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It was found that the catalytic activity of Pt for CO oxidation 
can be markedly and reversibly affected by depositing polycrystal- 
line Pt films on ff'-Al203, a Na + conductor, and applying external 
potentials to supply or remove Na to or from the Pt catalyst surface. 
The change in the rate of CO oxidation is typically 103-10 s times 
larger than the rate of supply or removal of Na. The use of the 
ff'-Al203 solid electrolyte supports permits precise in situ control 
of the Na coverage on the Pt surface. Sodium coverages of 0.02 
cause up to 600% steady-state increase in the rate of CO oxidation 
under CO-rich conditions. The promoting effect is due to enhanced 
oxygen chemisorption on the Pt surface. Higher (>0.06) Na cover- 
ages poison the rate severely and reversibly due to the formation 
ofa CO-Na-Pt  surface complex. Rate oscillations can be reversibly 
induced or stopped and their frequency can be controlled by con- 
trolling the catalyst potential VWR and average work function 
e ~ .  © 1994 Academic Pre~s, Inc. 

INTRODUCTION 

The effect of  non-Faradaic  electrochemical  modifica- 
tion of  catalytic activity (NEMCA) (I-21 ) or electrochem- 
ical promotion in catalysis (22) has been described for 
some 20 catalytic reactions on Pt, Pd, Rh, Au, and Ag 
surfaces (1-21). Work prior to 1992 has been reviewed 
in Ref. (2). In brief, it has been found that the catalytic 
(1-21) and chemisorpt ive  (15) propert ies of  polycrystal-  
line metal films interfaced with solid electrolytes,  such as 
yttria-stabilized-zirconia (YSZ), an O2- conductor,  or/3"- 
A1203, a Na + conductor ,  can be affected dramatically 
and reversibly by electrically polarizing the metal-sol id  
electrolyte interface in cells of  the type 

gaseous reactants ,  metal catalystlsolid electrolyte] 

counter  electrode, air 

and thus supplying or removing ions to or from the cata- 
lyst surface. 

In the case of  YSZ solid electrolyte which has been 
used in most  previous studies (1-9, 14-21), the steady- 
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state increase in catalytic rate can be up to 70 times higher 
than the regular (open-circuit) catalytic rate and up to 
3 x 10 -~ times higher than the steady-state rate of  O -~ 
supply (2, 5). Pronounced rate modification has been also 
observed when using/3"-AI203 as the solid electrolyte in 
the case of  C2H 4 oxidation on Pt (2, 10). 

It has been shown both experimental ly by means of a 
Kelvin probe (I ,  11) and theoretically (2, 5, 6, 13) that 
when the catalyst  potential VWR, with respect to a refer- 
ence electrode,  changes by AVwR, the work function of 
the catalyst  surface eqt, changes by 

A ( e ~ )  = eAVwR.  [1] 

It has been proposed (1, 2, 4) that this work function 
change results from an electrochemically controlled spill- 
over of ions from (or to) the solid electrolyte to (or from) 
the catalyst surface. These spillover ions, together with 
their compensating charge in the metal spread over the 
catalyst surface, acting as promoters and establishing an 
effective electrochemical double layer on the catalyst sur- 
face thus altering the catalyst surface work function eqt, 
and its chemisorptive and catalytic properties. Recent in 
situ XPS investigation of Ag (23, 24) and Pt (25) catalyst 
films interfaced with YSZ has confirmed that this is indeed 
the case (25). The spillover oxide ion, with an O ls binding 
energy of 528.8 eV (25) is significantly less reactive with 
H2 and CO than normally chemisorbed oxygen (O ls bind- 
ing energy at 530.2 eV) and acts as a catalyst promoter 
(25): One common conclusion, emerging from all previous 
studies (1-19), is that over wide ranges of catalyst surface 
work function e~,  catalytic rates depend exponentially 
on e~  according to 

In(r/r0) = o~(eq~ - edp*)lkbT, [2] 

where r 0 is the regular (open-circuit) catalytic rate and a 
and qb* are reaction- and catalyst-specific constants. The 
value of a is usually between - 1 and 1 and, depending 
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on its sign, catalytic reactions are termed electrophobic 
(o~ > 0) or electrophilic (a < 0). 

The oxidation of CO on Pt is one of the most thoroughly 
studied catalytic systems (26-31) both because of its im- 
portance in automotive exhaust catalysis (31) and because 
of its well-known oscillatory behaviour (26, 27, 30). Isoto- 
pically labelled 13CO has been used to show that the mech- 
anism is of the Langmuir-Hinshelwood type (32). Despite 
the rich literature on the effect of alkali promoters on CO 
chemisorption on transition metal surfaces (33-38), there 
have been no studies on the role of alkali promoters during 
CO oxidation. 

The CO oxidation on Pt was one of the first reactions 
found to exhibit NEMCA utilizing YSZ as the solid elec- 
trolyte (3). During this study it was found that rate oscilla- 
tions could be induced or stopped at will and their fre- 
quency could be controlled by controlling the catalyst 
potential. Also this study showed a very pronounced 
(600%) rate increase at very low potential and e~ values. 

The use of/3"-A1203 to reversibly dose Na on Pt catalyst 
surfaces and induce NEMCA was first demonstrated for 
the case of C2H 4 oxidation on Pt/fl"-Al203 (10). It was 
found that the rate of CO2 production could be varied 
by a factor of 3 and that the Na toxicity was near 50. 
Furthermore it was shown that the initial dipole moment 
of Na on polycrystalline Pt is very near the value mea- 
sured for Na/Pt(1 ll) under UHV conditions (33, 34). In 
the present work we study the promotional and poisoning 
effect of Na on the Pt-catalyzed CO oxidation by using 
fl"-A1203 interfaced with Pt catalyst as the reversible 
Na donor. 

