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It was found that the catalytic activity of polycrystalline Pt films deposited on fl"-A1203 , a 
Na+-conducting solid electrolyte, can be altered dramatically and reversibly by polarizing the 
catalyst-solid electrolyte interface. The observed decrease in the rate of ethylene oxidation on Pt 
is typically 103 - 5 × 104 times larger than the rate of supply of Na + to the catalyst-electrolyte 
interface. A Na coverage of 0.015 suffices to cause a 70% decrease in catalytic rate which varies 
exponentially with catalyst work function. The latter was measured both potentiometrically and by 
means of a Kelvin probe. The behavior is qualitatively similar to that observed when using 02-- 
conducting solid electrolytes and shows that the newly found effect of non-faradaic electrochemical 
modification of catalytic activity (NEMCA) is not restricted to any particular metal or solid electro- 
lyte. This supports the proposed explanation of the effect which is based on the change in catalyst 
work function and concomitant change in chemisorptive bond strengths as a result of ion spillover 
upon polarization of the catalyst-solid electrolyte interface. © 1991 Academic Press, Inc. 

INTRODUCTION 

It has been found recently that the cata- 
lytic activity and selectivity of metal cata- 
lyst films can be altered dramatically and 
reversibly by supplying or removing oxygen 
anions 0 2- to or from the catalyst surface 
via polarized catalyst-solid electrolyte in- 
terfaces (1-10). The term non-faradaic elec- 
trochemical modification of  catalytic activ- 
ity (NEMCA) has been used to describe this 
new phenomenon, since the steady-state ca- 
talytic rate increase can be up to a factor of 
3 x l0 s higher than the steady-state rate of 
0 2 supply to the catalyst (3, 5, 7--9). The 
term "electrochemical promotion in cataly- 
sis" has also been proposed to describe 
NEMCA (11). 

Previous studies of the NEMCA effect 
employed solid electrolyte cells of the type 
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gaseous reactants, metal catalyst 

IZrO2(8 tool% Y203)] M, 02, (1) 

where the metal M catalyzes the reaction 

O2(g ) + 4e- --~ 2 0  2 (2) 

and serves as a means of supplying or re- 
moving O 2- to or from the porous catalyst 
film through the gas-impervious stabilized 
zirconia solid electrolyte. 

The main common findings of all previous 
NEMCA studies (l-10) are the following: 

I. Over wide ranges of conditions cata- 
lytic rates depend exponentially on the ohm- 
ic-drop-free (IR-free) catalyst potential Vw~ 
with respect to a reference electrode 

ln(r/r o) = ozF(VwR -- V~VR)/RT, (3) 

where r o is the regular, i.e., open-circuit, 
catalytic rate and a and VV}R are catalyst- 
and reaction-specific constants. The param- 
eter o~ typically takes values between - 1  
and l. As shown recently, both theoretically 
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(3-5) and experimentally (8) a polarization 
AVwR at the catalyst-electrolyte interface 
causes a change eA~ = eAVwR to the work 
function e~ of the gas-exposed catalyst sur- 
face. Consequently Eq. (3) can also be writ- 
ten as 

ln(r/ro) = ae(~ - @*)/kbT, (4) 

where @* is, again, a catalyst- and reaction- 
specific constant. 

II. The order of magnitude (typically 
10-105) of the enhancement factor A defined 
from 

A = Ar/(I/2F), (5) 

where z~r is the change in catalytic reaction 
rate and (I/2F) is the rate of 02- transport 
to or from the catalyst, can be estimated 
from 

A ~ 2Fro/Io, (6) 

where I0 is the exchange current (3-5) of the 
catalyst-solid electrolyte interface. There- 
fore, in order to observe strong non-Far- 
adaic rate enhancement (IA] ~> 1), highly 
polarizable, i.e., low I0, catalyst-solid elec- 
trolyte interfaces are required. 

III. The catalytic rate relaxation time con- 
stants during galvanostatic transients are 
typically of the order of 2FN/I, where N, 
expressed in g-atom, denotes the total cata- 
lytic surface area. 

The above observations have been inter- 
preted semiquantitatively on the basis of a 
uniform change of the catalyst work func- 
tion induced by an electrochemically con- 
trolled spillover of ions onto the catalyst 
surface and of the concomitant controlled 
change in the strength of chemisorptive 
bonds (1-11). 

In the present investigation fi"-Al203, 
which is a Na + conductor (13), is used as 
the solid electrolyte, instead of YzO3-doped 
ZrO2, which is an 02- conductor. Thus the 
solid electrolyte cell is of the type 

gaseous reactants, 
Pt ]Na(I)/3"-A1203] Pt, O 2. (7) 

The chemistry and ion transport proper- 
ties of Na(I)ff'-Al203 have been reviewed 
thoroughly (13). Because of the very small 
currents (few/xA) and reversed cell opera- 
tion employed in the present study, Na ÷ 
depletion from the solid electrolyte was not 
a problem even after several months of oper- 
ation and thus it was not necessary to main- 
tain the counter and reference electrodes in 
contact with molten Na. 

The purpose of this study was to examine 
whether ff'-AlzO3 can also induce the 
NEMCA effect and thus to examine the va- 
lidity of the proposed explanation of the 
NEMCA effect (1-10). The oxidation of eth- 
ylene on Pt was chosen as a model reaction 
since its mechanism (14, 15) and NEMCA 
behavior using 02- conducting solid electro- 
lytes (3, 5, 8) have been studied in detail. 

There is a rich UHV literature on the ef- 
fects of alkali dopants on the chemisorptive 
properties of metal surfaces (16-20). Both 
UHV and atmospheric pressure studies 
have been reviewed thoroughly in three re- 
cent review papers (17-19). 

EXPERIMENTAL 

The experimental apparatus utilizing on- 
line gas chromatography, mass spectrome- 
try, and IR spectroscopy for reactant and 
product analysis is shown schematically on 
Fig. 1 and has been described in detail in 
recent studies of NEMCA with 02.  con- 
ducting solid electrolytes (1-10). The main 
difference is in the nature of the solid elec- 
trolyte. A closed-at-one-end Na(I)ff'-A1203 
tube was used. The tube length was 10 cm 
and its i.d. and o.d. 1.59 and 1.90 cm, re- 
spectively. The useful reactor volume was 
19.8 cm 3. The reactor cap and sealing sys- 
tem is identical with the one used with zirco- 
nia electrolytes (1-10). When not in opera- 
tion, both sides of the tube were maintained 
in a dry synthetic air stream in order to avoid 
any extensive substitution of Na ÷ with pro- 
tons, resulting from H20, in the ff'-A1203 
lattice. With this precaution and with po- 
tentiostatic operation, as described below, 
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FIG. 1. Schematic diagram of the apparatus. 

a tube can maintain reversible behavior over 
several month periods. 

