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The kinetics and the mechanism of the water-gas shift (WGS) reaction have been studied over 
a Cu(ll0) surface containing vapor-deposited Cs adatoms. The optimum rate occurs for a Cs 
coverage of about one cesium atom per four Cu surface atoms. Postreaction surface analysis (XPS, 
AES, TDS) proves that this Cs is almost immediately converted to a surface complex containing 
cesium, oxygen, and carbon under reaction conditions. This complex has TDS, XPS, and AES 
features similar to a surface cesium carbonate, Csx. CO3,a (x = 1.5 to 2.0). The kinetics of the 
elementary reaction steps leading to the formation and decomposition of this carbonate are also 
studied. These steps are in rapid equilibrium under reaction conditions. The electronic effects of 
the Csa on the elementary steps of the WGS reaction are also investigated. Cesium causes an 
acceleration in water dissociation on the surface and in the conversion of surface oxygen to CO2 
by CO. The former reaction is rate-limiting with no Cs present, whereas the latter partially controls 
the rate on the optimally promoted surface. © 1992 Academic Press, Inc. 

I. INTRODUCTION 

Alkali metals are known to promote many 
catalytic reactions (1). In particular, cesium 
accelerates the water-gas shift (WGS) reac- 
tion, H20 + CO---~ H 2 + CO2, and methanol 
synthesis over Cu-based catalysts (1--8). 
The water-gas shift reaction over Cu cata- 
lysts has been the subject of considerable 
study (3, 7-16). In such catalysts, metallic 
Cu is the active site for WGS in the absence 
of Cs (8-10). The (111) single-crystal face of 
pure copper also shows a significant rate 
enhancement with the addition of small cov- 
erages of cesium (7). For example, a cover- 
age of Ocs = 0.13 on Cu(111) increases the 
WGS rate at 612 K to approximately 15 
times that of the clean Cu(111) surface. For 
these reasons, studies of Cs on Cu single- 
crystal surfaces serve as a good model for 
Cs promotional effects on more practical 
Cu-based catalysts. 

The mechanism and kinetics of WGS over 
clean Cu(ll0) have been discussed pre- 
viously (8), where the "surface redox" or 
"oxygen adatom" mechanism was used to 
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explain the results. In this mechanism, HzO 
dissociates completely to an oxygen adatom 
(O~) and H 2 (via 2Ha) , and the Oa is then 
titrated by CO (3, 7-16). (Here, the sub- 
script " a "  refers to an adsorbed species.) 
The rate-determining step (RDS) for WGS 
over clean Cu(110) was determined to be the 
initial dissociation of H20, H20 ~ Ha + 
OH, (8). A full energetic and mechanistic 
model for this reaction on clean Cu(110) has 
been presented previously (8, 17). 

Kinetic measurements of the WGS reac- 
tion on the Cs-promoted Cu( l l l )  surface 
have been reported in an earlier study (7). 
The increase in activity is obviously due to 
an acceleration of the rate-determining step, 
which is dissociative water adsorption (7). 
However, a great deal concerning the form 
of the Cs promoter on the working catalyst 
and the effects of this promoter on the vari- 
ous elementary steps is still unclear. In this 
paper, we address these issues by studying 
the kinetics and mechanism of the WGS re- 
action and its elementary steps over the 
Cu(ll0) surface containing various cover- 
ages of vapor-deposited cesium. The sur- 
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face species existing during WGS over Cs/ 
Cu(110) are also examined here with postre- 
action TDS, XPS, and AES. The Cu(ll0) 
surface was chosen for this study because 
this plane is the best understood with re- 
spect to the mechanism of WGS on clean 
Cu (without Csa). Also, the kinetics could 
be compared to previous kinetics for the 
Cs-promoted Cu(111) surface to assess the 
structural sensitivity of the Cs promotional 
effect. 

As we show, the cesium appears to exist 
on the working catalyst mainly in the form 
of a surface carbonate, Csx" CO3,a, with x 
taking values between ½ and 1, although 
other forms of the cesium are also present 
in small quantities, the concentrations of 
which are determined by equilibrium reac- 
tions with gaseous reactants and products. 
Interestingly, surface carbonate species are 
never seen on the Cu(ll0) surface in the 
absence of Cs (25). To determine the role of 
this cesium carbonate species in the WGS, 
experiments involving carbonate formation 
and reactions of the carbonate decomposi- 
tion product, Cs. Oa, were also performed. 

There also exist extensive prior data con- 
cerning elementary interactions of CO 
(18-25), CO2 (25, 26), H20 (27-31), and H 2 
(32-38) with Cu(110) and with Cs/Cu(110). 
Most important among those prior results 
with regard to the present paper are the fol- 
lowing conclusions. (1) Low coverages of 
Cs (®cs -< 0.25) stabilize COa by up to 15% 
compared to clean Cu(ll0). At coverages 
beyond the work-function minimum (®cs > 
0.25), a surface Cs. COa complex, which is 
even more stable, is produced (25). (2) At 
110 K, CO2 reacts rapidly with low-coverage 
Csa in UHV to produce some species that 
convert to a surface Cs carbonate by 300 K 
via the reaction CSa + 2CO2 ~ Cs • C O 3 ,  a + 

CO. This carbonate decomposes at -550 K 
to liberate CO2 gas and leave Cs. Oa on the 
surface (25). Here, Cs. Oa refers to coad- 
sorbed Cs and oxygen adatoms, which are 
each bonded mainly to Cu but which proba- 
bly have some direct Cs-O bonding (or at 
least they strongly mutually stabilize each 

other). This Cs, O a can also be produced by 
dosing 02 t o  C s  a (30). (3) Adsorbed H20 is 
stabilized by both Cs a and Cs 'Oa.  Also, 
H20 will readily react with high Cs cover- 
ages (Ocs -> 0.32) to produce Cs. OH a and 
H a . This H a is stabilized by Csa and 
C s ' O H  a, since it desorbs as H 2 gas only 
at -430 K, compared to 320-340 K in the 
absence of Cs (30). (4) Adsorbed oxygen 
(Oa) and Cs" O a are readily reduced by H 2 
(via 2H,) to produce water, occurring with 
reaction probabilities of - 4  x 10 -6 and 
~8 )< 10 -7,  respectively, at 573 K (37, 38). 
On the basis of these data, we discuss here 
the kinetics and mechanism of the WGS re- 
action over Cs-promoted Cu(110). These re- 
sults have been briefly presented in a prelim- 
inary report (8). 

II. EXPERIMENTAL 

The apparatus and the procedures used in 
this study are described elsewhere (8, 25). 
The apparatus consists of a medium pres- 
sure batch microreactor for measuring cata- 
lytic reactions, which allows us to introduce 
high pressures (up to - 2  atm) of reactants 
and a UHV chamber (base pressure < 10-10 
Tort) for surface analysis with capability for 
TDS, XPS, AES, A~b, LEED, and Ar + sput- 
ter cleaning. The sample can be rapidly 
transferred (<20 s) between these chambers 
without exposure to air or other gases. The 
sample was resistively heated by Ta wires 
passing through grooves on the sides of the 
single-crystal sample. 

The coverages (O) reported here are given 
relative to the Cu(110) surface atom density 
of 1.085 × 1015 atoms, cm -2. Absolute cov- 
erages were determined using the AES 
peak-to-peak ratios and XPS peak area ra- 
tios calibrated previously for this instrument 
(25, 31). The O (KVV)/Cu (LVV) AES ratio 
of 0.085 and the O (ls)/Cu (2p3/2) XPS ratio 
of 6.2 x 10 -3 were assigned to a surface 
oxygen coverage of ®o = 0.5 (25, 31). The 
O (KVV)/Cu(LVV) AES ratio was used for 
coverage calibration only for oxygen ada- 
toms. The surface carbonate produced O 
(KVV) spectra with drastically different 
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lineshapes (see Results), so the peak-to- 
peak ratios proved unreliable for oxygen 
coverage estimation. The carbonate cover- 
ages were, therefore, determined by O (Is) 
and C (Is) XPS. The Cs (560 eV)/Cu (920 
eV) AES ratio of 0.08 and the Cs(3ds/z)/Cu 
(2p3/2) XPS ratio of 0.13 were previously 
assigned to the closest-packed monolayer of 
Cs on Cu(110) (25), which corresponds to a 
cesium coverage of Ocs = 0.48 (39). The Cs 
coverages except where noted were usually 
determined by AES taken prior to reaction. 
The presence of adsorbed oxygen or of other 
anions changes the AES lineshape in the Cs 
region, resulting in a large increase (up to 
50%) in the intensity of the Cs peak-to-peak 
signal, as seen previously (25, 31). Although 
the Cs coverages could be estimated from 
postreaction AES measurements with ap- 
propriate consideration of this effect, the 
prereaction AES measurements of Cs cov- 
erage were more precise and more reliable, 
and they were therefore generally used to 
assess Cs coverage. Control experiments 
using quantitative XPS measurements taken 
before and after WGS reactions showed that 
very little Cs was lost during the reaction at 
the Cs coverages (Ocs -< 0.3) and at the 
reaction temperatures (T -< 573 K) of most 
interest here. 