EXPERIMENTAL 

The apparatus, utilizing on-line gas chromatography, 
mass spectrometry (Balzers QMG 311), and IR spectros- 
copy (Anarad AR-500 CO2 Analyzer) for continuous anal- 
ysis of reactants and products has been described in detail 
elsewhere (2, 3, 30). 

The reactor used was of the "single-pellet" type (Fig. 
1), i.e. the fl"-A1203 disc was suspended in a quartz well- 
mixed reactor with the three electrodes, i.e., catalyst, 
counter and reference, all exposed to the reacting gas 
mixtures. The relative merits of this "single-pellet" con- 
figuration vs the "fuel cell-type" configuration used in 
most previous NEMCA studies, where the counter and 
reference electrodes are exposed to air (1-16), have been 
discussed elsewhere (2, 17, 18). The quartz reactor vol- 
ume was 25 cm 3. 

The Pt catalyst film was deposited on one side of the 
fl"-Al203 disk (Ceramatec) as described previously, i.e., 
by using a thin coating of Engelhard Pt All21 paste fol- 
lowed by calcining in air first at 400°C for 2 h, then at 
800°C for 30 min. Three Pt/fl"-Al203 catalyst films (labeled 
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Single pellet catalytic reactor and electrodes configuration. 

C1, C2, and C3) were used in the course of the experi- 
ments and all of them showed similar behaviour. Their 
true surface areas, determined by surface titration as de- 
scribed in detail elsewhere (2, 30) were 248, 98, and 177 
cm 2, respectively (Table 1). Catalyst C2 was sintered at 
850°C for 30 min (instead of 800°C) and exhibited consis- 
tently an offset potential value Vw~ which was 0.3 V more 
positive than the others. This offset VWR value remained 
constant both under open-circuit and closed-circuit opera- 
tion and must be due to Na contamination of the reference 
Au electrode due to thermal diffusion of Na during cata- 
lyst calcination at 850°C. When this offset potential value 
is taken into account all three catalysts C1, C2, and C3 

T ~ L E 1  

Code Catalyst 

Reactive oxygen uptake True catalyst 
of catalyst-eleetroa¢ surface area  

(No/g-at O) (A/era 2) 

CI Pt/#"-AI203 6.3 x 10 -~ 248 
C2 Pt//Y'-A1203 2.5 x 10 -7 98 
C3 Pt/ff'-Al203 4.5 x 10 -7 177 
C4 Pt/YSZ 3.7 x 10 -7 146 
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exhibit exactly the same rate behaviour vs VWR. Thus in 
figures related to catalyst C2 we show both the raw VWR 
values (denoted by V~, R) and the corrected VWR values 
obtained by subtracting the offset potential value. The 
fourth catalyst (C4) of Table 1 was a similarly prepared 
Pt catalyst film deposited on YSZ. This was done in order 
to compare turnover frequencies under open circuit 
conditions of Pt//3"-AI203 and Pt/YSZ as described 
below. 

The Au counter  and reference electrodes were depos- 
ited on the other  side of the/3"-A120.~ disk (Fig. I) using 
Demetron M8032 Au paste followed by calcination at 
800°C. Since Au supported on several oxides (Fe.,O 3, 
Co304, and TiO2) has been recently reported (39) to be 
fairly active for CO oxidation even at room temperature,  
a series of blank experiment was conducted without the 
Pt catalyst film to assess the relative importance of the 
Au-catalyzed reaction. It was found that the rate due to 
Au accounts for less than 5% of the rate in presence of 
Pt and thus, its catalytic effect, can be to a good approxi- 
mation, neglected. Furthermore,  in a series of experi- 
ments where the Pt catalyst was used as a reference elec- 
trode and currents and potentials were applied between 
the Au counter  and Au reference electrodes, no change in 
the rate was observed.  Thus all the current- and potential- 
induced changes in catalytic activity described below can 
be safely attributed to Pt only. Reactants were L 'Air  Li- 
quide certified standards of 10% CO in He and 20% O~ 
in He. They could be further diluted in ultrapure He 
(99.999%). 

Since catalyst preparation inevitably results in some 
contamination of  the Pt catalyst surface due to thermal 
migration of Na from the/3"-A1203 structure during cata- 
lyst sintering at 800°C, the following procedure was fol- 
lowed in order  to eliminate as much as possible this con- 
tamination and define a " c l ean"  and, certainly, 
reproducible state of the Pt catalyst surface: A potential 
difference VwR = +400 mV was applied between the 
catalyst and reference electrode at T = 400°C until the 
current (I > 0) between the catalyst and counter  electrode 
vanished. This current corresponds to the reaction: 

Na(Pt) ~,  Na+(/3"-AI20.0 + e-  [3] 

In this way the initially contaminated Pt surface can be 
cleaned (I0). As shown below, similarly to the case of 
C2H 4 oxidation on Pt//3"-AI203 (10), there is a one-to-one 
correspondence between Vw~ and catalytic rate, therefore 
the potentiostatic mode of operation is much more advan- 
tageous when using/3"-A1203 solid electrolytes. The galva- 
nostatic (constant current) mode of operation is useful 
only for studying transients and extracting initial dipole 
moment values, as described below. With the exception 
of these transient experiments,  all other results reported 

here were obtained potentiostatically, i.e., by setting VWR 
at constant values. 

A separate set of experiments,  utilizing a Kelvin probe 
(Besocke/Delta-Phi-Electronik,  probe " S " )  to measure 
in situ the work function eqb of the gas-exposed surface 
of Pt electrodes interfaced with/3"-A1203, as well as with 
YSZ, and exposed to CO/O, /He as well as NH3/OJHe  
atmospheric pressure mixtures (1, 2, 11) has confirmed 
the theoretical proposition (2, 5) that the change in the 
potential VWR of solid electrolyte cells with metal elec- 
trodes is directly related, both under open-circuit and 
closed-circuit conditions ( 1,2, 11), to the change in work 
function e~  of the gas-exposed catalyst electrode sur- 
face via 

A(eqb) = eAVwR; [1] 

i.e., solid electrolyte cells with metal electrodes are both 
work function probes and work function controllers (when 
an external voltage is applied) for their gas-exposed elec- 
trode surfaces. 