The porous Pt catalyst film had a superfi- 
cial surface area of 2 cm 2 and was deposited 
on the inside bottom wall of the/3"-AlzO 3 
tube as described previously (2, 3, 5), i.e., 
using a thin coating of Engelhard A1121 Pt 
paste followed by drying and calcining in 
air, first at 400°C for 2 h and then at 820°C for 
20 rain. Porous Pt catalyst films deposited in 
this mode have thicknesses of the order of 
5/zm, true surface areas of the order of 500 
cm z, and have been shown by ex situ XPS 
to contain no detectable metal impurities (2, 
14, 21). Typical scanning electron micro- 
graphs of such porous Pt catalyst films and 
of sections perpendicular to the Pt film-sta- 
bilized zirconia interface have been pre- 
sented previously (3). The reactive oxygen 
uptake of the inside Pt catalyst film used in 
this investigation was 1.1 x l 0  -6  g-atom O, 
as determined by an isothermal 02, C2H 4 "~ 
surface titration technique described pre- 
viously (14, 22) and briefly outlined below. 

Two similar porous Pt films with superfi- 
cial surface areas of 1.5 and 0.1 cm 2 were 
deposited on the outside bottom wall of the 
/3"-A1203 tube which was constantly ex- 
posed to dry synthetic air (Fig. 2). They 
functioned as counter and reference elec- 
trodes respectively. An AMEL 553 galva- 
nostat-potentiostat was used to apply either 

constant currents between the catalyst and 
the counter electrode or constant potentials 
between the catalyst and the reference elec- 
trode. 

Under open-circuit conditions the film ex- 
posed to the reactants acts as a regular cata- 
lyst for C2H 4 oxidation to CO2 and H20. As 
analyzed in Results and Discussion one of 
the main findings of the present work is that, 
as in the case of 02- conducting solid elec- 
trolyte cells (8), the open-circuit emf V~VR 
(measured between the catalyst and refer- 
ence electrodes) provides a direct measure 
of the difference in the average work func- 
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FIG. 2. Reactor configuration. 
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tions of  the gas-exposed surfaces o f  the cat- 
alyst and reference electrodes. Thus, moni- 
toring the emf enables one to monitor in situ 
the work function of the catalyst surface 
during reaction. 

When the circuit is closed and a current 
I is applied between the catalyst and the 
counter electrode, then sodium ions Na + 
are transfered to or from the catalyst at a 
rate I/F. In order to maintain a notation 
consistent with the zirconia-based NEMCA 
studies (i-10) we denote I < 0 when the 
catalyst is negative with respect to the 
counter electrode, i.e., when Na + are sup- 
plied to the catalyst, and I > 0 otherwise. 
When current passes through the cell, the 
catalyst potential relative to the reference 
electrode V~vR deviates from V~VR. The dif- 
ference V~VR -- V~VR equals, ideally, the cat- 
alyst overpotential ~) (3-5). In practice the 
reference electrode is never ideal and V~vR 
always contains a nonzero ohmic compo- 
nent. This component, which was typically 
of the order of 5-20 mV in this system, was 
determined via the current interruption 
technique in conjunction with a Hameg 205 
memory oscilloscope and was subtracted 
from V~vR in order to obtain the ohmic-drop- 
free (IR-free) catalyst potential VWR and the 
catalyst overpotential ~ from ~/ = VwR - 
V~VR. The theoretical procedure for using 
vs I data to extract the exchange current I0 

and the anodic and cathodic transfer coeffi- 
cients oq and o~ c has been described in detail 
previously (3, 4). 

Measurement o f  catalyst surface area. 
The following isothermal surface titration 
technique, also employed previously (2-5, 
21, 22) was used to measure the reactive 
oxygen uptake No (g-atom O) of the porous 
Pt film: Throughout the entire procedure the 
catalyst is maintained at a fixed temperature 
T. First the catalyst is exposed to 02 for a 
period to2. Then the reactor is flushed with 
ultrapure He for a period the at least 8 times 
longer than the residence time of the reactor 
which is typically 3-5 s. Subsequently the 
catalyst is exposed to  C z H  4 (or  C O )  and the 
product CO2 area, which provides a direct 
measure of chemisorbed oxygen No(tHe), is 
recorded using a mass spectrometer or IR- 
CO2 Analyser. By varying the one can study 
the oxygen desorption kinetics. By extrapo- 
lating to the = 0 one can directly obtain No. 

Work function measurement. The experi- 
mental apparatus used to measure in situ the 
work function of the gas exposed catalyst 
film by means of the vibrating condenser 
method (Kelvin probe) is shown in Fig. 3. 
In this design the original counter electrode, 
deposited on the convex side of the bottom 
of the/~"-A1203 tube is exposed to the re- 
actants and serves as a catalyst whereas the 
electrode deposited on the concave side is 
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FIG. 3. Schematic diagram of the setup used to measure in  s i t u  the catalyst work function; G-P: 
Galvanostat-potentiostat; W: catalyst (working electrode); C: counter electrode; R: reference elec- 
trode. 
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exposed to dry synthetic air and serves as a 
counter electrode for closed-circuit mea- 
surements and as a reference electrode for 
open-circuit measurements. The catalyst 
work function was measured using the Kel- 
vin method (Besocke/Delta-Phi-Electronik, 
Kelvin probe "S" )  with a 2.5-ram-diameter 
Au-grid vibrating condenser element ("elec- 
trode") placed ca 500/zm from the catalyst 
surface. It was verified that the work func- 
tion (WF) measurements were not influ- 
enced by the exact distance of the two con- 
denser elements. As shown schematically 
on Fig. 3 in the Kelvin probe " S "  operation 
the contact potential difference signal is 
drawn from the vibrating Au grid, while the 
specimen (catalyst) is grounded so that the 
Kelvin probe Lock-in Amplifier circuit is 
entirely independent from the solid electro- 
lyte cell circuit. This means that potentials 
applied to the cell are, of course, not fed to 
the Lock-in Amplifier input. 

R E S U L T S  

Open-Circuit emf and Work 
Function Measurements 

It was recently proposed theoretically 
that the ohmic-drop-free potential differ- 
ence in solid electrolyte cells is directly re- 
lated to the work function difference of the 
gas-exposed surfaces of the cell electrodes 
(3-5). It was predicted that for open-circuit 
(I = O) measurements it is 

eVwR = edP w --  e ~ R ,  (8)  

where e~w and e ~  R a r e  the average work 
functions of the gas-exposed surfaces of the 
catalyst (W) and reference (R) electrodes, 
whereas for closed circuit (I ¢ 0) measure- 
ments it is 

AeVwR = e ~ w ( l )  --  e~w(i-0) (9) 

Equations (8) and (9) are valid provided 
the two electrodes are made of the same 
material and are at the same temperature 
(3-5). The validity of Eqs. (8) and (9) for 
0 2- conducting solid electrolyte cells was 

confirmed recently using a Kelvin probe 
(8). The theoretical derivation of Eqs. (8) 
and (9) is rather straightforward (3-5) and 
is not repeated here. It stems from simple 
electrostatic considerations and from the 
spatial uniformity of the Fermi level in 
the conductive catalyst film both at the 
catalyst-electrolyte and the catalyst-gas 
(i.e., catalytically active) interfaces (3-5). 
It is worth emphasizing that since the cata- 
lyst surface consists of a variety of crystal- 
lographic planes, one expects in general 
nontrivial spatial variations in WF and 
Volta potential ~P. Equations (8) and (9) 
refer to the appropriately defined (10) aver- 
age catalyst surface WF value. The local 
spatial variations in WF and • are not 
expected to be very significant, however, 
in polycrystalline films with large ( -1  ~m) 
crystallites, such as the ones used in this 
and in other NEMCA studies, since the 
surface must consist primarily of low Miller 
index planes and in particular of the (11 l) 
plane. 