We briefly studied the adsorption of Cs 
on Cu(110) with ion scattering spectroscopy 
(ISS) using 1.3-kV He + ions, incident 60 ° 
from normal, and detection normal to the 
surface. The Cu signal decreased rapidly to 
nearly zero at the work function minimum, 
which corresponds to only about one-half of 
a close-packed monolayer of cesium (25). 
This rapid decrease is thought to be due to 
a combination of the usual masking effects 
due to Cs atoms and a greatly increased He + 
neutralization probability due to the work 
function decrease caused by Csa (40). Con- 
sistent with this is the fact that the slope of 
the Cs ISS signal versus Cs coverage de- 
creased strongly in the first one-half mono- 
layer, was zero around one-half monolayer 
(®cs = 0.24), and increased again at higher 
coverage. 

For the WGS reactions studied here, CO 
and H20 pressures of 26 and 10 Torr, respec- 
tively, were used except where noted. Be- 
cause of condensation on walls, no HzO 
pressures above 18 Torr were used. A total 
of 1000 Torr of N2 was also added to the 
reactants because its flow into the differen- 
tial pumping stages during sample transfer 
from the microreactor back into UHV elimi- 
nated impurity buildup during transfer. It 
was proven to have no effect on the reaction 
rates. 

III. RESULTS 

1. Kinetics of  WGS on Cs/Cu(llO) at Low 
Conversions 

a. Review of  kinetic results. Plots of the 
steady-state rate of WGS over Cu(! 10) as a 
function of Cs coverage for reaction temper- 
atures between 473 and 573 K were reported 
in our preliminary communication of these 
results (8), but they are briefly summarized 
again here. The WGS reactions were per- 
formed at low conversions in a microreactor 
typically using 10 Torr H20 and 26 Torr 
CO over a heated Cs/Cu(110) surface. The 
reaction was always run long enough to en- 
sure steady-state rates and the production 
of many hundreds of product molecules per 
surface Cu atom (8). The addition of Cs to 
the Cu(ll0) surface promoted the rate of 
WGS up to a maximum fivefold enhance- 
ment at the optimum Cs coverage, Ocs = 
0.25. With higher cesium coverages (up to 
®Cs = 0.55), the WGS rate decreased from 
this optimum condition, but remained 
higher than the WGS rate over clean 
Cu(110). The apparent activation energy of 
WGS on optimally promoted (Ocs ~ 0.25) 
Cs/Cu(ll0) was II kcal/mol, compared to 
l0 kcal/mol for WGS over the clean Cu(110) 
surface. Near our typical reaction condi- 
tions at 523 K, the WGS reaction over Cs/ 
Cu(ll0) was shown to be approximately 
half-order in CO pressure and about zero- 
order in H20 pressure (8). Above -100 Torr 
of CO, however, the dependence on CO 
pressure approached zero-order, while the 
H20 pressure dependence became half- to 
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first-order. On the clean Cu(ll0) surface, 
the order in H20 pressure was 0.9 --- 0.2 and 
the order in CO pressure was 0.2 --- 0.2 over 
all pressures examined (8). 

Because we are interested in the promo- 
tional effect of Cs, which is a maximum at 
®c~ = 0.25, most of the TDS, XPS, and 
AES experiments presented in the following 
were obtained at 0.18 -< Oc~ -< 0.27, i.e., 
near the optimum coverage, unless other- 
wise stated. 

b. Influence of  CO 2 on the rate of  WGS 
on Cs/Cu(llO). The rate of the WGS reac- 
tion was also measured over Cs-promoted 
Cu(110) with the addition of product CO2 to 
the reactant mixture. When 10 Torr CO2 was 
added to the reaction mixture of 10 Torr 
H20 and 26 Tort CO, the WGS rate at 523 
K and ®c~ ~ 0.25 was reduced by a factor 
of 2 compared to the WGS rate at the same 
Cs coverage without the addition of CO2 to 
the reaction mixture. In the latter case, CO 2 
is produced, but for our reaction times the 
CO2 pressure was only -1  Tort at the end 
of the reaction. It should be noted that even 
with 10 Torr of added CO2, the reaction 
was still far from equilibrium throughout the 
time the reaction was run. Using the WGS 
equilibrium constant at 523 K reported by 
Newsome (11), Kp = 84, the equilibrium 
pressure of CO2 under these conditions 
(with CO2 preaddition) would be 20 Torr. 
Also, the H 2 pressure produced during this 
reaction was still a factor of 10 below its 
equilibrium value. Thus, this deceleration 
of rate due to CO2 addition is probably not 
due to competition from the reverse reac- 
tion, but instead must be associated with 
some CO2 effect on the surface conditions. 

2. Postreaction Surface Analysis 

Figure la shows the CO2 and Cs TDS from 
typical postreaction surfaces (low conver- 
sion) at various Cs coverages. To obtain 
these spectra, the clean Cu(110) sample was 
first predosed with Cs, transferred to the 
microreactor, pressurized with 16 Torr 
H20, 42 Torr CO, and -1000 Torr N2, and 
then heated to the reaction temperature of 

473 K. After establishing steady-state WGS 
kinetics ( -3  min) at 473 K, the current for 
heating the sample was turned off and the 
sample was immediately transferred from 
the reactor to UHV while cooling. Below 
®c~ = 0.25, a single CO2 TDS peak was 
observed in postreaction analysis, with a 
constant peak temperature of 530 K. How- 
ever, above ®c~ = 0.25, an additional shoul- 
der appeared at a higher temperature (-560 
K), which shifted to still higher tempera- 
tures with increasing Cs coverage. It should 
be noted that no adsorbed species nor CO2 
desorption was observed after WGS over 
clean Cu(ll0) without CSa (8) and CO2 has 
a negligible coverage on clean Cu(ll0) at 
these reaction temperatures and product 
CO2 pressures (25, 26). Cesium desorption 
peaks (m/e = 133) were observed at 630 and 
680 K with a minor peak at 550 K (Fig. la). 
No other desorption products were detected 
during TDS of the postreaction surface; 
however, desorption of small amounts of H 2 
and H20 might not have been observable 
because of the high background pressure 
(10-9-10 -8 Torr) consisting primarily of wa- 
ter, with some H2, brought into the analysis 
chamber by the transfer rod and sample 
holder. 

The postreaction TDS of Fig. la are simi- 
lar in several respects to those reported in a 
previous UHV study of the interaction of 
2.3 Langmuir (L) CO 2 with Cs/Cu(ll0) at 
110 K (25). Because the interpretation of 
those results are pertinent to our analysis of 
the post-WGS surface, they are reproduced 
in Fig. lb (25). The desorption of CO 2 above 
-500 K in these spectra was shown pre- 
viously to be due to the decomposition of a 
surface carbonate complex intimately asso- 
ciated with the adsorbed cesium, Cs. CO3.a, 
which was formed from dosing CO2 to a 
cesium-covered Cu(ll0) surface (25). The 
Cs. CO3,a complex was formed via 

2CO 2 -b Cs a----> Cs-CO3, a q- CO, (I) 

at surface temperatures as low as -180 K, 
and decomposed upon heating via 

Cs'CO3,a--~ Cs" O~ + CO2. (-II) 
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FIG. 1. TDS spectra  for CO z (m/e = 44) and for Cs (m/e = 133) with different Cs precoverages:  (a) 
After  s teady-s ta te  WGS react ion kinetics at 16 Tor t  H20 , 42 Tor t  CO, - 1 0 0 0  Tor t  N2, and 473 K.  (b) 
After  dosing 2.3 L CO2 to Cu(110) at - 1 1 0  K (from Ref. (25)). 