In order to simplify the catalytic reactor design (Fig. 
1) the work function e~  was not monitored in situ via the 
Kelvin probe in the present kinetic investigation and Eq. 
[1], confirmed within 5% under practically identical condi- 
tions (I, 2, I1) was used to compute A(e~) and present 
it as a second absisca together with VwR. 

It is worth noting that eVwR equals the difference in 
work function e~  of the catalyst and reference electrodes 
(I, 2). Thus, although reaction [3] is the dominant poten- 
tial-setting reaction at all three electrodes (working, 
counter,  and reference, Ref. 10), an equivalent fundamen- 
tal non-Nerstian physical meaning of eVwR is that it re- 
flects the difference in work function of the gas-exposed 
surfaces of the catalyst and reference electrodes (1, 2). 

RESULTS 

General features. In order to facilitate the detailed 
presentation and discussion of results we first show (Figs. 
2 and 3) the main general trends observed upon varying 
catalyst potential VwR. 

The data shown in Fig. 2 exemplify the two typical 
types of behaviour obtained upon varying catalyst poten- 
tial VWR, which as discussed above is directly related (1, 
2) to the catalyst work function eqb via Eq. [1]. 

As previously noted, VWR values above 0.4 V corre- 
spond to a Na-free Pt catalyst surface. The first type 
of behaviour,  labelled " S " - t y p e  behaviour in Fig. 2, is 
obtained when the rate on the Na-free Pt surface is posi- 
tive order in CO (see also Fig. 3): Upon decreasing VWR 
and thus supplying Na to the surface, thereby decreasing 
e~,  the rate is practically unaffected and then at VWR = 
--0.3 V decreases abruptly to a much lower value. This 
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FIG. 2. Effect of catalyst potential VwR. corresponding work func- 
tion change b(ed~), and approximate linearized Na coverage 0,~, on the 
rate of CO oxidation. Conditions: T = 350°C. Po, = 6 kPa, Pco = 5.3 
kPa (filled symbols), Pco = 2.8 kPa (open symbols): catalyst CI. 

abrupt transition takes place at a total Na coverage ON, 
value near 0.05, as is subsequently shown in this paper  
on the basis of coulometric measurements  during galva- 
nostatic transients. 

The second type of behaviour,  labeled "vo lcano- type"  
behaviour  in Fig. 2 is obtained when the rate on the Na- 
free Pt surface (VwR > 0.4 V) is negative order in CO and 
positive order in 02 (see also Fig. 3). Upon decreasing 
VWR below 0,4 V the rate increases exponentially with 
--  VWR and ON,, i.e., Na acts as a p r o m o t e r  and enhances 
the catalytic rate r by -500%.  (Figs. 2 and 3). Then at 
VWR = --0.3 V this exponential  rate increase comes to 
an abrupt end and r drops precipitously by a factor of 8 
stabilizing to a new low value. As will be subsequently 
shown this abrupt rate decrease corresponds in this case 
to 0ya ~ 0.03, i.e., the exact AVwR VS 0Na relationship 
depends on the surface coverages of CO and O and thus 
on gaseous composit ion.  

Despite this complication we have chosen for a more 
simplified presentation to show additionally in Figs. 2, 3, 
and subsequent  figures an approximate  linear inserted Na 
coverage scale labelled hereafter  0~, to distinguish from 
the precisely measured coulometrically Na coverage ON, 
also shown in some of the figures. This linear approximate 
0 ~  scale is constructed via the Helmholz Equation, 

0~, = - eoA(e@)/(ePo N ~ ) ,  " [4] 

where % = 8.85 x I0 12 C 2 / ( j  . m), e = 1.6 x I0-19 C/ 
atom, P,  is the dipole moment  of Na on Pt, and Npt = 
1.53 × 1019 atom/m 2 is the surface Pt concentration on 
the Pt( I 11 ) phme. In constructing the 0~,, scale, a P0 value 
of 1.20 x 10 -29 C m, or 3.6 D was used. As shown below 
this value provides a reasonably good fit to the Ae~ vs 
ON, data and is 40% lower than the initial dipole moment 
of Na on Pt(111) (33, 34) and on similar polycrystalline 
Pt films (2, 10, 11). This difference is due to the strong 
attractive interaction of CO and Na as discussed below, 
where it is shown that 0* and 0N, can differ by up to a Na 
factor of two. 

It is noteworthy in Fig. 2, that in both cases, i.e., "S-  
type"  or "vo lcano- type"  behaviour,  the transition to a 
low rate value takes place at practically the same VWR 
value. As shown below this is due to formation of a 
C O - N a - P t  complex on the catalyst surface, similar to the 
C O - K - P t  surface complex detected by TDS on Pt(100) at 
temperatures below 400°C (40). 

The above features can be seen more clearly in the 
three-dimensional Figs. 3a, 3b, and 3c obtained by fitting 
a large number of data ( - I 0 0 )  at T = 350°C and Po,_ = 
6 kPa to a polynomial expression. Thus on the clean Pt 
surface (VwR > 0.4 V) one sees the classical Lang- 
muir -Hinshelwood type rate dependence on Pco. Then 
as VwR is decreased the rate is very significantly enhanced 
for high Pco values and is only very weakly decreased 
for low Pco values where the rate is positive order in CO. 
In both cases an abrupt rate decrease takes place at 
VWR = --300 mV due to the C O - N a - P t  complex forma- 
tion. Consequently,  upon varying Vwa, " S - t y p e "  behav- 
iour is obtained for low Pco and "vo lcano- type"-behav-  
iour is obtained for high Pco values. 

Trans ien t  e f f e c t  of app l i ed  c o n s t a n t  current .  Figures 
4a and 4b show typical galvanostatic transients, i.e., they 
depict the effect of applying a constant negative current 
(Na supply to the catalyst) on catalyst potential Vwr and 
rate r of CO oxidation. 