As shown in Figs. 4a and 4b Eqs. (8) 
and (9) are valid for/3"-A1203 solid electro- 
lytes cells as well. Figure 4a depicts the 
transient catalyst potential VWR and cata- 
lyst work function eqb w behavior during a 
galvanostatic transient, i.e., upon imposi- 
tion of a fixed current between the catalyst 
and reference electrodes. As discussed be- 
low the induced WF change Aeq~w is due 
to Na spillover onto the catalyst surface. 
It can be seen that Eq. (9) is valid at 
steady-state and, to a good approximation, 
also during the transient. Figure 4b shows 
steady-state results obtained both under 
open-circuit and closed-circuit conditions. 
In the former case VWR was varied by 
changing the C 2 H 4 / O  2 composition in the 
reactor and in the latter by varying the 
polarizing current with the catalyst ex- 
posed to O2 and C2H4/O2 mixtures. 

In view of Figs. 4a and 4b in conjunction 
with similar results obtained with zirconia 
electrolytes (8) and also in view of the ex- 
isting simple theoretical analysis (3-5) one 
can safely conclude that Eqs. (8) and (9) are 
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FIG. 4. Effect of ohmic-drop-free catalyst potential on the work function of the catalyst surface during 
a galvanostatic transient (a) and at steady state (b); T = 240°C. 

always valid and that  solid electrolyte cells 
with metal electrodes are essentially work 
funct ion probes o f  the gas-exposed elec- 
trode surfaces. 

Effect  o f  Gas Composition on Catalyst 
Work Function 

Figure 5 shows the effect  of  gaseous com- 
posit ion and tempera ture  on the work  func- 

tion change of the Pt catalyst  film in relation 
to its value when it was first exposed  to 
Po2 = 21 kPa. Open symbols  on Fig. 5 corre- 
spond to data taken on the fresh catalyst  
(denoted hereaf ter  C1) before exposure  to 
electrochemical  Na  + pumping.  These data, 
which show a quasilinear increase in WF 
with increasing Po2/Pc2n4, are in good quali- 
tative agreement  with the emf  (Vv~) mea- 
surements  of  Ref. (14) (denoted by a dotted 
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line) which were obtained with a zirconia 
solid electrolyte and showed that V~,~ 

ln(Po2/Pc2rt4). 
Filled symbols on Fig. 5 were obtained 

with the same catalyst after repeated expo- 
sure to electrochemical Na + pumping (here- 
after denoted C2). It can be seen that in- 
creasing Na coverage on the catalyst surface 
(corresponding to AONa ~ 6.3 × 10 -3 as dis- 
cussed below) induces important changes in 
the WF behavior. This is to be expected 
since the presence of alkalis on transition 
metal surfaces is known not only to cause 
notable (up to 3eV) WF decreases in vac- 
uum, but also to magnify WF changes 
caused by adsorption of other adsorbates 

(17). This is exactly what Fig. 5 shows upon 
comparing catalysts C1 and C2. Thus the 
WF changes of C2 with changing Po2/Pc2n4 
are much more pronounced. A quasilinear 
increase at relative low Po2/Pc2n4 is followed 
by a gradual asymptotic increase at high 
Po2/Pc:~4 values. The WF changes are more 
pronounced at higher temperatures. This is 
mainly because at lower temperatures 
strong ethylene adsorption takes place 
which inhibits oxygen adsorption and 
causes e~  to remain low even for very high 

Po2/Pc2n4 ratios. 
At 291°C and Po2/Pc2ri4 = 240, where most 

of the NEMCA experiments described be- 
low were carried out, the WF of catalyst C2 
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is by 0.19 eV lower than that of C1, causing 
significant differences in the kinetic behav- 
ior of C1 and C2 as discussed below. Using 
the literature value P0 = 5.3 -+ 0.2 Debye 
(= 1.75 + 0.07 × 10 -29 Cb- m) for the initial 
dipole moment of Na on Pt(111) (16, 24) and 
the Helmholz equation 

Po = - eo(dC~/dNNa)UNa-~O, (I0) 

where e0 = 8.85 × 10 -12 Cb2/J • m, one 
computes that the Na surface density Nya 
(adsorbed Na atoms/m 2) required to cause 
a 0.19 eV WF decrease is 9.6 × 1016m -2. 
Since there are 1.53 × 1019 Pt atoms/m 2 on 
the (111) plane, this corresponds to A0ya = 
6.3 x 10-3; i.e., catalyst C2 has a higher Na 
coverage than C1. As discussed below the 
Na coverages for C1 and C2 are estimated, 
using Faraday's Law, to be 7.5 × 10 -3 and 
1.38 × 10 -2, respectively. Apparently this 
small Na coverage on C 1 resulted from some 
nonelectrochemical Na spillover during cat- 
alyst preparation at high temperature. As 
shown below this Na contamination can be 
removed electrochemically. 

It should be emphasized that calculating 
coverages from WF changes plus reported 
dipole moments is, in general, very risky. 
In the present case, however, one can be 
confident about the computed 0ya values for 
two reasons: First because the 0Na values 
involved are very small and well in the linear 
WF vs 0Na region. Second because, as dis- 
cussed below, one can start from an electro- 
chemically cleaned surface and reproduce 
the catalytic activity, WF and 0Na values of 
the catalyst film at the states C1 and C2 by 
electrochemically supplying Na at a rate 
(I/F) and by computing 0N~ from Faraday's 
Law and from the known value of the cata- 
lyst surface area. 

It is worth mentioning that the above liter- 
ature value of P0 ( = 5.3 Debye) for adsorbed 
Na/Pt(l l  1) measured by Schr6der and H61zl 
under UHV conditions (16, 24), is in good 
qualitative agreement with the P0 values ob- 
tained in the present work using galvano- 
static transients, as discussed below. 