The thermal desorption of pure Cs on 
Cu(ll0) occurs below 500 K for Cs cover- 
ages in excess of 0.25 (25), whereas the 
Cs-CO3,  a is stable to 600-700 K, which 
proves that adsorbed cesium is stabilized by 
the carbonate (25). Of course, the surface 
oxygen remaining after carbonate decompo- 
sition also stabilizes the surface cesium (25, 
30). 

The CO2 desorption peak in Fig. lb at 
530-560 K (25) for cesium coverages below 
0.25, which is due to Cs. CO3,a decomposi- 
tion (25), is very similar to the CO2 desorp- 
tion peak at 530 K observed in Fig. la after 
WGS reaction for Ocs ~ 0.25. This suggests 
that this CO2 peak is also due to the decom- 

position of surface cesium carbonate. In 
contrast, formate coadsorbed with cesium 
on Cu(110) decomposes already at a much 
lower temperature, giving a sharp CO2 TDS 
peak at 425-460 K accompanied by H2 (50). 
This difference in CO2 TDS peak tempera- 
ture and the absence of any observable H 2 
peak rule out formate decomposition as a 
source of this postreaction CO2 TDS peak. 
Postreaction XPS and AES data also sup- 
port an assignment of surface cesium car- 
bonate at Ocs = 0.20 (see below). The post- 
reaction Cs TDS spectra for Ocs -< 0.25 are 
substantially different in lineshape after re- 
action compared to that after simply dosing 
CO2 to Cs a at 110 K. However, the general 
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temperature range of Cs desorption is quite 
similar (-600-700 K compared to -650-700 
K). This Cs desorption temperature is of 
course controlled by the interaction strength 
of Cs with the surface oxygen remaining 
on the surface after carbonate decomposi- 
tion (25, 30) and is much higher than the 
peak temperature of -510 K associated 
with the decomposition of Cs. OHa (30) or 
formate coadsorbed with Cs on Cu(ll0) 
(50). The Cs lineshape differences for ®cs 
<-- 0.25 in Fig. la versus lb may be due to 
small amounts of minority species also 
present on the surface after reaction or 
to different coverages or distributions of 
surface oxygen achieved in the postreac- 
tion surface. 

There are also marked lineshape differ- 
ences between Figs. la and lb for ®cs above 
0.25. Nevertheless, some similarities are 
also obvious: (1) desorption of CO 2 occurs 
in roughly the same temperature range 
(500-700 K); (2) the CO2 desorption peaks 
generally show a filling in of higher tempera- 
ture states as the Cs coverage increases; (3) 
desorption of Cs occurs in roughly the same 
temperature range (580-720 K versus 
630-700 K); and (4) the Cs desorption peaks 
generally shift to lower temperature with 
increasing coverage. Of course, any TDS 
peaks in Fig. lb below -510 K will not be 
seen in the postreaction spectra of Fig. la 
since the surface of Fig. la was maintained 
at 473 K during reaction and was evacuated 
at -460-450 K while cooling. Because of 
these similarities, we assign the post-WGS 
reaction species (Fig. l a) to some type of 
surface cesium carbonate complex similar 
to that of Fig. lb. 

The CO2 TDS peak areas from the postre- 
action surface such as presented in Fig. la 
increased linearly with cesium coverage as 
shown in Fig. 2, suggesting that every Cs 
atom on the surface was associated with a 
CO 3 ion or ions in a fixed stoichiometric 
ratio. Quantitative XPS (below) shows the 
CO3 : Cs ratio to correspond to 1.5, whereas 
this ratio was 1 for the UHV-dosed CO2 
corresponding to Fig. lb (25), which may 
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Fro. 2. Integrated TDS areas  of  CO2 peaks  observed  
in postreact ion TDS as a funct ion of  Cs  coverage.  The  
condit ions here are the same as those  descr ibed in 
Fig. la.  

explain some of the differences in the TDS 
lineshapes. 

The reaction temperature had little effect 
on the postreaction CO2 and Cs TDS line- 
shapes for Cs coverages of -0 .2  but only 
caused a decrease in the integrated CO2 TDS 
area with increasing reaction temperature, 
due to the removal of intensity from the 
lower-temperature part of the spectrum. 
The steady-state coverage of the surface 
carbonate should decrease as the reaction 
temperature approaches the carbonate de- 
composition temperature; therefore, a re- 
duction in the CO2 TDS area with reaction 
temperature was expected. At reaction tem- 
peratures much above the CO2 desorption 
peak temperature of 530 K for Oc~ ~ 0.2, 
very little CO 2 evolution was observed in 
TDS of the post-WGS surface. 

Surface analysis was also performed after 
WGS, but where the surface was cooled to 
-373 K in the reaction mixture. In this way, 
surface species likely to desorb at reaction 
temperature during evacuation will be re- 
tained. In Fig. 3, a post-WGS CO: TDS 
spectrum when the Cs/Cu(110) surface was 
cooled in the reactor is compared to a similar 
spectrum of a surface that was cooled during 
transfer to UHV. In both cases the WGS 
reaction preceding the TDS was performed 
with a Cs coverage of -0.27 under the same 
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FIG. 3. Comparison of postreaction CO2 TDS after 
different transfer procedures: (a) The sample was 
cooled during transfer from the microreactor to UHV; 
(b) the sample was cooled to 373 K in the microreactor. 
The WGS conditions were similar to those of Fig. la 
with a Cs coverage of -0.27,  except the reaction tem- 
perature was 523 K. 

conditions as noted in Fig. la except that 
the reaction temperature was 523 K. The 
TDS spectrum (a) is very similar to the TDS 
spectra in Fig. la for Ocs = 0.23 and 0.30, 
except for a slight removal of intensity on 
the low-temperature side of the TDS peak 
due to desorption of lower-temperature 
states during cooling and evacuation start- 
ing from this higher reaction temperature. 
The only difference between the two spectra 
in Fig. 3 is the appearance of a low-tempera- 
ture shoulder at 451 K in TDS (b) corre- 
sponding to the surface cooled in the reac- 
tor. The presence of this lower-temperature 
desorption state can be explained by the 
presence of a higher CO 3 : Cs ratio (see be- 
low). Although this species desorbs below 
the reaction temperature of 523 K in UHV, 
at the CO 2 partial pressures present under 
reaction conditions, it is likely to have a 
substantial population. 

The CO 2 TDS peak from the Cs-promoted 
(®cs ~ 0.2) Cu(110) surface after the WGS 
reaction (at 523 K) showed a shift of about 30 
K to lower temperatures as the CO pressure 

was increased over the range 13 to 190 Torr. 
The CO2 TDS peak areas were not notice- 
ably affected, however, and remained fairly 
constant over all CO pressures. Since the 
WGS rate is approximately half-order in CO 
pressure under these conditions (8), this 
shift might be due to either the correspond- 
ing increase in CO2 or Hz product pressures 
or directly to the higher CO pressures. This 
shift in peak temperature was shown not to 
be caused by the presence of additional CO2 
or H 2 product, because neither the addition 
of CO2 to the reaction mixture nor lengthen- 
ing of the reaction time produced a series of 
TDS with the same peak temperature trend. 
Thus, the higher CO flux or coverage at the 
surface must cause some structural or com- 
positional alteration, resulting in a surface 
cesium carbonate that decomposes at lower 
temperatures. 

Figure 4 shows the O (Is) XPS spectrum 
of Cu(110) with a cesium coverage of ®cs = 
0.20 after WGS at 523 K and cooling in the 
reactor. Also shown are the XPS spectra 
of that same surface after subsequent rapid 
anneals in UHV to 548, 698, and 823 K. 
The spectra clearly show the existence of an 
oxygen-containing complex formed on Cs/ 
Cu(110) under the WGS reaction conditions, 
whereas no surface oxygen was present on 
the postreaction surface without cesium (8). 
For the postreaction XPS peak (a), the O 
(Is) peak position is 531.4 eV BE (binding 
energy) with a full width at half maximum 
(FWHM) of 2.8 eV. This binding energy is 
very similar to the 531.3 eV value (2.4 eV 
FWHM) found for Cs. CO3,a obtained from 
dosing CO2 to the Cs-covered Cu(ll0) sur- 
face in UHV (25). The extra width here may 
be due to the additional presence of other, 
minority species. Also, the C (Is) and Cs 
(3d5/2) peaks were located at 288.9 and 724.5 
eV binding energy, respectively, and were 
very similar to the values for the UHV- 
dosed Cs. CO3,a of 289.2 and 725.1 eV (25). 
The O (Is) binding energy is inconsistent 
with C s ' O H ,  or Cs. Oa, which appear at 
530.4-530.8 eV (30) and 528.5-529 eV (30), 
respectively. The O (Is) and C (Is) spectra 
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FIG. 4. XPS spectra of carbonate produced during 
WGS and after thermal treatment. (a) After WGS reac- 
tion of 10 Torr H20 and 26 Torr CO at 523 K for 3 rain 
on Cu(ll0) precovered with Oc~ = 0.20. (b-d) After 
brief annealing at the indicated temperatures. 

are also entirely inconsistent with a combi- 
nation of features from C O  a (25) p l u s  O a (30) 
on Cs-doped Cu(110). 

