co, Sco, and SCHa. The 
dashed lines result from plots of Eqs. (24). 
Intermediate II values lead to a small in- 
crease in SH2co, but at highly negative H 
values SHzco decreases exponentially with a 
concomitant exponential increase in Sco 
and SCHl. 

NEMCA Effect on Reaction Order and 
Apparent Activation Energies 

As shown in Fig. 11 the NEMCA effect 
changes not only reaction rate but reaction 
order as well. Thus, under open-circuit 
conditions, i.e, 7 = 0 (open symbols), the 
production of H2C0 is zero order in 
CHjOH for PM > 5 x 1O-3 bar. However, at 
71 = -650 mV, the rate becomes between 
half and first order in methanol for PM as 
high as 5 x IO-* bar, similar to the behavior 
of rco and rcu, as shown in the same figure. 

This can be qualitatively understood by 
noting that the NEMCA effect enhances 
the rates of surface dehydrogenation and 
decomposition reactions but probably not 
the rate of methanol adsorption (15). Simi- 
larly, increasing negative potentials en- 
hance the electrocatalytic formation of 
CHq. Consequently at high negative over- 
potentials where the surface reactions be- 
come very fast, methanol adsorption will 
tend to become rate limiting. This would 
then lead to a transition from zeroth order 
to linear kinetics as is experimentally ob- 
served. 

By studying the temperature dependence 
of r&co, rco, and rcnl at constant overpo- 
tentials n, one can examine the effect of n 
on the apparent activation energies of the 
three reactions which are computed from 
standard Arrhenius In Y versus l/T plots. 
Figure 12 shows the effect of overpotential 
on the apparent activation energies of r&co, 
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FIG. 11. Effect of CH,OH partial pressure Phi, on 
the regular (open symbols) and NEMCA-induced (r) = 
-0.65 V, filled symbols) catalytic activity for the for- 
mation of H,CO, CO, and CH,. Triangles, T = 645°C; 
squares, T = 665°C; circles, T = 683°C. 
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FIG. 12. Effect of overpotential on the apparent acti- 
vation energies of formation of H,CO, CO, and CH4. 

rco, and rc&. Increasing I?] causes a small 
increase in ~!&co and a substantial decrease 
in &n4, while Eco remains practically unaf- 
fected. However, it should be noted that, 
because of the NEMCA-induced change in 
reaction order discussed above, the E val- 
ues extracted from In r versus l/T plots are 
only apparent overall activation energies 
and cannot be attributed specifically to any 
single reaction step. The observed decrease 
in ECHO with increasing IqJ is in good qualita- 
tive agreement with the classical theory of 
electrocatalytic reactions (30). Significant 
changes in the activation energy of catalytic 
reactions with changing catalyst work func- 
tion have been found for both metallic (15) 
and nonmetallic (31) catalysts. 

DISCUSSION 

Main Results 

1. The catalytic rates of CH30H dehy- 
drogenation and decomposition on Ag can 
be reversibly enhanced by a factor of 5 to 10 
by removing oxygen anions from the Ag 
catalyst surface. The observed increase in 
the rate of dehydrogenation is typically 15 
times higher than the rate of 02- removal 
from the catalyst. The effect is non-Fara- 
daic and induces significant changes in 
product selectivity. At more negative po- 
tentials the electrocatalytic rate of CH4 for- 
mation from CH30H is also enhanced. 

2. The rates of H2C0, CO, and CH4 
formation increase exponentially with de- 

creasing catalyst potential VW, below three 
threshold potential values V&,. As catalyst 
potential decreases, the threshold value for 
dehydrogenation to H2C0 is reached first 
(II* = -16), followed by those for decom- 
position to CO (II* = -18) and for CH4 
formation (II* = -19.2). The II* value for 
CH4 formation depends on the polarizabil- 
ity of the catalyst-solid electrolyte inter- 
face and therefore should not be considered 
as characteristic of the methane formation 
reaction, contrary to the II* values corre- 
sponding to the catalytic reactions of dehy- 
drogenation and decomposition on the Ag 
surface. The exponential rate increase for 
dehydrogenation is the least steep (anZco = 
0.14), while those for decomposition to CO 
and CH4 formation are much steeper ((~co = 
0.30 and ffcn, = 0.65). Consequently, at 
more negative catalyst potentials the selec- 
tivity to CH4 increases exponentially with a 
concomitant decrease in the selectivity to 
H2CO. 