Finally, it is noteworthy that, although 

absolute WF measurements by means of 
Kelvin probes are not reliable, mainly due 
to stray capacitance effects (16, 25), com- 
parisons between various samples placed in 
the same geometric configuration are possi- 
ble. After experimenting with a large num- 
ber of Pt/ZrO2(Y203), Pt foil and Pt//3"-A1203 
samples exposed to Po2 = 21 kPa at T = 
240°C, we have reached the conclusion that 
there exist significant (0.2-0.9 eV) system- 
atic differences between the three work 
function values. This point needs further in- 
vestigation using UPS or thermionic emis- 
sion WF measurements. 

Exchange Current Density 

Figure 6 shows typical Tafel plots both for 
anodic (I > 0) and cathodic (I < 0) operation. 
The theory of using overpotential (7) vs cur- 
rent (I) data to extract the exchange current 
I0, which plays a key role in determining 
the magnitude of the NEMCA enhancement 
factor A, has been described elsewhere (3, 
4). As shown in Fig. 6 it is I 0 = 1.4 tzA at 
291°C, where most of the NEMCA experi- 
ments were carried out. Thus the exchange 
current density i0 = Io/A, where A is the 
superficial catalyst-solid electrolyte inter- 
face, is 0.7/zA/cm 2. 

The anodic and cathodic transfer coeffi- 
cients o~ a and o~, extracted from the slopes 
of the Tafel plots, are both rather low, i.e., 
0.09 each. It is difficult to interprete these 
low transfer coefficient values on the basis 
of the classical theory of electrocatalytic re- 
actions (26) if the kinetics of the dominant 
electrocatalytic reaction, i.e., 

Na+(/3"-A1203) + e ~ Na(Pt), (11) 

are rate limiting. It is likely that surface dif- 
fusion of Na on Pt, influenced by the strong 
electrostatic repulsion of the Na-compen- 
sating charge dipoles, plays an important 
role and leads to the observed low transfer 
coefficient values. This point needs further 
experimental and theoretical investigation 
but does not affect in any direct way the 
present work since it is only the order of 
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magnitude of the exchange current I0 which 
is relevant for the estimation of the enhance- 
ment factor A (3, 4). 

Catalyst Surface Area 

Figure 7 shows typical isothermal surface 
titration results, i.e., it depicts the amount 
of chemisorbed oxygen remaining on the 
catalyst surface as a function of  time of ex- 
posure to He, (tHe), after initial exposures 
to Po2 = 21 kPa for to2 = 5 and 10 min. The 
observed logarithmic dependence, indica- 
tive of a pseudo-first-order desorption pro- 
cess, is in agreement with previous studies 
with Pt/ZrO2 (21). The extrapolated No 
value, corresponding to the = 0, is 1.1 x 
10 -6 g-atom O. The oxygen desorption ap- 
parent rate constant Kd, computed from the 
slopes of Fig. 7, is 2.15 _+ 0.15 × 10 - 2  s -1  

at 590°C, in reasonable agreement with pre- 
vious studies (21). As shown on Fig. 7, in- 
creasing the O 2 exposure time to2 has a small 

15. 

1o. 
9. 
& 
Z 
6. 
5. 

4. (b 

? 

Z 

1. 
0.9 
O.8 
&7 
0.6 

O.5 

i?~ • foe =5min 
i ,,,,, • f°z =lOmin 

' " , ' " ' ,  T= 5 90 °C 

40 60 80 100 120 
~He ,$ 

J I i i 

20 14,0 

FIG. 7. Typical  results  of  surface titrations during 
oxygen  desorpt ion after two different catalyst  expo- 
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increasing effect on the amount of chemi- 
sorbed oxygen (21), although the experi- 
ments were conducted under temperature 
conditions where no distinct second CO2 
peak, corresponding to PtO 2 (21, 27, 28) ap- 
pears. 

On the basis of the reactive oxygen uptake 
No = 1.1 x 10-6 g-atom O and assuming a 
one-to-one O to surface Pt ratio and a Pt 
surface density Npt = 1.53 x 1019 atoms/m 2 
one estimates the catalyst surface area A to 
be 4.25 x 10 -2 m 2. 

Regular (Open-Circuit) Kinetic Behavior 

In order to understand better the NEMCA 
effect on the kinetics of C2H 4 oxidation it is 
important to study first the open-circuit (I = 
0) kinetic behavior. There have been several 
kinetic studies of C2H4 oxidation on Pt (3, 
14, 29-33). Two of them were performed on 
similar Pt films deposited on stabilized ZrO 2 
(3, 14). It was found that for temperatures 
above 250°C the reaction rate ro (g-atoms 
O/s) can be approximated well by 

r o = KKadPCzH4PoJ(KPc2H4 + KadP02), 

(12) 

where the subscript " o "  refers to regular 
(open-circuit) catalytic activity. This ex- 
pression, together with the solid electrolyte 
potentiometric (SEP) emf measurements 
had been interpreted quantitatively by the 
kinetic scheme 

1/2 [O2(g) + S Ka% S-O2  } (13) 

S . O  z + S > 2 S . O  (14) 
K 

CzH4(g) + S • O ---> P 
Pt 

5/2 o2 2CO2 + 2H20, (15) 

where S denotes a Pt surface site, step (14) 
is assumed very fast, and P is a reactive 
intermediate which is rapidly oxidized by 
gaseous or adsorbed oxygen. The nature of 
such an intermediate has been investigated 
in a number of recent spectroscopic studies 
(34-36). It is likely that the first step in (15) 
is not purely of the Eley-Rideal type and 

that C2H 4 adsorbs at a low coverage which 
is linear in Pcp~4- This is supported both by 
the surface titration experiments and also 
by the kinetic behavior at T < 250°C, as 
shown on Fig. 8, which is similar to that 
observed in that temperature range by Car- 
berry (30, 31), Cant and Hall (29), and 
Hawkins and Wanke (32) on supported Pt 
catalysts. The rate maxima with increasing 
PCzH, are strongly indicative of competitive 
chemisorption of C2H 4 and oxygen. It was 
found that by extending the kinetic scheme 
of Eqs. (13), (14), and (15) to include com- 
petitive equilibrium ethylene chemisorption 
one can describe adequately the kinetic be- 
havior in that temperature range (37). The 
dashed lines on Fig. 8 result from this ex- 
tended kinetic model. The extracted values 
for the CzH 4 adsorption equilibrium con- 
stant Kc2FI4 conform to 

ln(Kc2HJkPa-1) = --18.5 + 9400/T. (16) 

This expression shows that, indeed, at 
291°C, where the simplified rate expression 
(12) is used, the C2H4 coverage is less than 
0.08 for Pc2H4 < 0.5 kPa, even in the absence 
of adsorbed O. The algebraic part of this 
kinetic model extension is omitted here 
since it is rather straightforward and since 
the NEMCA experiments were conducted 
at 291°C where the kinetic scheme of Eqs. 
(13), (14), and (15) and corresponding rate 
expression (12) are quite adequate, at least 
over the gaseous composition range investi- 
gated, i.e., 5 Pa < PC2H4 < 600 Pa and 0.6 
kPa < Po2 < 15 kPa. This is shown by the 
solid curve on Fig. 8 and also on Fig. 9 
where the data are plotted against the linear- 
ized form of Eq. (12) for both catalysts C1 
and C2, i.e., both before and after electro- 
chemical Na contamination of the surface. 