Based on the integration of XPS peaks 
and atomic sensitivity factors very accu- 
rately calibrated on this same spectrometer 
(25, 30), the atomic coverages of cesium, 
carbon, and oxygen on the post-WGS Cs/ 
Cu(ll0) surface were 0.20, 0.43, and 1.32 
atoms per surface Cu atom, respectively. 
(These values should be accurate to about 
5%.) The stoichiometries are consistent 
with the soichiometry of a surface carbonate 
species, Csx" CO3, where x -~ ½. The carbon- 
ate coverage estimated from these XPS 
areas is -0.43 CO 3 units per Cu surface 

atom, or - 2  C O  3 units per Cs atom. The 
XPS of a similar Cs/Cu(110) surface taken 
after WGS reaction but without cooling in 
the reaction mixture gave -1 .5  CO 3 units 
per Cs atom, indicating that the working 
catalyst surface has a CO3:Cs ratio some- 
where between these two limits. The surface 
carbonate produced by UHV dosing of CO 2 
(22 L at 110 K) to a close-packed monolayer 
of Cs (~)cs = 0.48) on Cu(110) (exemplified 
by the TDS of Fig. lb), gave a CO3/Cs 
atomic ratio measured by XPS of -1  (after 
annealing at 373 K to eliminate all other 
species such as COa and CO2,a) (25). 

After flashing the postreaction surface to 
548 K, the C (ls) peak disappears, and the 
O (Is) peak area decreases by -65% (Fig. 
4), reasonably consistent with the evolution 
of CO2 shown in the TDS of Fig. la. This 
occurs in our model via the reaction 

CS" (CO3)2, a ~ 2 C O  2 

+ Cs .O ,  + Oa, (-II') 

which should give a 67% decrease in the 
O (ls) area if no other oxygen-containing 
species are present. A larger decrease was 
seen after decomposition of the UHV-dosed 
Cs carbonate on Cu(110), but some oxygen 
was also lost due to diffusion into the bulk 
(25). The O (ls) peak position of 531.5 eV 
after annealing the carbonate to remove CO2 
is different from the results for UHV-dosed 
carbonate where only adsorbed oxygen and 
cesium were left on the cesium-covered sur- 
face as Cs. Oa (528.6 eV) (25). Because of 
the long acquisition time for XPS (-10 rain) 
and the high background pressure after 
WGS reaction (10 -9 to  10 -8 Torr, mainly 
H20), this difference is possibly due in part 
to a known reaction of Cs. Oa with back- 
ground water to produce Cs. OH a plus OHa, 
which appears at -531 eV binding energy 
(30). This adds to the O (Is) signal, and 
thereby compensates for oxygen lost to the 
bulk by diffusion (see above). There may 
also be other minority species present that 
we cannot identify. 

Further annealing to 823 K reduces the 
width of the O (Is) peaks (2.9 eV) and caused 
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a) Post-WGS. OCa = 0.23 

b) 8.1 X 104 L CO 2. 
dosed at 523 K - 373 K, 
~Cs "~ 0.23 

c) 11LCO2. dosedat 110K, 
annealed at 300 K, OCa := 0.31 

d)Aaneal (a) at 553 K 

e) Anneal (b) at 581 K 

f) Anneal (c) at 666 K 
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FIG. 5. Comparison of postreaction AES spectra with the spectrum of the surface cesium carbonate 
produced by dosing in UHV. (a) After WGS reaction of l0 Torr H20 and 26 Ton" CO at 523 K for 3 
min on Cu(ll0) precovered with Ocs = 0.23. (b) After dosing 8.1 × l04 L CO2 at 523 K to Cu(ll0) 
precovered with Oc~ = 0.23. (c) After dosing l 1 L CO2 at - 1  l0 K to Cu(110) precovered with ®c~ = 
0.3 l, and then annealing at 300 K (from (25)). (d-f)  After annealing (a-c), respectively, at the indicated 
temperatures. 

further shifting to higher binding energy 
(532.0 eV). Again, water impurity accumu- 
lated during data acquisition might compli- 
cate this spectrum. However,  the general 
loss of oxygen with increasing annealing 
temperature is expected (30). 

Figure 5 shows a comparison of the AES 
spectra for the Cs/Cu(110) surface (®cs 
0.2) following the WGS reaction and of the 
surface containing surface Cs carbonate 
produced by UHV dosing of CO 2 to the Cs/ 

Cu(110) surface at high and low tempera- 
tures. Care was taken in these spectra to 
minimize beam damage, as described pre- 
viously (25, 31). Spectrum 4a was taken 
after 3 min of WGS reaction using l0 Tort 
H20, 26 Torr CO, 523 K, and cooling in the 
reactor. The spectrum displays well-defined 
double minima in the O (KVV) region. The 
surface that gave spectrum 4b (Fig. 4b) was 
produced as follows: the clean Cu(110) was 
first dosed with ®cs = 0.23; then it was 
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exposed to 8.1 x 104 L of CO 2 at 523 K and 
another 1.7 x 104 L of C O  2 while cooling to 
373 K, with an effective COz pressure of 
2.25 x 10 - 4  Torr. Such preparation gave 
XPS and TDS spectra very similar to those 
for surface Cs carbonate described above. 
This dosing procedure also reproduces in 
AES the double minima as well as most of 
the features in the fine structure seen in the 
postreaction spectrum (Fig. 4a). Spectrum 
4c (from Ref. (25)) was taken after dosing 
11 L CO z at -110 K and then annealing 
the CO2-dosed surface at 300 K to remove 
adsorbed CO and weakly adsorbed CO2, 
leaving only Cs'CO3,a on the surface. The 
O (KVV) region shows double minima as in 
the previous two spectra, but more poorly 
resolved. Also, the presence of two peaks 
here is obvious from the large width of the 
peak, especially from the large peak-to-peak 
energy separation of 8.2 eV, which is about 
the same as in the top two spectra. These 
AES results are further evidence that the 
cesium carbonate species produced under 
all three conditions are quite similar. 

The spectra 4d, 4e, 4f in Fig. 4 were taken 
after annealing the surfaces of 4a, 4b, 4c, 
respectively, in UHV to 553 K or above. 
Spectrum 4d was taken after annealing the 
post-WGS surface (4a) to 553 K, which is 
sufficient to decompose most but possibly 
not all of the surface carbonate (see Fig. 
1). There is a considerable reduction in the 
width of the O (KVV) peak to a sharp sin- 
glet, which indicates that most of the surface 
is covered with adsorbed oxygen, Oa or 
Cs. Q .  The anneal of the CO2-dosed sur- 
face of spectrum 4b to 581 K produced the 
surface probed in spectrum 4e, which shows 
an even sharper O (KVV) peak than 4d be- 
cause almost all the Csx "CO3, a should be 
decomposed by 581 K. Spectrum 4f fol- 
lowed the 665 K annealing of the surface 
dosed with CO2 at 100 K (4c, taken from 
Ref. (25)). The oxygen peak in 4f is the 
sharpest of the three spectra, 4d-4f, since 
only Cs. Oa is left on the surface after this 
treatment (25). In general, the surfaces (a, 
b, and c) containing carbonate show a large 

peak-to-peak separation of 8.2 to 10.6 eV, 
whereas after the anneal, the surfaces (d, e, 
and f) show a much smaller energy separa- 
tion of -4.5 eV, more representative of Oa 
or Cs" Oa (25, 31). The smaller differences 
in width of the O (KVV) peaks between the 
annealed surfaces (4d-4f) may be related to 
the O/Cs ratio, which is near unity after low 
exposure dosing (4c, 4f) (25) and - 2  for the 
post-WGS surface (4a, 4d), or it may be due 
to the presence of water-related impurities. 
The decomposition of the post-WGS car- 
bonate was more susceptible to such impuri- 
ties due to the higher pressure following 
WGS (Fig. 5d). Such impurities may result 
in some inequivalent oxygen adatoms that 
may contribute to the width of the AES 
peak. 