Figure 4a corresponds to "vo lcano- type"  behaviour,  
i.e., Po,, Pco,  and T were chosen such that the rate on 
the Na-t'ree Pt surface is negative-order in CO. What is 
remarkable is that this "vo lcano- type"  behaviour is also 
manifested in the transient mode (Fig. 4a, rate response). 
We first concentrate on the solid Vwr and r lines which 
correspond to an initial potentiostatically imposed VWR 
value of 0.4 V (t < - 1  min). The potentiostat is then 
disconnected (1 = 0, t = - 1 rain) and Vwr relaxes to - 0  
V, i.e., to the value imposed by the gaseous composit ion 
and corresponding surface coverages of  O and CO. There 
is a small ( -30%)  corresponding increase in r. Then at 
t = 0 the galvanostat  is used to impose a constant current 
I = -20 / . tA ;  Na + is now pumped to the catalyst surface 
at a rate I / F  = 2.07 × 10-l°g-atom Na/s.  The correspond- 
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FIG. 3. (a, b, c) Three-dimensional presentation of  the effect of Pco and catalyst potential VWR on the rate of  CO oxidation. Conditions: 
T = 350"C, Po: = 6 kPa; catalyst Cl ,  

ing Na coverage on the Pt surface 0Na c a n  be computed 
from Faraday 's  Law, i.e., 

dONa _ I 

dt  F "  N o' 
[5] 

where N O is the number  of  available Pt sites (6.3 x 10 -7 
g-atom Pt) independently measured via surface titration. 
Thus the inserted precise 0ya abscissa in Fig. 4a may 
be constructed.  

Increasing 0Na up to 0.02 causes a linear decrease in 
VWR and eCI) and a concomitant  230% increase  in catalytic 
rate. When 0Na reaches 0.02, VWR and eqb remain constant 
(VwR = --0.3 V) for 2 min (0.02 < 0Na < 0.06) while r 
decreases sharply and reaches values below the initial 
value. When 0sa exceeds 0.06, VwR and e~  start to de- 
crease sharply while r remains practically constant. 

Setting I = 0 gradually restores VWR to --0.3 V while 

r remains unaffected. Restoration of the initial r value 
requires potentiostatic setting of VWR to +0.4  V. It is 
noteworthy that the r vs t or, equivalently r vs VWR behav- 
iour depicted in Fig. 4a is qualitatively similar to the 
steady-state r vs VWR behaviour shown in Figs. 2 and 3. 
Thus the catalyst surface readjusts fairly fast to the im- 
posed 0Na values, although in general the induced rate 
changes are smaller, as no true steady state is attained 
during the transients. 

The dashed and dotted line transients depicted in Fig. 
4a where obtained with the same gaseous composition 
but with initial VWR values of 0 and - 0.3 V, respectively. 
It is noteworthy that the three transients are very similar 
to each other as they exhibit the same qualitative features. 

The galvanostatic transient shown in Fig. 4b corre- 
sponds to " S - t y p e "  behaviour,  i.e., the rate r 0 on the Na- 
free Pt surface is first-order in CO. Initially (t < - 0 . 5  
min) VWR is maintained at + 0.4 V by means of the potenti- 
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ostat. At t = - 0 . 5  min the potentiostat  is disconnected 
(I = 0) and VWR relaxes to + 0.3 V without any measurable 
r change. Then at t = 0, a current I = - 20/zA is imposed 
and Na ÷ is supplied to the catalyst  at a rate I / F  = 
2.07 = 10-1° g-atom Na/s .  There is a gradual decrease 
in VWR and e ~  while r remains unaffected. When 0Na 
reaches 0.05 the rate decreases  sharply by more than 50% 
with a concomitant  sharp decrease in VWR and e~ .  

The slopes in Figs. 4a and 4b correspond to the differen- 
tiated Helmholz  equation derived previously (10), 

edVwR _ d(ec~) _ Po I 

dt  dt e o " A '  
[6] 

w h e r e P  0 = 1.75 x 10-29C m (5.3 Debye) is the literature 
initial dipole moment  of  Na  on Pt (33, 34), e0 = 8.85 × 
10 -12 C2/J m, and A is the Pt film surface area (2.48 x 
10 -2 m 2, computed  f rom N o = 6.3 x 10 -7 g-atom Pt and 
the P t ( l l l )  a tom density,  d = 1.53 × 1019 atoms/m=). 

It is worth noting that Eq. [6] provides a nice fit to the 
initial slopes of  the VWR VS t plots (Figs. 4a and 4b). The 
subsequent  leveling of VwR in Fig. 4a is indicative of  the 
formation of  the C O - N a - P t  surface complex.  Once the 
complex formation is complete ,  VWR and eqb decrease 
again abruptly.  In Fig. 4b, obtained on a Pt surface pre- 
dominantly covered with O, significant deviations from 
Eq. [6] start f rom very low Na coverages,  indicating a 
substantial decrease in the dipole moment  of  Na  from the 
value of  5.3 Debye obtained on a clean Pt surface (33, 

34). This indicates a strong attractive interaction between 
adsorbed Na and O leading to the formation o f a  N a - O - P t  
complex.  The formation of stable ultra thin films of alkali 
oxides, peroxides and superoxides on clean metal sur- 
faces is well documented  (41). 

Figure 4c shows the transient effect of  positive current 
application, i.e., of  Na  removal  from the catalyst  under 
conditions of  " S - s h a p e d "  type behaviour.  Electrochemi- 
cal Na  removal  from the initially Na-contaminated cata- 
lyst results in 1000% increases in catalytic rate. Potentio- 
static restoration of  the initial VWR value ( - 0 . 3 5  or - 0 . 4 5  
V as shown in the figure), restores the initial rate value. 
It is noteworthy that different currents cause the same 
rate increase,  albeit over  different time periods. However ,  
when replotting the results in terms of AONa computed 
from 

- I t  
AON, -- FNo '  [7] 

a single curve results both for r and for VwR, demonstra-  
ting the one-to-one correspondence  between 0Na, VWR, 
and r (see bot tom diagram in Fig. 4c). 