On the fuel-lean side (KPczH4 ~ KadPo2) 
oxygen adsorption is near equilibrium and 
step (15) is rate limiting. In this case Eq. (12) 
reduces to 

r o = KPc2H4. (17) 

The NEMCA study of CzH 4 oxidation on 
Pt using zirconia as the solid electrolyte (3, 
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FIG. 8. Effect of PcoH4 and temperature on the open-circuit catalytic rate; solid curve from Eq. (12), 
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5) has shown that it is in the fuel-lean side 
that the NEMCA-induced catalytic rate en- 
hancement is dramatic, since K is strongly 
dependent on varying catalyst WF, whereas 
Kad is rather insensitive. On the fuel-rich 
side (KPc2H4 >~ KadP02 ) the surface oxygen 
coverage is low, the rate is controlled by 
oxygen adsorption, and Eq. (12) reduces to 

r o = KadPoz. (18) 

It is worth mentioning that within the 
framework of the kinetic model proposed in 
Refs. (3, 14, 15) the oxygen coverage 0o can 
be computed from 

0 0 = (KadPO2/KPc2H4)  

/[1 + (KadPo2/KPc2H4)]. (19) 

Table 1 presents the least-squares value 
of K and Kad for catalysts C1 and C2 and 
compares them with previous values ob- 
tained on Pt/ZrOz(Y203) electrolytes (3, 14, 
15). There is a striking increase in K and a 
concomitant striking decrease in/Cad, which 
makes the measured turnover rates to be 
comparable for both systems. Yet this pro- 
nounced difference makes it experimentally 
much more difficult to work on the fuel-lean 
side (KPc2H4 < KadP02), where the NEMCA 
effect is dramatic, with Pt/fi"-A1203 than 
with Pt/ZrO2(Y203). The origin of this sig- 
nificant difference is not obvious but could 
be related to the large systematic difference 
observed in the WF of Pt/fl"-Al203 vs 
Pt/ZrO2(Y203). The decrease in gad is diffi- 
cult to interpret in view of the fact that the 
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presence of  alkalis is known to enhance,  in 
general, the sticking coefficient of oxygen 
on transition metal surfaces (17). 

Comparison between catalysts C 1 and C2 
is much more straightforward. The lower, 
by approximately 0.19 eV, WF of  C2 in com- 
parison to C1 (Fig. 5) causes a fourfold de- 
crease in K and has practically no effect on 
K,d. The effect is qualitatively the same with 
that observed with Pt/ZrO2(Y203) (Refs. (3, 
5, 8)). 

NEMCA Behavior: Transients 

Figure 10 shows a typical galvanostatic 
and potentiostatic transient. At the start of  
the experiment the circuit is open and the 
steady-state (regular) catalytic rate is 5.7 x 
10 -7 g-atom O/s with a corresponding V~vR 
value of - 4 3 0  inV. At time t = 0 the galva- 
nostat is used to apply a constant current  I 
= - 2 0  /~A between the catalyst and the 
counter  electrode.  Sodium ions Na + are 
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Catalyst film: Pt/(ZrO 2) Pt/(ZrO2) Pt/(ZrO2) Pt/(ZrO z) Pt/(/3"-A1203) Pt/ 
Ref. (3) Ref. (3) Ref. (3) Ref. (14) Cl (/3"-A1203) 

C2 

React ive  oxygen  
uptake No/g-atom O: 

K / s  -1 (T = 291°C): 
Kad/S -1 (T = 291°C): 
Turnover f requency / s -  1 

at T = 291°C, 
P% = 15.3 kPa, 
PqH 4 = 0.5 kPa: 

8.8 x 10 .8 4.2 X 10 .9 4.8 x 10 -8 1.6 X i0 -6 1.1 X 10 .6 1.1 X 10 .6 

120 67 100 250 5560 1230 
240 1190 1300 180 8 9.2 

0.6 0.3 0.5 1.2 1.2 1.1 

pumped onto the catalyst surface at a rate 
(I/F) = 2.1 x 10 -1° g-atom/s. This causes 
a 66% decrease in catalytic rate which drops 
to 2.1 x 10 . 7  g-atom O/s. The steady-state 
change in catalytic rate Ar = - 3 . 6  x 10 -7  

g-atom/s is 1720 times higher than the rate 
of supply of Na ÷. The corresponding en- 
hancement factor A defined, as in previous 
NEMCA studies (1-10), from A = Ar/(I/ 
2F) is 3430. At the same time the catalyst 
potential (and work function) decreases in a 

complex manner. The catalytic rate tran- 
sient is essentially complete before the ap- 
pearance of the second break in the catalyst 
potential transient at VWR = -- 900 inV. This 
is in good agreement with the observed 
steady-state behavior described below. 

The rate relaxation time constant r, de- 
fined as in previous NEMCA studies (1-10), 
as the time required for the catalytic rate 
change to reach 63% of its final value, is 250 
s. This is in reasonably good agreement with 
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the time (FNoONa/I = 80 s) required for a 
Na coverage change of 0.0156, computed 
from the corresponding A(eqb) value ( - 0.47 
eV), the independently measured catalyst 
surface area (4.25 x 10 2 m 2) and the litera- 
ture initial dipole moment of Na/Pt( l l l ) ,  
i.e., P0 = 1.75 x 10 -29 C b  • m (16, 24) 
through the Helmholz equation. Before ana- 
lyzing this formally a simple but important 
point needs clarification: 

The dominant cathodic electrocatalytic 
reaction (11) produces Na adsorbed on the 
Pt surface, which has been denoted by 
Na(Pt). As shown below, initial dipole mo- 
ments obtained in the present work are in 
very good agreement with corresponding lit- 
erature values for Na/Pt(l 11) obtained un- 
der UHV conditions. This implies that 
Na(Pt) formed in the present work by elec- 
trochemically supplying Na + through the 
/3"-A1203 solid electrolyte is not different 
from adsorbed Na formed by utilizing the 
classical alkali metal dispenser filament 
sources used in UHV studies (17). Now 
each Na adatom is known to carry a positive 
charge 6 which for the Na/Pt( l l l )  system 
has been estimated by EELS to be of the 
order of (0.6)e (16, 24). Thus, since I is mea- 
sured as an electronic current, one might 
question whether the rate of Na(Pt) forma- 
tion is indeed I/F. However, this is indeed 
the case, since each Na(Pt), i.e., each Na ~+ 
which spills over the Pt surface is compen- 
sated by an equal and opposite screening 
electron charge--8 in the metal. This is be- 
cause it follows from simple electrostatic 
considerations that no net average charge 
can be sustained on the catalyst-gas inter- 
face and any catalyst charge must be located 
at the catalyst-solid electrolyte interface 
(3, 4). It is exactly the Na~--compensating 
charge dipoles which alter the catalyst sur- 
face WF. Therefore the average electron 
charge required for each Na + extracted 
from the/3"-A120 3 and supplied as Na ~ + onto 
the catalyst surface, is (1 - 8) + 8 = 1. 
Consequently the rate of Na supply to the 
catalyst surface is indeed I/F. 