The LEED pattern of the post-reaction 
Cs/Cu(1 I0) surface for a reaction tempera- 
ture of 523 K showed only sharp p ( 1 × 
1) spots with high background intensity. At 
lower reaction temperatures, such as 473 
and 493 K, a streaky (2 × l) pattern ap- 
peared, but it was not studied in detail. No 
LEED observations were performed for 
Cs. CO3, a produced from low exposures of 
CO2 such as those used in Fig. lb (25). 

3. Elementary Step Analysis 

a. CO2/Cs/Cu(llO). The Cu(110) surface 
predosed with Ocs = 0.17 was dosed at high 
temperature (423 K) with high exposures of 
pure CO2 (103-105 L) at 10 -5 to l0 -4 Torr. 
The XPS and TDS measurements after such 
exposures were consistent with the forma- 
tion of a surface Cs carbonate, Cs. CO3,a, 
such as that seen previously (25) from lower 
exposures of CO2 in UHV to cold ( l l0 K) 
Cs/Cu(110) followed by warming to 300 K. 
A substantial difference, however, is that 
much higher CO 2 exposures were needed at 
423 K to approach saturation, - 3  x 10 4 L, 
compared to only -2.3 L at 110 K (25). This 
suggests that the carbonate is formed via a 
weakly adsorbed CO 2 precursor whose acti- 
vation energy for desorption is higher than 
its activation energy to form carbonate. A 
cesium-stabilized CO 2 adsorption state that 
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FIG. 6. Coverage of adsorbed oxygen as a function 
of CO2 exposure to Cs/Cu(110) at 543 K. This oxygen 
is produced by the net reaction Cs~ + CO2 ~ Cs. 
On + CO. The Cs precoverage was 0.15 -< ®cs -< 
0.20. Coverages were determined by AES. 

desorbs in TDS at -130  K has been pre- 
viously reported (25). Its activation energy 
for desorption must be around 8.3 - 0.6 
kcal/mol if it desorbs with a preexponential 
factor of 1013-1015 s -l.  The activation en- 
ergy for its reaction to produce carbonate, 
if this species is indeed the suggested pre- 
cursor, must then be only about - 5  kcal/ 
mol. 

Since adsorbed Cs reacts with CO2 via 

2CO 2 + C s  a ~ C s . C O 3 ,  a -+- C O  ( I )  

(or via related reactions to produce a higher 
stoichiometry in the carbonate) and since 
this carbonate decomposes by about 560 K 
in TDS via reaction (-II) when 19Cs is less 
than -0 .3 ,  then the interaction of C O  2 with 
Cs/Cu(110) in UHV at temperatures above 
about 540 K should give the net reaction 

CSa + CO2 ~ Cs. Oa + CO (III) 

(or a related reaction that yields higher stoi- 
chiometry in the surface cesium oxide). Fig- 
ure 6 shows oxygen uptake as a function of 
CO2 exposure at 543 K onto Cs predosed 
Cu(110) via reaction (III), as measured by 
monitoring the O (KVV) peak-to-peak in- 
tensity in AES. Here, the initial Cs coverage 
was approximately 0.2. The slope of this 
uptake curve allows us to calculate the CO2 

dissociative adsorption probability on Cs/ 
Cu(ll0) via the net reaction (III). The re- 
sulting initial CO2 dissociation probability of 
- 10  -4 at low oxygen coverage is much 
larger than the COz dissociation probability 
on Cu(ll0) in the absence of CSa 
(10-10--10 -9) at the same temperature (26). 
The rate of CO2 dissociation on Cs/Cu(110) 
decreased to less than - 1 %  of its initial 
value when the oxygen coverage grew to a 
value comparable to the Cs coverage (i.e., 
at a 1 : 1 ratio of O : Cs). These results sug- 
gest that the initial reaction leading to CO2 
dissociation is due to some direct interaction 
of CO2 with free CSa and that the reactivity 
for dissociation decreases strongly as each 
Cs adatom becomes associated with a sur- 
face oxygen atom. However, reaction with 
CO 2 does not stop completely at this 1 : 1 
stoichiometry since we were able to push 
the oxygen coverage achieved in this way 
up to twice the Cs coverage by dosing with 
C O  2 at -100 Torr in the microreactor. 

b. CO2/Oa/Cs/Cu(llO). CO 2 was dosed to 
Cu(ll0) that was precovered with coad- 
sorbed cesium and oxygen to see whether 
the surface cesium carbonate could be 
formed from gaseous CO2 and Cs. Oa. Ce- 
sium was adsorbed in UHV first, to a cover- 
age of Ocs ~ 0.18. Then after further dosing 
2.8 L O2 to the cesium-dosed Cu(110) sur- 
face and heating to 500 K in UHV, surface 
Cs. O, is produced with an oxygen coverage 
of 19 o = 19cs ~ 0.18. (This Cs. Oa was pre- 
viously reported to be produced by such a 
procedure (30).) This Cs. Oa was then dosed 
with increasing exposures of CO2 to form 
the adsorbed carbonate. Figure 7 shows the 
carbonate coverage obtained versus the CO2 
exposure at both 373 and 473 K. The reac- 
tion probability is approximately unity at 
low exposure, but falls by a factor of - 2 0  
by the time the carbonate coverage equals 
the cesium coverage. In TDS, AES, and 
XPS, the spectra of the Cs x • CO3,a produced 
after such CO2 exposures to Cs. Oa were 
very similar to the spectra of the Csx" CO3,a 
produced after dosing just CO2 (no pread- 
sorbed oxygen) to the Cs/Cu(110) surface at 
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FIG. 7. Carbonate coverage (defined as the number 
of CO3,~ units per Cu surface atom) as a function of CO2 
exposure to an oxygen-precovered Cs/Cu(! 10) surface. 
The Cu(110) surface with ~0.18 ML of Cs was exposed 
to 2.8 L 02 at 300 K, and then annealed at 583 K to 
produce Cs- O~ prior to CO2 dosing. The oxygen and 
cesium coverages were each then ~0.18. This surface 
was then exposed to COz under the conditions shown. 
The carbonate coverages produced in this way were 
determined from the areas under the CO2 TDS peaks 
associated with carbonate decomposition. The abso- 
lute carbonate coverages were calibrated by the O (ls) 
intensity in XPS for a few of the exposures here. 

- - 1 0  - 4  Tort and 423 K or by dosing C O  2 a t  

110 K. The results of Figs. 1 and 6 show that 

Csx'CO3,a ~- COs + Csx'Oa (-II) 

is reversible and that the reverse step is also 
a rapid and viable pathway for carbonate 
formation, at least up to a stoichiometry of 
one CO3 per Cs atom. The combination of 
Figs. 6 and 7 proves that CO2 can interact 
with Csa at 523 K to give the reaction COs 
+ CSa --* CO + Cs " O a with a probability 
o f  10 -4 per CO s collision with the surface, 
which would be followed very rapidly by 
the reaction, COs + Cs 'Oa ~ Cs'CO3,a. 
Thus, the net probability for COs to produce 
Cs. CO3, a should be ~ 10  - 4  at a reaction tem- 
perature of 523 K and at a Cs coverage of 
~0.2. This proves that the Csa will be very 
rapidly converted into the carbonate form 
under WGS conditions as soon as CO s prod- 
uct appears. However, this carbonate can 
also rapidly decompose (25). We consider 
this formation/decomposition equilibrium 
in the Discussion. A few, very high expo- 

sure points were also taken (not shown in 
Fig. 7) that increased Oc% to a maximum of 
-0 .4  (stoichiometry ofx = ½ for Csx" CO3,,) 
with a reaction probability of--10-5-10 - 4  

for carbonate formation in the coverage 
range ®c% > 0.2. 

c. Titration of  adsorbed oxygen by CO 
on Cs/Cu(llO). Adsorbed oxygen on clean 
Cu(110) is well known to react with CO gas 
to produce CO2 via a Langmuir-Hinshel- 
wood mechanism (41-43) involving the step 