3. The rate relaxation time constants 7 
during galvanostatic transients are on the 
order of 2FNJZ, where N, is the catalyst 
reactive oxygen uptake measured by reac- 
tive oxygen titration with CO (Fig. 6). This 
shows conclusively that 02- pumping from 
the catalyst removes negatively charged ad- 
sorbed oxygen species from the entire cata- 
lyst surface and not only from the vicinity 
of the catalyst-solid electrolyte-gas phase 
three-phase boundaries. This behavior has 
been also observed in all previous studies of 
the NEMCA effect (15-20). 

Estimation of Enhancement Factors 

The magnitude of the enhancement fac- 
tors A,, where the index j = 1, 2 stands for 
the catalytic reactions of H2C0 and CO for- 
mation, respectively, is determined mainly 
by the magnitude of the open-circuit rates 
roj and of the exchange current. Since dif- 
ferent reactions have been found to exhibit 
dramatically different A values (Table 3) it 
becomes important to understand the origin 
of these differences and also to describe 
how A is influenced by the catalyst surface 
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TABLE 3 

Catalytic Reactions Found to Exhibit the NEMCA Effect 

Reactant Product Catalyst A range Reference 

______. _______ 
I. CH2CH2. O2 Ethylene oxide, CO? AL? 
2. Propylene. 0: Propylene oxide. CO2 ‘% 
3. CH+ZH:. 0: CO: Pt 
4.CO,O? co: Pt 
5. CH,OH. 0: CO?, HzCO Pt 
6. CH,OH H:CO, CO. CH, Pt 
7. CHqOH H2C0. CO, CH, & 

(’ Change in product selectivity observed 

area and by the catalyst-solid electrolyte 
exchange current. 

In a recent paper (15) it has been shown 
that for anodic operation, i.e., 02- pumping 
to the catalyst, the enhancement factor A is 
on the order of 2Fr,/P, where 1” is defined 
as the current at an overpotential equal to 
v*. This was derived by using the high-field 
approximation of the Butler-Volmer equa- 
tion and by assuming that the anodic trans- 
fer coefficient (Y, equals the slope CY of the 
ln(u/r,) versus II plots. By making the same 
assumption in the present case of cathodic 
operation one can show that Aj must be on 
the order of -2Fr,,j/I,r. The parameters fj’ 
can be directly obtained from Fig. 3 for 
dzco = -0.2 V and $o = -0.4 V. Thus, 
one computes that at 665°C it should be 
AHLCO = -120 and AC0 I- -5. The latter 
value is in good agreement with experiment 
but IAH,c,jj is significantly overestimated be- 
cause the assumption (Y&Co = (Y, iS rather 
inaccurate in this case where (YH?Co is very 
small (= 0.14). 

Although the parameters -ZFr,,,,jIY can 
provide only an estimate of the order of 
magnitude of Aj they are useful in assessing 
the effect of intrinsic turnover rate, catalyst 
surface area, and catalyst-solid electrolyte 
exchange current density on A. By noting 
that Y, is proportional to the catalyst surface 
area and also that the parameter I0 is pro- 
portional to the catalyst-solid electrolyte 

(“C) 

320-420 (0. +3001 
320-420 [O. +3001 
260-420 [O. +3 x IW] 
300-550 [-500. +5001 
400-500 f-3 x 101. +I031 
400-500 I- IO, 01 
sso-700 (-25, 01 

(16, 17)" 
(18)” 
(15, 20) 
C/Y) 
(29)" 
(2Yy 
This work” 

exchange current Z, (IS), one can conclude 
that for a given reaction, temperature, and 
gaseous composition the enhancement A is 
proportional to the intrinsic catalytic turn- 
over rate and to the catalyst surface area 
and inversely proportional to the exchange 
current density of the catalyst-solid elec- 
trolyte interface. Consequently, to observe 
the NEMCA effect and obtain high [Al val- 
ues one must have a relatively fast catalytic 
reaction and a polarizable catalyst-solid 
electrolyte interface. 