One can thus quantify the expected cata- 
lyst WF change during a galvanostatic tran- 

sient as follows. First one uses Faraday's 
law and the known catalyst surface area to 
determine the evolution in time of the Na 
coverage ONa, 

dONa _ NAy(I/F) 
dt A .  Net ' (20) 

where NAy is Avogadro's number, A is 
the catalyst surface a r e a  (m2) ,  and Npt = 
1.53 • 1019 atoms/m 2 is the surface Pt concen- 
tration of the Pt( l l l )  plane. One can then 
combine Eq. (20) with the definition of 
ONa(=NNa/Net) and with the differentiated 
Helmholz equation: 

d(eCb) eP o dNNa 
dt = -  e o dt (21) 

to obtain 

d(e~) Po I 
dt ~o "A" 

(22) 

Substituting P0 = 1.75 x 10 -29 Cb • m, I 
= -20  IzA and A = 4.25 x 10 - 2  m 2 one 
obtains 

d(eCb)/dt = - 5.80 x 10 - 3  eV/s, (23) 

which corresponds to the dotted straight line 
on Fig. 10 and is in excellent agreement with 
the initial slope of the catalyst work function 
(and potential) transient. 

In view of this excellent agreement one 
may use galvanostatic transient diagrams 
such as Fig. 10 in conjunction with Eq. (22) 
to estimate dipole moments of dipoles 
formed by adsorbed species on metal sur- 
faces. Thus from the initial slope d(e~)/dt  
in Fig. 10 and using Eq. (22) one obtains P0 
= 6.4 Debye (=2.1 x l 0  -29 C b  • m )  in 
excellent agreement with the literature 
value of 5.3 Debye for Na/Pt(111) (16, 24). 

Figure 10 also shows that when the circuit 
is opened (I = 0) the catalyst potential starts 
increasing but the reaction rate does not 
change appreciably. This is different from 
the behavior observed with O 2- conducting 
solid electrolytes (1-10) and must be due to 
the fact that the spillover oxygen anions can 
react with the fuel (e.g., C2H4, CO) albeit at 
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a slow rate (3), whereas Na(Pt) cannot be 
scavenged from the catalyst surface. 

However, as shown in Fig. 10, when the 
potentiostat is used to impose the initial cat- 
alyst potential ( -430 mV) and work func- 
tion, then the catalytic rate is restored 
within 100-150 s to its initial value, since 
Na(Pt) can now be pumped again as Na + 
into the f f ' - A l 2 0 3  structure. Thus the phe- 
nomenon is reversible. It is clear then that 
potentiostatic operation is advantageous for 
this system, while both potentiostatic and 
galvanostatic operation offer different but 
comparable advantages with 02- conduct- 
ing solid electrolytes (1-10). 

As shown on Fig. 11, which depicts an- 
other galvanostatic transient, one can use 
NEMCA to induce catalyst potential and 
rate oscillations, as in the case of CO oxida- 
tion on Pt (2). 

N E M C A :  Steady-State Behavior 

Figure 12 shows the effect of catalyst po- 
tential VWR and of change in catalyst work 
function e~w on the rate of C z H  4 oxidation. 
Regarding the WF scale, we have chosen to 
present only WF changes, relative to the 
catalyst WF at a maximum activity (0Na = 

0), rather than absolute WF values since, as 
mentioned previously, Kelvin probes can- 
not provide reliable absolute WF values but 
only very reliable changes in work function. 

As in previous NEMCA studies (1-10) 
there is a VWR region where the catalytic rate 
depends exponentially on catalyst potential 
and work function, i.e., 

ln(r/r o) = ~e(Vw~ - V~vR)/kbT (24a) 

or, equivalently (Eq. 9), 

ln(r/ro) = ole(qb w - dP~v)/kbT, (24b) 

where * VwR and ~v  are catalyst- and reac- 
tion-specific constants. The parameter a has 
the value 0.13. Thus, similarly to the 
NEMCA behavior using O 2- conductors 
(3), C2H4 oxidation on Pt exhibits "electro- 
phobic" behavior (4, 8), i.e., the catalytic 
rate increases with increasing catalyst work 
function. 

The catalyst potential region where the 
above exponential rate change takes place 
is the same with the one in the galvanostatic 
transient on Fig. 10 and underlines again 
that the key parameter for describing the 
NEMCA effect is not the current but rather 
the catalyst potential and work function. 
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The inserted 0N, abscissa in Fig. 12 is con- 
structed on the basis of the following form 
of the Helmholz equation: 

A ~  = - ( N p t P o / e o ) O y a ,  (25) 

which, as shown in the previous section, is 
in very good agreement with experiment. It 
is worth noting that 0Na changes of the order 
of 1% suffice to reversibly change the cata- 
lytic rate by a factor of 3. 

The dashed line in Fig. 12 results from the 
kinetic scheme of reactions (13), (14), and 
(15) and the resulting kinetic expression (12) 
on the assumption that, as in the case of 
C 2 H  4 oxidation on Pt/ZrO2(Y203) (3), it is 
only K which is affected by the changing 
WF while the oxygen adsorption rate con- 
stant K~d remains unaffected. The validity 

of this assumption is strongly supported by 
Fig. 13. Indeed by solving the rate expres- 
sion (12) in terms of K one obtains: 

K = r/[PczH4 - ( rPc2nJKadPo2)] .  (26) 

Using this equation and the raw data of 
Fig. 12 one obtains Fig. 13 which shows 
that, in the range -830  mV < VWR < --430 
mV, K increases exponentially with VwR: 

ln(K/Ko) = o~'e(VwR -- V~vR)/kbT (27a) 

or, equivalently, 

ln(K/Ko) = e 'e (~w - dP~v)/kbT, (27b) 

where o~' = 0.28. The dashed lines both in 
Figs. 12 and 13 were constructed using a Kad 
value of 12.5 s-1. This is somewhat higher 
than the Kad values (8 and 9.2 s ]) given in 
Table 1 for catalysts C1 and C2 respectively 
but provides a better fit to the NEMCA data. 
This is very likely due to the fact that in 
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r f f  = 0) = 5.66 x 10 .7 g - a t o m O / s  

r/10 -7 g - a t o m O / s  l/ixA ~r/10 -7 g - a t o m O / s  Aex p Ath(Eq. (6))  

3.49 - 2  - 2 . 1 7  20950 26600 
1.93 - 3  - 3 . 7 3  24000 25500 

using the open-circuit kinetic data to extract 
the kinetic constant values shown on Table 
1, one should have taken into account a pos- 
teriori the effect of changing gaseous com- 
position and concomitant change in WF 
(Fig. 5) on the extracted K value. It should 
be noted that the K value of the "contami- 
nated" catalyst C2 corresponds to the pla- 
teau in Fig. 13. 