C O  a q- O a ~ C O  2 . (IV') 

This section investigates this same so-called 
titration reaction on Cs-doped Cu(110). Fig- 
ure 8 shows the removal of oxygen coad- 
sorbed with ®cs = 0.17 - 0.05, as a function 
of CO exposure at surface temperatures of 
523 and 573 K. By analogy with the reaction 
in the absence of Cs a, this oxygen removal 
has undoubtedly occurred by the net re- 
action 

CS x • O a q- C O  ~ C O  2 + Csx,a,  (IV) 

although we have not specifically monitored 
for COs product here. At these surface tem- 
peratures, CO has a short residence time 
(44) and carbonate decomposition is facile 
(see Figs. 1 and 2); therefore, the only oxy- 
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FIG. 8. Titration of adsorbed oxygen by CO on Cs/ 
Cu(ll0). The Cs-covered surface was exposed to 70 L 
O z and then annealed at 523 K prior to titration reaction. 
Coverages were determined by XPS. The line for the 
titration of oxygen from Cu(110) with no Csa was taken 
from Ref. (43). 
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gen-containing surface species at measur- 
able concentrations are oxygen adatoms ( 0  a 

or Cs. O,). 
In the experiments of Fig. 8, 02 was 

dosed at room temperature to a Cu(ll0) 
surface with preadsorbed cesium. After Oz 
was dosed and heated to reaction tempera- 
ture, there were two unresolved O (Is) 
peaks in XPS when relatively high oxygen 
coverages were attained; one was at 530.3 
eV, consistent with oxygen adatoms on 
clean copper (30), and the other was at 
529.5 eV, assigned previously to "Cs-af- 
fected" oxygen adatoms (30), which we 
label Cs 'Oa.  The integrated O (Is) areas 
for the titration denoted by the squares in 
Fig. 8 indicated an initial total oxygen 
coverage of O o = 0.63 (O~ plus Cs.O~). 
The surface was heated to the reaction 
temperature and then exposed to -1  × 
10 -5 Torr of CO. The oxygen coverage 
as a function of CO exposure was then 
measured from the integrated O (Is) XPS 
peak area. The titration reaction's rate 
decreases as oxygen is removed, as seen 
in Fig. 8 by the changing slope. Also, the 
lower-binding-energy O (Is) peak associ- 
ated with Cs. Oa was titrated first, disap- 
pearing below O o = 0.18; subsequently, 
the higher-binding-energy peak associated 
with Oa was removed. There was a con- 
comitant partial loss of Cs from the surface 
as Cs.O~ was removed, consistent with 
the known fact that pure Csa is stable at 
these reaction temperatures only at lower 
coverages when oxygen is not present (30). 
The decay in the rate may reflect the 
weakening of electronic effects with the 
loss of Cs adatoms. 

From the average of the slopes in Fig. 8 
above 190 = 0.18 at 523 K, the average reac- 
tion probability for "Cs-affected" oxygen 
or Cs. O~ is - 8  x 10 -5 per collision of CO 
with the surface. Below 19o = 0.18, where 
the oxygen is present as Oa according to 
XPS, the reaction probability decreased to 
- 2  x 10 -5 per CO collision with the sur- 
face. The latter reaction probability is fairly 
close to the probability reported for the re- 

action of CO with oxygen adatoms on clean 
Cu(ll0) at 525 K of - 3  × 10 -5 per CO 
collision with the surface (43). 

The titration of Cs. Oa is obviously much 
faster than the titration of adsorbed oxygen 
from clean Cu(110). This may be due to the 
known Cs-induced increase in the heat of 
adsorption for CO (25). According to the 
kinetic model reported for the CO + Oa 
CO2 reaction on clean Cu(110) (42, 43), this 
increase in the heat of adsorption and the 
consequential lengthening of the CO resi- 
dence time, together with a known but slight 
Cs-induced increase in the CO sticking 
probability (25), should produce an increase 
in the CO reaction probability with oxygen. 
This increase can apparently overcome any 
possible increase in the activation energy 
for the Langmuir-Hinshelwood step 
brought about by the known stabilization of 
oxygen adatoms by cesium, Cs. Oa (30). The 
major point here is that oxygen, when 
coadsorbed with Cs, particularly as Cs- Oa, 
does indeed react with CO to produce CO2 
with a rate that is about four times faster 
than the same reaction on clean Cu(110) at 
temperatures where we studied the WGS 
kinetics. The reaction is, of course, thought 
to be the final elementary step that leads 
to CO2 product in WGS, at least on clean 
Cu(110) (8). 

IV. DISCUSSION 

Our present TDS, XPS, and AES results 
indicate that surface carbonate is the major 
stable species on the Cs-promoted Cu(110) 
surface following the WGS reaction. The 
carbonate state corresponding to the 530 K 
CO 2 peak in postreaction TDS appears for 
all submonolayer Cs coverages following 
WGS conditions (see Fig. la). For carbon- 
ate formed from low exposures ( -2-20 L) 
of CO2 at 110K, this low temperature TDS 
state peaks at slightly higher temperatures 
for the same Cs coverage, and it is found 
only for low Cs coverages (Ocs < 0.2) (see 
Fig. 1). XPS shows that 1.5 to 2 CO3 units 
per Cs atom are formed during WGS, com- 
pared to only one CO3 unit per Cs (at 
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Oc~ = 0.5) for a 22-L exposure to CO2 at 
110 K (25). Therefore, this low-temperature 
CO2 TDS peak as well as the even lower 
temperature peak seen after cooling in the 
microreactor (Fig. 3) probably reflects a re- 
duction in the stabilization energy induced 
by the cesium atom when associated with 
more than one CO3 unit. The fixed 2.3-L 
exposure of Fig. lb might only have been 
enough to produce a CO3:Cs ratio above 
unity whenever the initial amount of Csa was 
low. By first-order Redhead analysis (45) of 
this 530 K TDS state, the activation energy 
of carbonate decomposition at 530 K is 
30-35 kcal/mol, assuming a prefactor of 
1 0 1 2 - 1 0 1 4  S -  1. The higher-temperature peaks 
reflect barriers that are 10-30% higher. 

The high CO3:Cs ratios in this surface 
complex near the optimum Cs coverage 
clearly indicate that the carbonate ligands 
are bonding both to Cu and to the Cs ions. 
Thus, one can also think of this species as 
adsorbed carbonate stabilized by Cs. Ap- 
parently, at least two carbonates can thus 
surround a single Cs adatom. Adsorbed car- 
bonate is formed from CO2 + O~ on Ag(110) 
even in the absence of alkali (51), although 
this reaction does not occur on Cu(ll0) 
without alkali (52). 

The TDS results shown in Fig. la indicate 
that the form of the post-WGS carbonate is 
quite similar for all nonzero cesium cover- 
ages below about 0.25. The growth of the 
530 K CO2 TDS peak area parallels the in- 
crease of ®Cs (Fig. 2) and the concomitant 
increase in reaction rate up to Oc~ = 0.25, 
where the WGS rate is at a maximum. 
Above ®c~ = 0.25, the carbonate coverage 
increases by the addition of more stable car- 
bonate species that desorb at higher temper- 
atures in TDS (see Fig. la), which more 
closely resemble bulk Cs2CO3 (25). Here, 
the reaction rate decreases, obviously be- 
cause free Cu surface sites are also some- 
how necessary for the reaction. It is interest- 
ing to note that the maximum promotional 
effect on the WGS rate occurs at the Cs 
coverage that gives the minimum in the Cs- 
induced work function change (for pure Csa) 

(25). This is the coverage where C s  a itself 
also begins to suddenly look more bulk-like 
(i.e., more metallic rather than ionic) (25). 
The appearance of higher-temperature car- 
bonate states in TDS, the decline in WGS 
rate, and the more bulk-like character of the 
as-dosed Cs all seem to correlate. On clean 
Cu(ll0), a CO3,a species is not observed 
after the WGS reaction or after dosing CO2 
to clean or to oxygen-covered Cu(ll0) (25, 
26). This suggests that the carbonate associ- 
ated with the 530 K CO2 TDS peak is a 
contributing factor in the Cs promotion of 
the WGS reaction, and that the rate be- 
comes inhibited by the increase in the 
steady-state coverage of more stable, bulk- 
like carbonate species. 