Origin of NEMCA Effect and of 
Exponential Dependence of Catalytic 
Rates on VwR 

To explain the experimental observation 

In(cj/rj,,) = qjF(V$R,j - Vw,)IRT (25) 

which has been found to describe the 
NEMCA effect for the present work and for 
all other systems where the effect of 02- 
pumping on catalysts has been studied with 
simultaneous accurate measurement of the 
overpotential 7 and of the catalyst potential 
VWR (15,2/J), one must first examine what is 
the effect of 02- pumping and of the ap- 
pearance of activation overpotential 7j on 
the electronic properties of the metal cata- 
lyst. This question has been addressed in 
detail in a recent communication which de- 
scribed the NEMCA effect during C2H4 oxi- 
dation on Pt (15). It was shown that the 
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catalyst potential with respect to the refer- 
ence electrode, i.e., VWR, is given from 

VWR = (i&R - i&W% 

= (@w - @‘RI + (qw - *RI (26) 

where I.&W, &,R, e@w, e@R, and q~, TR 

are the electrochemical potentials of elec- 
trons (or Fermi levels), work functions, and 
outer (Volta) potentials, respectively, of 
the catalyst (W) and reference (R) elec- 
trodes. The Y, or Volta, potentials are non- 
zero only when there is a net charge on the 
metal catalyst plus adsorbed layer. Conse- 
quently the q terms are frequently ne- 
glected in the catalytic literature. Equation 
(26) is valid under both open-circuit and 
close-circuit conditions. For open-circuit 
(i.e., SEP) measurements it implies that the 
open-circuit emf V$JR provides a measure 
of the catalyst work function in relation to 
the reference electrode work function, pro- 
vided that no net charge develops on the 
tW0 electrodes, i.e., 9~ = TR = 0. 

Under closed-circuit conditions, i.e., 
during 02- pumping, the reference elec- 
trode remains unaffected, i.e., &a, @a, 
and *a remain Constant. One can therefore 
rewrite Eq. (26) as 

r) = VW, - vi’,= (i&,W(I=O) 

- &,w(de = (QWO - @WCI=O)) 

+ (Twcn - ~wc,=o,). (27) 

The preceding equation has been derived 
rigorously (15) and without making any as- 
sumptions. To further exploit Eq. (27) it is 
necessary to make some assumption re- 
garding the magnitude of the last term Ywcn 
- ~w(l=Oj on the catalyst surface exposed to 
the gas phase. First it is worth noting that 
&w is the same throughout the bulk of the 
metal catalyst. However, Qw and *w, the 
sum of which equals -,&wle, need not 
be the same over the entire catalyst surface 
if the catalyst electrode carries a net charge 
which is not uniformly distributed on the 
catalyst surface. Such a net charge may ex- 
ist but will be localized at the metal-solid 
electrolyte interface, which is usually mod- 

eled as a resistor and a capacitor connected 
in parallel. However, what is of interest 
here are changes in Qw and Yw on the 
metal-electrode surface which is catalyti- 
cally active, i.e., which is exposed to the 
gas phase. Any ions or molecules directly 
adsorbing on the catalytically active sur- 
face will be paired with a compensating 
charge in the metal. The effect of such ion- 
electron pairs produced by adsorption from 
the gas phase would be included in a work 
function measurement and therefore must 
be included within @W and not pw. Conse- 
quently when the cPw and qw terms in Eqs. 
(26) and (27) refer to the catalytically active 
surface of the catalyst electrode, then the 
9~ terms vanish and one can rewrite these 
equations as 

VWR = @‘w - @‘R (28) 

q = VWR(0 - VWR(I=O) 

= @W(I) - @W(I=O). (2% 

Equation (29) implies that when r) > 0, 
i.e., V~R(I) > VWR(I=O), or equivalently when 
02- is pumped to the catalyst surface, then 
there is an increase in catalyst work func- 
tion. This has been found to cause dramatic 
non-Faradaic increases in the rates of CZH~ 
and C3H6 epoxidation and complete oxida- 
tion (16-18), CO oxidation on Pt (19), and 
C2H4 complete oxidation on Pt (15,20) (Ta- 
ble 3). This dramatic rate enhancement has 
been explained semiquantitatively by con- 
sidering the decrease in bonding strength of 
chemisorbed species resulting from the in- 
crease in catalyst work function (15). 