In view of Eq. (27) one may conclude 
that the fact that the logarithm of the rate 
increases with an apparent slope smaller 
than that in the case where ZrO2 is used as 
the ion donor is not only due to the fact that 
the ratio K/K,d is much lower on 
Pt/ZrOz(Y203) than on Pt//3"-AI203, thus 
making it here much more difficult experi- 
mentally to work under fuel-lean conditions 
where the NEMCA effect is much more pro- 
nounced. The data show that the NEMCA 
coefficient oz' for the kinetic constant K is 
lower for Pt//3"-AI203 (=0.28) than for 
Pt/ZrOz(Y203) (typically 0.5-1). A possible 
explanation for this difference is given in the 
next section where the origin of t h e "  thresh- 
old" WF value below which K becomes in- 
sensitive to WF (Figs. 12 and 13) is also 
discussed. 

D I S C U S S I O N  

The main finding of this work is that the 
NEMCA effect is not limited to the use of 
02- conductors (1-7) but can also be in- 
duced using Na + conductors, such as /3"- 
A1203 . In the following we discuss similari- 
ties, which are numerous, and differences. 

A second finding is that the ohmic-drop- 
free potential of/3"-A1203 solid electrolyte 

cells with one electrode also functioning as 
a catalyst can be used as an in situ work 
function probe of the catalyst surface. In 
different terms ff'-Al203 cells can also be 
used for solid electrolyte potentiometric 
studies (6, 38, 39). In view of the present 
WF results (Fig. 4) and of the similar recent 
theoretical (3-5) and experimental (8) find- 
ings about the WF probing capacity of solid 
electrolyte cells it becomes obvious that 
SEP is, in essence, an in situ work function 
measurement for the gas-exposed catalyst 
surface. One can still use SEP to extract 
information about surface activities pro- 
vided the nature of the electrocatalytic reac- 
tion is well known but, even when this is not 
the case, the cell emf still provides a direct 
measure of the difference in the work func- 
tion between the two gas-exposed electrode 
surfaces. Several aspects of the SEP litera- 
ture reviewed in Refs. (6, 38, 39) can be 
reexamined in light of these new findings 
and a paper on this subject is in preparation 
(40). 

Electrocatalytic Reactions and 
Sodium Spillover 

The dominant electrocatalytic reaction 
which induces the NEMCA effect in /3"- 
A l 2 0 3  cells is 

Na+(/3"-AI203) + e --~Na(Pt). (ll) 

This electrocatalytic reaction takes place 
at the gas-metal-solid electrolyte three- 
phase boundaries. The thus-produced par- 
tially charged adsorbed Na atoms together 
with their compensating charge in the metal 
spill over the entire catalyst surface. The 
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driving force is the strong electrostatic di- 
pole repulsion (17). This repulsion appar- 
ently forces the dipoles to spread uniformly 
over the catalyst surface and induce dra- 
matic changes in catalytic activity even at 
very low coverages (Fig. 13). 

In addition to the dominant electrocata- 
lytic reaction (11) other parallel electrocata- 
lyric reactions may also be taking place to a 
limited extent at the three-phase bound- 
aries: 

H + + e-  ~ H(ad) (28a) 

20(ad) + 4e- ~ 20 =- (28b) 

H + + O(ad) + e-  ~ OH(ad) (28c) 

H + + OH(ad) + e-  ~ H20. (28d) 

These reactions must play a significant 
role only after depletion of Na + and Na(Pt) 
has taken place at the three-phase bound- 
aries. This could happen, for example, at the 
counter electrode after extended negative 
current application. Although no serious 
cell irreversibility problems were encoun- 
tered in this study over a period of several 
months (apparently due to the very small 
currents and reversed cell operation em- 
ployed) it is clear that one could eliminate 
such problems in future studies by main- 
taining the counter electrode in contact with 
molten Na. 

The M a g n i t u d e  o f  A 

As in previous studies of the NEMCA 
effect (1-10) ,  the magnitude of the enhance- 
ment factor A can be estimated from: 

A ~ 2Fro/I  o. (6) 

Equation (6) has been derived theoretically 
elsewhere (3, 4). It shows that in order to 
observe a pronounced non-Faradaic rate en- 
hancement (IAI >> 1), one needs a highly 
polarizable (low I0) catalyst-solid electro- 
lyte interface. 

In the present study A values of the order 
of 103-5 x l04 were measured. The very 
good agreement between experiment and 
Eq. (6) is shown in Table 2 and also in Fig. 14 
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Fro. 14. Comparison of predicted and measured en- 
hancement factor A values for the catalytic reactions 
found to exhibit the NEMCA effect (Refs. (1-I0) and 
present work). 

which also summarizes A results obtained 
in previous NEMCA studies (1-10) .  The ro 
value used in Table 2, for the computation 
of Ath, equal to 1.93 • I0 -7 g-atom O/s, cor- 
responds to the lower plateau value on Fig. 
12 (catalyst C2) since it follows from the 
derivation of Eq. (6) that "ro" must be se- 
lected as the minimum rate value (3, 4). A 
slight algebraic modification of Eq. (6), i.e., 
A = (2Fro/Io)(1 - tlo/II), is needed if one 
chooses to use as "ro" the r(I  = 0) value, 
even when this value is not the minimum 
one. 

The M a g n i t u d e  o f  z 

The observed catalytic rate relaxation 
time constants z during galvanostatic tran- 
sients can be approximated reasonably well 
(Fig. 10) by 

r ~ (Npt/NAv)FAONa/I (29a) 

obtained from Eq. (20) or, equivalently, by 

~" ~ NoFONa/I (29b) 
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or, in terms of the induced WF change (Eq. 
22), by 

eoA A(erb) 
~- ~ (29c) 

Po I 

Equation (29) shows clearly that the entire 
catalyst surface changes its catalytic proper- 
ties. Equation (29b) is very similar to ~- 
2FNo/I which provides a good estimate for 
the case of 02- conducting solid electrolyte s 
(1-7). 

The Origin of NEMCA 

The above observations show clearly that 
the NEMCA effect induced by fi"-Al203 is 
due to Na spillover onto the Pt catalyst sur- 
face. Thus, essentially, the solid electrolyte 
allows for a controllable, measurable, and 
reversible dosing of Na onto the catalyst 
surface. This is similar with the case of 
ZrOz(Y203) which acts as a donor of oxygen 
anions onto the catalyst surface (1-10). 

The fact that very small Na coverages 
(e.g., 0Na = 0.015) suffice to induce a pro- 
nounced (up to 70%) decrease in the rate of 
C2H 4 oxidation (i.e., the Na + "toxicity" is 
(0.70)/(0.015) = 47) rules out the possibility 
of any geometric interpretation of NEMCA. 