Since CO 2 alone easily produces the sur- 
face carbonate on the Cs/Cu(ll0) surface 
(see above), product CO2 can produce 
Csx'CO3,a under reaction conditions. The 
small differences in the CO2 TDS and in the 
XPS after carbonate decomposition under 
WGS conditions versus UHV dosing of CO2 
indicate that the presence of other adsorbed 
species affect the nature of the carbonate 
thus formed, although stoichiometric differ- 
ences alone resulting from the larger expo- 
sures during WGS may explain most of 
these changes. 

This surface Cs carbonate can also be 
formed from Cs. Oa by exposure to CO2 gas, 
as shown in Fig. 7. Thus, one must consider 
a dynamic equilibrium of the form 

C O  2 -t- C s  x • O a ~ C s  x • C O 3 , a ,  (II) 

where x is a fraction apparently close to one- 
half under reaction conditions. The forward 
process proceeds at 550 K with an initial 
reaction probability (Pc%) per CO2 collision 
with the surface, which is close to unity 
when the Csx" Oa concentration is still high 
(Fig. 7). Let us assume that this rate is first- 
order in the Cs~. Oa concentration, which is 
approximately true for the shape of Fig. 7. 
The reverse (decomposition) process occurs 
as a quasi-first-order process with an activa- 
tion energy (Ea) of about 32 kcal/mol and a 
prefactor (v) of ~1013 S -1. These rate con- 
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stants imply that at equilibrium, in the ab- 
sence of other complicating reactions or 
adsorbed species, the surface cesium 
"carbonate" and "oxide"  will be in the ap- 
proximate concentration ratio 

~) CSx( CO3)n,a / OCsxOa 
= P c o  2 " fcoz  "Pcoz/kdecomp , (1) 

where fco 2 is the collision frequency of CO z 
with the surface per unit pressure (-2.3 x 
10 20 c m  - 2  s - l  T o r r  -1  at 550 K), and 
kdecomp = U" eea/Rr ( - - 2 . 0  s -1 at 550 K). At I0 
Torr H20, 26 Torr CO, and 550 K, after 
our typical reaction times, the CO2 product 
partial pressure in the microreactor was 
about 0.2 Torr. At this CO2 pressure and 550 
K, the carbonate : oxide ratio predicted for 
this equilibrium using these constants is 
-1.5 x 10 4. Thus, our observed kinetics 
imply that the equilibrium (II) lies far to the 
right, that the free Csx" O~ coverage will be 
very low, and that the major form of the 
Cs will be that of the carbonate. This is 
consistent with our postreaction surface 
analysis. 

Of course, one must consider that CO, 
H2, and Hz O also compete for the surface 
Csx" O, via the known reactions 

CS x " O  a --J- COa.---~ C O  2 + C s  a ,  

C s  x . O  a -t- H2Oa---* C s O H  a + OH~ 

(IV) 

(30), 
(V) 

and 

C S  x • O a q- H 2 --~ Cs a + H20 (38), (VI) 

so the free CSx" Oa coverage should be even 
lower than predicted above. 

Adsorbed oxygen is known to react with 
H20 to produce adsorbed surface hydrox- 
yls, OH a, on clean and Cs-promoted 
Cu(110) (30). The hydroxyls disproportion- 
ate to release H20 and surface oxygen at 
about 290 K on clean Cu(ll0) (29) and at 
about 340-390 K on Cs-doped Cu (30). 
Thus, the cesium stabilizes surface hydrox- 
yls. An extremely stable hydroxyl, attrib- 

uted to adsorbed cesium hydroxide, 
C s O H a ,  is also formed on Cs/Cu(110) when 
®c~ exceeds about 0.25 (30). This species 
has a desorption energy of -30  kcal/mol 
(30), and is stable to about 510 K in UHV. 
This species, however, was not seen at high 
concentrations in post-WGS analysis at the 
optimum Cs coverage. In addition, TDS ex- 
periments have also shown that H a is more 
stable (30) when Csa is present. Although 
H 2 0  a is certainly also stabilized by Csa (30, 
31), it is not stabilized nearly as much as the 
combination of OHa and H a a r e  stabilized, 
based on a qualitative comparison of TDS 
peak temperatures with and without Csa ad- 
dition (30). From a simple application of the 
linear BrCnsted relationships, one would ex- 
pect the barrier for the process n 2 0  a--~ O H  a 

+ H a t o  decrease if the O H  a + H a is  s t a b i -  

l i z e d  more than H20~ by Cs. Thus, one 
would certainly expect surface Cs to facili- 
tate H 2 0  a dissociation on Cu(110). Since wa- 
ter dissociation is the rate-determining step 
on clean Cu(110), this indirect electronic ef- 
fect alone may explain the promotional role 
of Cs in WGS. Since Csx" CO3,a is the domi- 
nant form of Cs under reaction conditions, 
however, it would be more meaningful to 
make this comparison in stabilities with 
CS x • CO3,  a rather than CS a a s  a surface ad- 
ditive. 

The electronic effects of "carbonate-sta- 
bilized" cesium upon other adsorbates 
should be at least qualitatively similar to 
the effects of Csa alone, since both species 
should cause a work function decrease rela- 
tive to clean Cu (46). Since Csa alone should 
decrease the barrier for water dissociation 
on Cu (see above) and thereby increase its 
rate, one should also expect the surface Cs 
carbonate to do the same. Therefore, the 
increase in activity brought about by cesium 
addition may be simply due to an accelera- 
tion in the rate of water dissociation due 
to electronic effects of Cs. CO3, a on the ac- 
tivation barrier. If this effect is strong 
enough, it would accelerate water dissocia- 
tion to such an extent that it is no longer 
rate-limiting. This would be consistent with 
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the decrease in reaction order with respect 
to H20. 

Cesium also has an electronic effect on 
the adsorption of CO and the interaction of 
CO with adsorbed oxygen. Adsorbed CO is 
stabilized at low coverages of cesium (OCs 
-< 0.25), increasing its TDS desorption tem- 
perature by -15% (25). Adsorbed oxygen 
is also stabilized by cesium (30), yet the 
reaction of CO with O a proceeds with higher 
probability on Cs-promoted Cu(ll0) (Fig. 
8). 

On clean Cu(110), the following "surface 
redox" or "oxygen adatom" mechanism 
was shown to be consistent with the mea- 
sured WGS kinetics and with the kinetics of 
the elementary steps as described in Ref. 
(8): 

HzOg ~ H2Oa, (i) 

H20 a ~ - O H .  + Ha, (ii) 

OHa .~ Oa + Ha, (iii) 

2Ha ~ H2,g, (iv) 

CO~ ~ COa, (v) 

CO a + O a ~ CO2,g. (vi) 

Step (iii) can also be written as a "water- 
catalyzed" step, whose kinetics were 
shown to be consistent with the rates ob- 
tained on clean Cu(110) for the WGS and for 
Step (iii) [8]: 

HzOg ~ HzOa, (i) 

H20 a ~ OH a + Ha, (ii) 

2OHa ~ Oa + H20, ,  (viii) 

H20 a ~ HzOg , (-i) 

Net: OHa ~ O, + H a. (iii) 

Analysis of the WGS reaction kinetics on 
clean Cu(110) has shown that the dissocia- 
tion of H20 (Step (ii)) is the RDS over all 
reactant pressures tested (8). 

Kinetic studies of the WGS reaction have 
shown that the apparent activation barrier 
for the WGS over clean and over Cs-cov- 
ered Cu(ll0) (8) and Cu( l l l )  (7) are nearly 

the same, although slightly larger in both 
cases for the Cs-doped surfaces. Reaction 
orders, however, differ greatly between the 
clean Cu(110) surface and the Cs-promoted 
Cu(110) surface at low CO pressures (<100 
Torr CO). Namely, whereas the reaction is 
first-order in H20 and zero-order in CO on 
clean Cu(ll0), the order in H20 is nearly 
zero and that in CO is about 0.5 on the opti- 
mally promoted surface. This proves that 
water dissociation is no longer the clearly 
rate-determining step on the Cs-promoted 
Cu(ll0) surface, at least at low CO pres- 
sures, but that the reaction rate must be 
somehow partially limited by CO adsorption 
or reaction. It must be coincidental that this 
change occurs with only a slight increase in 
the apparent activation energy. The nonin- 
teger orders and their changes with reaction 
conditions show that there is no clear, single 
rate-determining step on the Cs-promoted 
Cu(110) surface. The WGS on Cs-promoted 
Cu(l l l )  also shows only a small ( -1  kcal/ 
mol) increase in the apparent activation en- 
ergy from the clean Cu(111) surface (7). On 
Cs/Cu(111), however, the rate dependence 
on H20 pressure remained close to unity at 
612 K and 26 Tort CO, as it was on the clean 
Cu( l l l )  surface (the CO pressure depen- 
dence was not measured (7)). Thus, it is 
unlikely that the rate-determining step 
changes upon Cs doping of Cu(l l l ) ,  al- 
though the rate increases 15-fold (7). At 612 
K, the rate of WGS on optimally promoted 
Cs/Cu(111) and that on optimally promoted 
Cs/Cu(110) are about the same on a per unit 
area basis; however, the apparent activation 
energies are quite different (20 kcal/mol ver- 
sus 11 kcal/mol, respectively). 