Ef f ec t  o f  Pco. Figure 5a shows the effect of  Pco on 
reaction rate at various fixed values of  VWR. Because of 
the relatively high T and Po2 values, " S - t y p e "  behaviour  
is favoured,  upon varying VWR. 

For VWR = + l V (VwR = 0.7 V) the Pt surface is Na- 
free and, as shown in the figure, the kinetics ( turnover 
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FIG. 6. Topographic view of the effect of Pco and VWR on the rate 
of CO oxidation. The variation of P~o vs Pco and VwR is noted by the 
broken line. Conditions as in Fig. 3. 

frequencies) are in good qualitative agreement with those 
measured on similar polycrystalline Pt films deposited 
on YSZ. 

Decreasing VWR below the value corresponding to 
C O - N a - P t  complex formation causes a decrease in the 
rate and a concomitant decrease of P~o (hereafter denot- 
ing the Pco value which maximizes r). This is also depicted 
in Fig. 6 which shows the variation in P~'o with VWR. 

Figure 5b depicts a situation where "volcano- type"  and 
! 'S- type"  behaviour is obtained for high and low Pco 
values, respectively. It is noteworthy that in the volcano 
region P~o is significantly increased in comparison with 
the Na-free Pt indicating a significantly greater strengthen- 
ing of the P t -O relative to the P t -CO bond. This is also 
shown in Fig. 6. 

The sudden transition from - 3 0 0  to - 8 0 0  mV is due 
to formation of the C O - N a - P t  surface complex which 
we recently demonstrated by TDS to form on P t ( l l l )  
(Ref. (42); compare also with Figs. 2 and 3). At this point 
P~o also decreases abruptly, indicating a relative strength- 
ening in the P t -CO vs the P t -O bond. 

Ef fec t  o f  P%. Figure 7 shows the effect of Po, and 
VWR on r at constant Pco. It must be noted first that for 
low Po, values the behaviour with respect to VWR is volca- 
no-type, i.e., r is maximized at VWR ~ --0.3 V. For inter- 
mediate Po, values the behaviour with respect to VwR is 
"S - t ype . "  ~I'he main feature of Fig. 7 is the observed 
sharp rate increase with increasing Po., at Po,_ ~ 2.5 kPa. 
It is noteworthy that this sharp rate increase, which is 
indicative of a surface phase transition takes place also 

for VWR = +0.5 V, i.e., on the Na-free Pt surface as 
well. This sharp rate transition is very likely due to the 
breaking of large chemisorbed CO islands by intrusion of 
O adatoms which weakens substantially the strength of 
the P t -CO bond and leads to a remarkable decrease in 
the activation energy of the reaction as shown by a recent 
study of the kinetics of CO oxidation on clean Pt(111) (43). 

As also shown on Fig. 7 for low VwR values ( - 8 0 0  
mV), where formation of the C O - N a - P t  surface complex 
(42) takes place, there is significant counterclockwise hys- 
teresis when starting with the catalyst preexposed over- 
night in CO. In this case as Po2 is increased there is a 
gradual destruction of the C O - N a - P t  surface complex 
which is complete at Po, = 10 kPa. Upon subsequently 
decreasing P% the rate follows a different path until the 
point is reached where the surface gets predominantly 
covered by CO, which causes a sharp rate decrease as 
observed for the other VwR values as well. The remaining 
hysteresis for VWR = --800 mV and very low values (<2 
kPa) Po, is likely to indicate a different stoichiometry of 
the C O - N a - P t  complex originating from a different mi- 
cromorphology of the CO islands on the surface resulting 
from the different gaseous pretreatment. 

Ef fec t  o f  VwR, and  N a  coverage .  Figures 8a, 8b, 9, 
and 10 show the effect of VWR, work function ed# and 
approximate Na coverage 0 ~  on the rate of CO oxidation, 
while holding two of the parameters Pco, Po,, and T con- 
stant and varying the third. In the case of-Fig. 8a, the 
Na coverage 0Na has also been measured precisely, via 
coulometry,  as shown in the top part of the figure and 
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FIG. 7. Effect of Po, on the rate of CO oxidation at varying catalyst 
potential VwR. Conditions: Pco = 2 kPa, T = 350°C; catalyst CI. 
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FIG. 9. Effect of  VWR Oil the rate of  CO oxidation at varying Pco. 
Other conditions: Po2 = 6 kPa, T = 350°C; catalyst Cl .  

thus Fig. 8b was obtained which depicts directly the effect 
of 0r4a on the rate at constant Pco, Po:, and T. 

Thus Fig. 8a depicts the effect of VWR and Po2 while 
holding Pco and T constant. High Po2 values favour S- 
type behaviour and low Po2 values favour volcano-type 
behaviour. The figure also shows the hysteresis obtained 
when starting with the catalyst maintained overnight in 
CO at VWR = --800 mV. The origin of this hysteresis was 
discussed above in conjunction with the effect of Po2" In 
the case of S-type behaviour (Po, = 4 kPa) the rate de- 
creases abruptly at VWR = --0.5 V due to CO-Na-Pt 
complex formation. In the case of volcano-type behav- 
iour, Na has a promoting effect on the rate until again the 
point is reached where the CO-Na-Pt  complex forms. 

The top part of Fig. 8a shows the corresponding coulo- 
metrically determined variation in 0N~ with VWR for the 
cases Po2 = 2.0 and 4.0 kPa. The initial 0~ vs VWR slopes 
are again in good agreement with Eq. [6]. The subsequent 
sharp rise in 0Na at VWR = --0.3 V is indicative of the 
CO-Na-Pt  complex formation. This rise is more pro- 
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FIG. 10. Effect of  Vwa on the rate of CO oxidation at varying T. 
Other conditions: Po., = 5.8 kPa, Pco = 3.5 kPa; catalyst C3. 

in the rate as the surface has already a sufficiently high 
oxygen coverage. 