In the present investigation exactly the 
opposite behavior is observed, i.e., signifi- 
cant non-Faradaic rate enhancements are 
obtained when 02- is pumpedfrom the cat- 
alyst surface, which corresponds to r) < 0, 
i.e., VWR~~ < V WR(f=O). According to Eq. 
(29) this implies a decrease in catalyst work 
function. 

At the molecular level the induced de- 
crease in catalyst work function is due to 
the depletion of 02- from the catalyst-solid 
electrolyte interface and from the concomi- 
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tant removal of partially or completely ion- 
ized oxygen initially bonded all over the en- 
tire catalyst surface. Oxygen chemisorption 
on polycrystalline Ag is known to produce 
at least three distinct oxygen species (2% 
2.5), which have been attributed to molecu- 
larly adsorbed, atomically adsorbed, and 
subsurface oxygen (23). The exact role of 
each of these types of oxygen on the mech- 
anism of Ag-catalyzed oxidation reactions 
has been the subject of intensive study and 
controversy, but it is almost universally ac- 
cepted that atomically bonded and subsur- 
face oxygen carry negative charges be- 
tween 0 and -2 (23-2.5). Depletion of 
completely or partially ionized species with 
negative charges from a catalyst surface is 
well known to produce a positive surface 
potential change, i.e., a decrease in catalyst 
work function (26). The situation is de- 
picted schematically in Fig. 13, where no 
attempt was made to show the compensat- 
ing charges in the metal. 

- 

t 
VACUUb4 LEVEL 

t 

The decrease in catalyst work function 
increases the Fermi level and electrochemi- 
cal potential of electrons in the catalyst (26) 
and therefore increases the availability of 
electrons for chemisorptive bond forma- 
tion. This leads to stronger bonding be- 
tween the catalyst and chemisorbed species 
with a concomitant increase in the heats of 
chemisorption. According to early theoreti- 
cal considerations of Boudart (27) it should 
be 

A(-AHad) = -(n/2)uA@ (30) 

where n is the number of valence electrons 
of the adatom taking part in the bonding. 
Despite its simplicity, Eq. (30) has been 
found in several occasions to be in good 
agreement with experiment (27). For the 
case of CHjOH chemisorption on Ag it is 
fairly well established that adsorption pro- 
ceeds via formation of a methoxy group 
(24, 28); therefore, a reasonable approxi- 
mation would be IZ = 1. Equation (30) pre- 

T 
VACUUh4 LEVEL 

T 

FIG. 13. Schematic representation of the effect of positive (a) and negative (b) currents on the 
relative concentration of oxygen anions on the catalyst surface and on the corresponding changes in 
Fermi level EF and in work function Q, when T = 0. C, catalyst; MCE, metal counter electrode; MRE, 
metal reference electrode. 
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diets a substantial increase in the heat of 
chemisorption of CH30H with decreasing 
catalyst work function, i.e., when O*- is 
pumped from the catalyst. It is not surpris- 
ing then that O*- pumping&m the catalyst 
is found experimentally to cause a dramatic 
increase in the rates of CH30H dehydro- 
genation and decomposition. This is ex- 
actly what one would expect for decompo- 
sition reactions if the nature of the 
activated complexes leading to product for- 
mation is not changing substantially. Fur- 
thermore, one can explain the exponential 
dependence of the rates on r~ and VWR by 
noting that 7) and VWR are linearly related to 
the changes in catalyst work function eA@ 
[Eq. (29)] and, therefore, to the induced 
changes in the heats of adsorption [Eq. 
(30)] which are expected from classical acti- 
vated complex kinetic considerations to in- 
duce exponential changes in the catalytic 
rates (15). 