We assume here that a mechanism similar 
to the"surface redox" mechanism for WGS 
on clean Cu(110) is also giving rise to WGS 
on Cs-promoted Cu(110). In this case, how- 
ever, we must remember that all adsorbate 
species may be electronically affected by 
surface Cs (or Cs~. CO3,a). The magnitude 
of this electronic effect may also depend on 
their lateral distance from the Cs adatoms. 
In addition, reactions (IV), (V), and (VI) 
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presented above and their reverses must 
also be considered in the mechanism on Cs- 
promoted Cu(110). 

The surface-redox mechanism favored for 
the WGS on clean Cu(110) does not include 
a carbonate species, since CO3,a is not 
formed on clean Cu(110) even under WGS 
conditions (8). On Cs-promoted Cu(ll0), 
where the surface carbonate species is ob- 
served after WGS, the apparent activation 
energy of WGS of 11 kcal/mol (8) is very 
different from the 32 kcal/mol (or larger) 
activation energy of Cs. CO3,a decomposi- 
tion. If the "surface redox" mechanism is 
an accurate description of WGS on Cs/ 
Cu(110), then the surface carbonate forma- 
tion and decomposition reactions are just 
side reactions to WGS, which nevertheless 
maintain the proper ratio of Csx'CO3,a: 
Cs • Oa. During the titration of adsorbed ox- 
ygen by CO, cesium is desorbed when the 
stabilizing influence of the adsorbed oxygen 
is removed. As seen in Fig. 1, there is no Cs 
desorption until the carbonate has decom- 
posed, whereas CSa alone desorbs below 500 
K (25). This proves that the carbonate form 
stabilizes the Cs layer against desorption, 
which is necessary to keep it on the surface 
under WGS conditions. 

The high order in CO pressure (-0.5) is 
consistent with a change in the RDS from wa- 
ter dissociation to the titration of Cs" Oa by 
CO. If this step completely controlled the 
WGS rate, a first-order dependence in the 
WGS rate upon CO coverage would be ex- 
pected at low CO pressures. At higher CO 
pressures, the pressure dependence could be 
somewhat less than first-order as observed 
here (8) because the CO adsorption isotherm 
(in the presence of Cs) is just beginning to roll 
over toward saturation, or because this step 
is not completely rate-limiting. 

The WGS reaction rate could be positive 
order in CO pressure upon Cs addition be- 
cause CO2 and H 2 0  n o w  compete effec- 
tively with CO for the available surface oxy- 
gen (Cs. O.), where Cs is predominately in 
the form of carbonate in the dynamic com- 
petition: 

Cs. O a q- CO 2 ~ Cs" CO3,a, (II) 

C s ' O  a + CO--> CO2,g q- Cs a , (IV) 

Cs'Oa + HzOa ~ CsOHa + OHa. (V) 

Consistent with this concept is our observa- 
tion that the WGS rate over Cs/Cu(110) de- 
creased when CO2 was added at high con- 
centrations to the reactant feed. This would 
be expected because of the resulting de- 
crease in the steady-state Cs. Oa concentra- 
tion. At 523 K, the WGS rate for 10 Torr 
H20 and 26 Torr CO is -5.5 × 10 j4 c m  -2 

s-1 with @cs -- 0.25. Since the rate of the 
product-producing Step (IV) equals the 
WGS rate, this corresponds to a reaction 
probability of 7.3 × 10 -8 per collision of CO 
with the surface. This value is more than 
1000 times smaller than the reaction proba- 
bility for Step (IV) alone on Cs/Cu(ll0), 
when oxygen coverages are a substantial 
fraction of a monolayer. The much lower 
probability under WGS conditions means 
that the surface oxygen coverage (CS'Oa 
and Oa) is very low (~10-3). The rest of 
the oxygen is bound up as carbonate and 
hydroxyl, and its release (by the reverse of 
steps (II) and (V)) may be partially limiting 
the rate. The dissociation of water, on the 
other hand, is definitely not  the sole rate- 
determining step for WGS on cesium-pro- 
moted Cu(ll0), except at high CO pres- 
sures, since the rate is otherwise nearly 
zero-order in PH2o. The low order in H20 is 
also partially caused by the competition 
from H:O for surface Csx'Oa mentioned 
above. 

Surface carbonate has also been identified 
by NMR and XPS data on the surface of 
a Cs-promoted precipitated copper catalyst 
after its use under methanol synthesis condi- 
tions ( -5  atm., 1:2 CO to H 2 (47)). The 
function proposed in that study for the alkali 
carbonate was to stabilize Cu + (5, 6, 47), in 
accord with similar proposals regarding the 
role of ZnO supports in Cu/ZnO methanol 
synthesis catalysts (48). A significant cover- 
age of carbonate-stabilized Cu ÷ is not a pre- 
requisite for the WGS reaction, however. 
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The WGS reaction,  possibly unlike metha- 
nol synthesis,  has a significant rate over  un- 
promoted,  unsupported,  bare copper  at very 
low surface oxygen coverages (7, 8). An al- 
ternative role for the carbonate  as a WGS 
promoter  is the stabilization of  the Cs ad- 
layer,  as suggested here,  and the concomi- 
tant electronic effects afforded by this Cs 
carbonate.  It has been proposed that metha- 
nol synthesis occurs  via hydrogenat ion of 
CO 2 (10, 49), which is produced by WGS 
from the CO in the feedstream. Thus,  the 
promotion of  methanol synthesis by Cs 
could occur  because of  the acceleration of  
the WGS rate. Interestingly, methanol syn- 
thesis is not promoted by cesium when size- 
able levels of  CO 2 are added to the feed- 
stream, but  it is promoted by cesium with 
pure CO plus Hz feed and only tiny CO2 
levels (2). Perhaps this occurs because the 
WGS rate is fast enough to resupply CO2 
to keep up with the methanol synthesis rate 
when operating under  conditions where 
there are high levels of  CO 2 (and H20), but 
the WGS rate is not fast enough at low COz 
(and H20) levels. Since cesium accelerates 
the WGS rate, it may aid in the latter case 
only. 

Some surface analysis has also been per- 
formed on the Cs-doped C u ( l l l )  surface 
after the WGS reaction (7). In that study, 
the reaction was performed at 612 K and the 
sample was cooled in the reaction mixture 
to 465 K before transfer to UHV. The Cs 
(3d5/2) peak was seen at 725.1 eV, exactly 
the same value as seen for UHV-dosed  Cs 
carbonate  on Cu(110) (25). The O (Is) peak 
was at 531.0 eV (FWHM = 2.8 eV), com- 
pared to 531.3 eV (FWHM = 2.4 eV) for 
Cs- CO3. a prepared under  U H V  on Cu(110) 
(25). The O (KVV) AES peak also showed 
a double minimum and a large peak-to-peak 
energy separation ( - 9  eV), characteristic 
of  the surface cesium carbonate  on Cu(110) 
(see above). These  similarities indicate that 
the major form of  Cs on the postreaction 
Cu(111) surface is also a surface Cs carbon- 
ate, as on Cu(110). In that earlier work on 
Cu(111), the surface species was postulated 

to be a surface Cs oxide or hydroxide.  The 
carbon signals in XPS and AES were over- 
looked in that study because of  their small 
size (only about 10% of  the respective sig- 
nals for oxygen). However ,  as we show 
here, the small size of the carbon XPS and 
AES signals is consistent with carbonate  
stoichiometry (C : O = 1 : 3), since the XPS 
and AES sensitivity factors for carbon are 
only about one-third of  those for oxygen.  
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