Figure I0 shows the effect of Vwa and T on the rate at 
fixed Pco and Po,. Temperatures below 375°C lead to 
volcano-type behaviour, while for 375°C < T < 385°C 
there is S-type behaviour, followed by a situation where 
Vwa has very little effect on the rate. It is clear that under 
these latter conditions the CO-Na-Pt complex does not 
form. Under these conditions the rate is positive order 
both in CO and O 2 and the activation energy is very low 
(2-3 kcal/mol). The observed behaviour is in excellent 
agreement with our UHV TDS investigation of the 
CO-Na-Pt complex on Pt(l l l)  which showed that the 
complex decomposes at 360°C under UHV (42). The de- 
composition temperature observed here is higher 
(-400°C), consistent with the high CO pressure. 

A very important common feature of Figs. 8a, 8b, 9, 
and 10 which is also manifested in Figs. 2 and 7 is the 
very abrupt rate transition from a low to a high r value 
observed for Vwa > 0 (i.e., for a clean or mildly Na- 
contaminated Pt surface) upon increasing Po, and T or 
upon decreasing Pco. This abrupt rate transition is, of 
course, the result of the abrupt rate decrease when Pco 
exceeds P~o manifested in Figs. 3 and 5 for Vwa > 0. 
This transition reflects the change from a predominantly 
CO-island covered to a predominantly O-island covered 
Pt surface and is also accompanied by a very pronounced 
change in activation energy. 

nounced in the case Po,_ = 2 kPa, as the CO coverage is 
larger. In the case Po, = 4 kPa the initial sharp increase 
in 0Na is indicative of  a strong attractive interaction be- 
tween Na and O as analyzed above. As shown in the 
figure these strong attractive interactions lead to signifi- 
cant variations in the slope of 0Na VS A(e@), thus in dipole 
moment P0 and therefore in pronounced deviations of 
0~a from 0Na. 

Figure 8b is obtained by crossploting the results of 
Fig. 8a and shows directly the effect of the, precisely 
measured, Na coverage 0y~ on the rate of CO oxidation. 
As expected, the effect of 0N~ is very similar to that of 
- Vwa and - e@. Volcano-type behaviour is obtained for 
CO-rich conditions and S-type behaviour is observed for 
Oz rich conditions. In the former case 0Na values of 0.02 
cause a 500% increase in the rate, underlining the dramatic 
promoting effect of Na. In both cases 0Na values of 0.03 
and 0.05, respectively, suffice to almost entirely poison 
the rate. 

In Fig. 9, Po., and T are held constant while Pco and 
Vwa are varied. High (->2 kPa) Pco values, where the rate 
is negative order in CO, lead to volcano-type behaviour. 

Low Pco values, where the rate is positive order in CO 
lead to S-shaped-type behaviour. In these cases, although 
Na promotes Oz chemisorption, there is no enhancement 

Activation energies. Apparent activation energies E 
were measured from Arrhenius plots at various fixed val- 
ues of Vwa and the results are shown on Fig. 11. Filled 
symbols correspond to E values below 360°C and open 
symbols to E values obtained above 360°C. (The exact T 
at which this rather abrupt transition from a high to a low 
E value takes place is shown in the insert figure). The 
situation depicted in Fig. 11 corresponds to volcano- 
type behaviour. 

For Vwa > 0.4 V it is E = 28 kcal/mol and E remains 
practically constant as Vwa decreases to 0 V. In the region 
0 to -300 mV where the rate increases sharply with de- 
creasing VwR (Fig. 8a), E also increases sharply to a value 
of 52 kcal/mol. By further decreasing Vwa (VwR < -0.3 
V), which causes a sharp decrease in the rate (Fig. 8a), 
E further increases to 65 kcal/mol. This interesting behav- 
iour is explained in the Discussion, where on the basis of 
a simple Langmuir-Hinshelwood-Hougen-Watson 
(LHHW) model the dashed lines shown on Fig. I I are ob- 
tained. 

Induction of oscillatory states. Figure 12a shows rate 
oscillations obtained near the rate transition under S- 
shape type conditions. Since Vw~ was held constant, these 
rate oscillations were accompanied by small (<5/zA) cur- 
rent oscillations. As shown in the figure the Vwa range 
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over  which r oscillates is rather narrow. During each oscil- 
lation, increasing r corresponds to I > 0, i.e., to Na re- 
moval from the catalyst. It is likely that these oscillations 
are not of the usual type obtained on Pt during CO oxida- 
tion (26, 27, 30) but are due to cyclic formation and decom- 
position of the C O - N a - P t  complex. As shown in the 
bottom diagram of Fig. 12b the frequency of oscillations 
increases linearly with VWR. 

D I S C U S S I O N  

quantity, as Na is not a reactant or product and thus in 
principle "infini tely" large A values can be obtained at 
steady state potentiostatic operation, i.e., if the current 
were to vanish at steady-state after having caused a 
steady-state rate increase At. In practice this was not 
found to happen and A was always finite (<105) as it 
was found that a small parasitic curTent (--I p.A) always 
remains at steady-state potentiostatic operation appar- 
ently due to the formation of some Na,O and/or Na2CO 3 
on the catalyst surface, similarly to the case of the 
NEMCA study of C2H4 oxidation on Pt using/3"-AI203 
(10). 