The order in which r&co and rco start 
increasing with decreasing VWR (Fig. 9), 
thus decreasing work function e@, is also 
reasonable in view of the above discussion. 
Thus it is the dehydrogenation reaction that 
takes off first, followed by the decomposi- 
tion to CO, which involves abstraction of 
two more H atoms and requires even more 
negative catalyst potentials. 

Table 3 summarizes the reactions where 
the NEMCA effect has been studied so far. 
One can distinguish two groups of reac- 
tions. The first group consists of reactions 
exhibiting a positive NEMCA effect, i.e., 
rate acceleration by O*- pumping to the cat- 
alyst (I > 0, 7) > 0, A > 0) which, as dis- 
cussed above, corresponds to an increase 
in catalyst work function. In some of these 
reactions (26-18) negative currents cause a 
decrease in the rate. 

The second group contains reactions ex- 
hibiting a negative NEMCA effect, i.e., 
rate enhancement upon 02- removal from 
the catalyst (Z < 0, r) < 0, A < 0), which 
corresponds to a decrease in catalyst work 
function. 

It is interesting to note that the first class 

contains mostly oxidation reactions, while 
the second class contains mostly decompo- 
sition reactions. The oxidation of CO on Pt, 
which belongs to both groups, depending 
on catalyst potential, is no exception to this 
rule, since it exhibits a negative NEMCA 
effect at very negative catalyst potentials 
where the reaction proceeds via CO dispro- 
portionation on the catalyst surface fol- 
lowed by carbon combustion (19). The oxi- 
dation of CHjOH on Pt exhibits similar 
behavior, but little is known about its mech- 
anism yet (29). 

It is tempting to propose the terms elec- 
trophobic and electrophilic respectively for 
these two groups of reactions, since they 
are accelerated by a decrease or increase 
respectively in the electrochemical poten- 
tial of metal electrons and by a concomitant 
decrease or increase in catalyst electron 
availability for chemisorptive bond forma- 
tion. 

CONCLUSIONS 

The catalytic activity of Ag for the con- 
version of CH30H to H2C0 and CO can be 
markedly enhanced by electrochemically 
removing oxygen anions from the catalyst 
surface. The induced non-Faradaic electro- 
chemical modification of catalytic activity 
(NEMCA) leads to rate enhancements up 
to 600% which are accompanied by signifi- 
cant changes in product selectivity. The in- 
crease is lo-15 times higher than the rate of 
O*- removal from the catalyst. As in pre- 
vious studies (15-20) the observed en- 
hancement factors A are of order 2Fr,/Z” 
where r, is the regular catalytic rate and I0 
is proportional to the exchange current of 
the catalyst-solid electrolyte interface. 
Over certain ranges of catalyst potential, 
the catalytic reaction rates increase expo- 
nentially with decreasing catalyst potential. 

The above observations can be ac- 
counted for by considering the decrease in 
catalyst work function resulting from the 
depletion of oxygen anions from the cata- 
lyst-solid electrolyte interface and from the 
catalyst surface. This is a generalization of 
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the first proposed explanation of the 
NEMCA effect observed during ethylene 
and propylene epoxidation on Ag (16-18). 
In these early studies it was proposed that 
02- pumping to or from Ag surfaces leads 
to formation and depletion, respectively, of 
some surface species AgO*. More recent 
studies of the NEMCA effect (15, 19, 20), 
including the present work, strongly sup- 
port the idea that 0” is simply O-. 

This reaction system provides an exam- 
ple of a negative NEMCA effect, i.e., cata- 
lytic rate enhancement due to oxygen anion 
removal from the catalyst and, conse- 
quently, due to a decrease in catalyst work 
function. 

The observed phenomena show the use- 
fulness of solid electrolyte cells in influenc- 
ing and controlling the electronic and cata- 
lytic properties of metal catalysts. The use 
of surface spectroscopic techniques to ex- 
amine in situ catalytic surfaces subject to 
02- pumping could lead to complete eluci- 
dation of the NEMCA effect, which is of 
considerable theoretical and practical im- 
portance. 
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