The observed exponential dependence of 
catalytic rate (Fig. 12) and of the kinetic 
constant K (Fig. 13) on catalyst work func- 
tion provides evidence that, as in the case 
of 02- conductors (1-10), NEMCA can be 
interpreted as a "long range" electronic ef- 
fect. For if the effect were localized only 
to those Pt atoms immediately adjacent to 
adsorbed Na then, for 0N~ = 0.015, one 
would expect at most a rate decrease of 
10%, i.e., a factor of seven smaller than 
the observed one. The observed behavior 
is strongly reminiscent of the IRS work of 
Uram et al. (20) who studied the CO + 
K/Ni(! 11) system and concluded that a sin- 
gle K atom can influence as many as 27 
coadsorbed CO molecules. Long-range 
electronic effects have been also predicted 
theoretically for some adsorbates on metal 
surfaces (41) and have been invoked to ex- 
plain the dependence of the sticking coeffi- 

cient of 0 2 o n  alkali-doped Ge, which was 
found to depend exponentially on the alkali- 
induced e~  change, regardless of alkali type 
(42). However, alternative "short-range" 
explanations of NEMCA cannot be ruled 
out before using TPD and scanning tunnel- 
ing microscopy (43) as an atomic scale e~  
probe. For example it is possible that, if the 
spillover ions were producing a short-range 
effect but their mobility were so high that 
their average surface migration time from 
one catalytic site to another were shorter 
than the reaction time of the catalytic reac- 
tion, then one would macroscopically ob- 
serve a "long-range" effect (44). It is also 
very likely that there is no universal answer 
and that the long- or short-range electronic 
nature of NEMCA is catalyst- and spillover 
ion-specific. 

The observed exponential increase in the 
Eley-Rideal kinetic constant K can be inter- 
preted as follows within the framework of a 
long-range effect: Spillover Na~+-compen - 
sating charge dipoles cause a more or less 
uniform decrease in catalyst surface work 
function and a concomitant increase in the 
binding strength of the Pt-oxygen bond, 
cleavage of which is rate limiting (3). Chemi- 
sorbed atomic oxygen is an electron ac- 
ceptor (45) and, therefore, a WF decrease 
will strengthen the Pt-oxygen bond. In fact, 
according to early theoretical considera- 
tions of Boudart (12), it should be 

A(-  AH~d,O ) = -- (n/2)AeC~, (30) 

where -AHad,O is the oxygen heat of ad- 
sorption and n = 2 is the number of binding 
electrons. If the nature of the activated com- 
plex is not changing substantially with vary- 
ing WF, then a linear increase in -AHad.O 
will cause a linear increase in activation en- 
ergy, a concomitant less pronounced in- 
crease in preexponential factor due to the 
decreased entropy of the more tightly bound 
oxygen (3), and an overall exponential de- 
crease in catalytic rate, as experimentally 
observed, i.e., 

ln(K/Ko) = o~'e(eP - ~ * ) / k b T .  (27) 
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The origin of the observed deviation of 
the experimental data from Eq. (27) at very 
low WF values (Fig. 13) is not obvious. A 
similar "threshold" WF value below which 
the catalytic rate becomes insensitive to WF 
changes was observed for the same reaction 
with O 2- solid electrolytes as spillover ion 
donors (3). Lateral interactions have been 
invoked to explain similar abrupt heat of 
adsorption variations with e~  in UHV stud- 
ies (46). In the present system the observed 
behavior could be related to the formation 
of Na20, NaOH or Na2CO3 on the surface at 
very low WF values (17). Surface reactions 
leading to these compounds are very likely 
to occur in the presence of O2, H20, and 
CO2 in the reactor. Such reactions can ex- 
plain why a constant, albeit very small (< 1 
txA), current is sustained at steady state 
even with potentiostatic operation. This 
current is probably a steady-state measure 
of the sum of the rates of Na20, NaOH, and 
NazCO3 formation. 

The fact that In r levels off at high WF 
values (Fig. 12) is due to the transition from 
fuel-lean (KPczn4<KadPo2) to fuel-rich 
(KPc2n4 > KadPo2) conditions and to the con- 
comitant rate transition from first order in 
C2H 4 and zeroth order in O2 to Zeroth order 
in C z H  4 and first order in 02, as in the case 
of ZrO 2 anion donor (3). 

The measured NEMCA coefficient a '  is 
0.28, i.e., lower than the corresponding val- 
ues measured with the Pt/ZrOz(Y203) sys- 
tem, i.e., 0.5 to 1 (3). In view of the fact that 
Pt/ff'-Al203 appears to have a WF signifi- 
cantly different than that of Pt/ZrO2(Y203) 
one can speculate that this difference is due 
to the lower value of the local density of 
states (LDOS) at the Fermi level for Pt/ff'- 
A1203 vs Pt/ZrOz(Y203). Detailed numerical 
information about the distribution of the 
LDOS near the Fermi level for most metals 
can be found in Refs. (47, 48). 

Indeed previous NEMCA studies (1-10) 
have provided some remote evidence for a 
correlation between a '  and the LDOS at 
the Fermi level. The absolute value of the 
former is typically 0.3-1.0 for Pt-catalyzed 

reactions and 0.1-0.2 for Ag-catalyzed reac- 
tions. The corresponding LDOS values are 
2.2 states/eV • atom for Pt and 0.27 states/ 
eV • atom for Ag (47, 48). Unfortunately no 
reliable NEMCA coefficients are yet avail- 
able for other transition metals such as Pd 
or Ni which have very high LDOS at the 
Fermi level (2.3 and 4.1 states/eV • atom, 
respectively). This hypothesis obviously re- 
quires further experimental investigation. 

SUMMARY 

The present results demonstrate that: 

I. NEMCA is not limited to any specific 
type of solid electrolyte and is due to ion 
spiUover. 

II. Solid electrolyte cells are work func- 
tion probes for the gas-exposed electrode 
surfaces. 

It is quite interesting and encouraging that 
several key aspects of the NEMCA behav- 
ior using ff'-Al203 as the ion donor under 
atmospheric pressure conditions (e.g., the 
adsorbed Na dipole moment) are consistent 
with the rich UHV literature on the interac- 
tion of alkalis with atomically clean transi- 
tion metal surfaces (17). Although NEMCA 
has been studied so far for only approxi- 
mately 12 reactions (1-10), it appears to be 
a general effect in heterogeneous catalysis 
with numerous potential theoretical and 
practical applications. Technological poten- 
tial could emerge as more reactions are stud- 
ied. Surface spectroscopic investigation of 
catalyst surfaces under NEMCA conditions 
is highly desirable, as it could elucidate 
many of the remaining open questions and 
provide new insights to the "electronic fac- 
tor" component of heterogeneous catalysis. 
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