A m o r e  m e a n i n g f u l  p a r a m e t e r  f o r  e x p r e s s i n g  t h e  p r o -  

m o t i n g  or poisoning effect of Na + in NEMCA studies 
utilizing fl"-AI203, or in promotion studies in general, is 
the promotion index Pi defined from 

(Ar/ro) 
Pi-  AONa ' [8] 

t,~, R, v r,  ld Zrnole /s 
-032 ~3 

- 0 2 2  
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3 5  

The present results show that/3"-AI,O 3 can be used as 
an active support to alter the catalytic properties of Pt 
for CO oxidation in a very pronounced and reversible 
manner  via the NEMCA effect. The f l " - A I 2 0 3  solid elec- 
trolyte acts as a reversible Na + donor  which permits pre- 
cise in situ control of  the Na coverage on the Pt surface. 
Sodium is found to have a very pronounced promoting 
and also poisoning effect on the rate of CO oxidation. 
The promoting effect dominates when the rate is negative 
order  in CO for low (<0.04) Na coverages and gives up 
to 600% increases in catalytic rate. Higher (>0.04) Na 
coverages lead to severe poisoning (up to 90% decrease 
in the rate) under all conditions. 

The enhancement  factor  or "Faradaic  eff iciency" 
(1-19) A values obtained in this study are typically of 
order  103-105. However ,  when using a Na + donor,  such as 
/3"-A1203, in NEMCA studies, A is not a very meaningful 
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or, in general, 

(Ar/r0) 
Pi - - -  [9] 

A0p 

where 0p is the coverage of the doping atom or ion. When 
Pi > 0, then the ion under consideration has a promoting 
effect on the catalytic rate and can cause NEMCA. 

Thus in the present study P~ values up to 250 have been 
measured (e.g., Figs. 8a and 8b) which shows that indeed 
Na has a very pronounced promoting effect on the rate 
of CO oxidation on Pt when the rate is negative order 
in CO. 

When Pi < 0, then the ion under consideration has a 
poisoning effect on the rate. In this case ( - P~) equals the 
" tox ic i ty"  of the atom or ion, as defined by Barbier and 
co-workers (44). In the present study toxicity values up to 
30 were measured (Figs. 3, 4b, 8b) for high Na coverages. 

There are three major features of the observed steady- 
state NEMCA behaviour (Figs. 2-I  1) which must be ex- 
plained: 

I. The pronounced promoting effect of Na for 0y~, < 
0.04 when the rate is negative order in CO (Figs. 2, 3, 5, 
6 , 8 , 9 ) .  

II. The pronounced poisoning effect of Na for 0y, > 
0.04 and temperatures below 380°C (Figs. 2, 3, 5-10). 

III. The observed pronounced dependence of activa- 
tion energy on catalyst work function and temperature 
(Fig. 11). 

These observations can be explained in a semiquantita- 
tive manner on the basis of our recent UHV study of 
o.xygen, CO, and Na coadsorption on Pt (42), which dem- 
onstrated the formation of a C O - N a - P t  complex on 
Pt(l I1). The decomposition temperature of this complex 
(360°C) agrees well with the present results. 

Observation (I) is clearly due to the promoting effect 
of Na on the kinetics (40) and thermodynamics of oxygen 
chemisorption on Pt. This is manifested in two ways: 

(a) The promotional effect of Na appears only when 
the rate is negative order in CO, i.e., the surface has a 
very low coverage of oxygen (Figs. 2, 3, 4a, 5b, 8a, 8b, 9). 

(b) The value of P~o which maximizes the reaction rate 
(and implies, to a first approximation 0co ~ 0o) is dramati- 
cally increased with increasing 0Na (i.e., decreasing VWR 
and eqb, Figs. 3, 6) which manifests a pronounced increase 
in the propensity of the surface to chemisorb O v s  CO. 

As shown in Fig. 2, in the promoting region the rate of 
CO oxidation increases exponentially with e~  ac- 
cording to 

ln(r/r0) = - aAe~ /kbT ,  [10] 

where a ~ 0.25. 

This observation can be easily rationalized within the 
framework of L H H W  kinetics by taking into account the 
effect of decreasing ecb on the binding strength of atomic 
oxygen and thus on the dissociative adsorption equilib- 
rium constant of oxygen K o. It is well known that L H H W  
kinetics can provide only an approximate and qualitative 
fit to the CO oxidation kinetics on Pt but nevertheless we 
have chosen to use them in order to rationalize in a simple 
semiquantitative manner observation I, i.e., Eq. [f0] and, 
as shown below, observation III. 

Assuming the reaction between chemisorbed CO and O 
to be rate limiting, one obtains the L H H W  rate expression 

r =  kROcoO o = kRKcoKoPcoP~2/ 
(1 + RoPe2 + KcoPco) 2, [I1] 

where k R is the kinetic constant, and Kco and K o are the 
adsorption equilibrium constants for CO and oxygen, re- 
spectively. 

The promoting effect of Na is observed when the 
KcoPco term dominates, in which case Eq. [11] reduces to 

r =  kRKoP~2/(KcoPco)., [12] 

Although k a, Kco, and K o are all expected to vary 
with changing Na coverage and e~, one may, to a first 
approximation, assume that the effect on Ko is dominant 
so that 

K o = K~ e x p ( -  aAe~/kbT). [13] 

Combination of Eqs. [12] and [13] leads to the experi- 
mental Eq. [10]. The form of Eq. [13] is consistent with 
previous NEMCA studies which have shown linear varia- 
tions in the heat of adsorption of oxygen on Pt with varying 
eqb (2, 5). 

The observed strengthening of the P t = O  bond with 
increasing 0N,, (decreasing e~) is consistent with the gen- 
eral rules established in previous NEMCA studies on the 
effect of decreasing eqb and thus enhanced back donation 
of electrons on the chemisorptive bond strength of elec- 
tron acceptor adsorbates such as chemisorbed oxygen (2). 

Observation II can be directly rationalized in terms of 
the formation of the C O - N a - P t  complex on the catalyst 
surface. As noted above, we have shown that such a 
C O - N a - P t  complex is indeed formed on Pt( l l  1), decom- 
posing at 360°C in UHV (42). A similar C O - K - P t  complex 
has been shown by Bertolini and co-workers (40) to form 
on Pt(100) and to decompose abruptly at 407°C (40). It is 
indeed remarkable that as shown on Figure 10 the temper- 
ature above which the C O - N a - P t  complex ceases to exist 
and thus poison the CO oxidation rate is between 385 and 
410°C. Bertolini and co-workers showed that the 
C O - K - P t  surface complex forms on CO-covered Pt(100) 
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surfaces when the K coverage OK exceeds 0.3. Up to this 
K coverage there is a continuous strengthening in the CO 
chemisorptive bond with increasing OK as manifested by 
the gradual increase in the CO TDS temperature from 247 
to 277°C (40). 

The study of Bertolini et al. (40) also showed that K 
adsorption enhances oxygen chemisorption on Pt(100) 
which does not take place to any measurable extent on 
the K-free surface. The only difference from the present 
study is that high (>0.3)0K values were found necessary 
for the promoting role of K on 02 chemisorption to be- 
come apparent,  while in the present study low (-0 .03)  
0rqa values cause a pronounced enhancement  in oxygen 
chemisorption (Figs. 4a, 8a, 8b). 

Observation III, regarding the interesting and complex 
dependence of activation energy E on VWR (e~) and T 
can be rationalized within the framework of L H H W  kinet- 
ics as follows: 

The low activation energy value E~ = 2 kcal/mol is 
obtained at high temperatures when the rate is positive 
order  both in CO and oxygen. Under  these conditions 
Eq. [11] reduces to 

r = kRKcoKoPcoP~2 [14] 

and consequently 

E1 = ER -- Qco - ½Qo, [15] 

where ER is the true activation energy and Qco and ½ Qo 
are the heats of adsorption of CO and oxygen (kcal/mol). 

In the region of  CO inhibition the activation energy is 
Ez = 28 kcal/mol, in good agreement with literature (45) 
and Eq. [12] is valid, therefore,  

E2 = ER + Qco - ½Qo. [16] 

k R = 3.7 × 1 0  9 mol/cm 2 s [17a] 

Kco = 1.7 × 10 -5 exp(13,000/RT) kPa -j [17b] 

K o = 1.2 × 10 -13 exp[[35,000 
+ a(F /4 .184) ( -VwR)] /RT]  kPa -t/2. [17c] 

Here a = 0.3, F = 96480 C/mol, and VWR varies between 
0 and - 0 . 3  V, i.e., in the region of exponential rate in- 
crease. The activation energy Ecan  be easily computed on 
the basis of the following equation derived from Eq. [10]: 

E = - R  • d(ln r)/d(1/T) 

I 
= ER -- ~ Qo - Qco + 2 

½KoQo + KcoQco 

(1 + K o + Kco) " 
[18] 

For  more positive potentials VWR in Eq. [17c] is set 
equal to zero. The model computation of E (Fig. I 1) for 
more negative potentials (VwR < --0.3 V) is discussed 
below. 

The very high E value E 3 = 65 kcal/mol for VwR < 
- 0 . 3  V, i.e., in the region of C O - N a - P t  complex forma- 
tion where the rate decrease dramatically, can be ex- 
plained semiquantitatively in the following terms: Given 
the properties of large oxocarbon species [(CO,,)] 2- (46) 
it is plausible that even low Na coverages (0Na -- 0.04) 
lead to almost complete blocking of the Pt surface by the 
C O - N a - P t  complex. Under such conditions the activa- 
tion energy for reaction will depend on the activation 
energy for decomposit ion Qc of the surface complex. An 
estimate of 47 +-- 5 kcal/mol for this quantity can be ob- 
tained from the Pt(100) data of Bertolini et al. (40). One 
can thus use the L H H W  limiting rate expression (12), 
which is valid in the region of existence of the C O - N a - P t  
complex (Fig. 9) to obtain the following expression for 
E 3, in analogy with Eq. [16]: 

E3 = ER + Qc - ½Qo. [19] 

It follows then from Eqs. [15] and [16] that Qco = 13 
kcal/mol. This value is low compared to the activation 
energy of  desorption of  CO at low coverages from clean 
Pt surfaces (typically 25-30 kcal/mol (45)) but in good 
agreement with apparent heats of adsorption at high cov- 
erages extracted by fitting atmospheric pressure high cov- 
erage kinetic data to L H H W  kinetic expressions (30). 

It also then follows from Equation [15] or [16] that ER 
-- ½Qo = 15 kcal/mol. The observed increase in E with 
decreasing VWR in the region where oxygen chemisorption 
is enhanced (0 V > VWR > --0.3 V) is physically due to 
the increase in oxygen coverage and can be described 
semiquantitatively by Eqs. [l 1] and [13] as shown by the 
dashed line in Fig. I 1, where the following values were 
used for the parameters:  

Substituting E R -- ½Qo = 15 kcal/mol and Qc = 47 kcal/ 
mol, one obtains E3 = 62 kcal/mol, in excellent agreement 
with the experimental value of 65 kcal/mol (Fig. 11). Al- 
though the quality of  the agreement may be fortuitous, 
due .to the inherent limitations of  L H H W  kinetics, it is 
clear that the high E value at very low VWR values must 
indeed be due to the presence of the C O - N a - P t  complex. 

In summary the present results show that the use of 
fl"-AI203 as an active catalyst support to induce NEMCA 
leads to very pronounced and reversible alterations in the 
catalytic properties of Pt for CO oxidation. Sodium acts 
both as a promoter  and as a poison for this catalytic 
reaction. Valuable information about the underlying rich 
chemistry can be obtained in the future by the use of 
surface spectroscopic techniques. Solid electrolytes, in 
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g e n e r a l ,  p r o v i d e  a u n i q u e  w a y  to in s i t u  and  p r e c i s e l y  

c o n t r o l  t he  s t a t e  o f  me ta l  c a t a l y s t  s u r f a c e s  and  to inves t i -  

g a t e  the  ro le  o f  p r o m o t e r s  in c a t a ly s i s .  
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