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React ion regulation by intermediate-reactant  interaction in the wa te r -gas  shift react ion (H20 + 
CO --> H 2 + CO 2 ; WGSR) on CeO2 was invest igated in relation to the reac tant -promoted  m e c h a n i s m  
on MgO and ZnO by F T - I R .  Terminal  OH groups on partially reduced CeO 2 reacted with CO to 
produce bridge formates .  Bridge formates  were conver ted to bidentate formates  above 443 K,  and 
this t ransformat ion  occurred at room tempera ture  when  water  coexisted.  The decomposi t ion  of  the 
surface formates  was affected by the water  molecule;  70% of  the  bidentate formates  decomposed  
to OH + CO (backward decomposi t ion)  and 30% of them decomposed  to H 2 + CO 2 (forward 
decompose  to H2 and unidenta te  carbonates .  The decomposi t ion  of the unidenta te  carbonates  to 
COz was  p romoted  by coadsorbed  water.  The  results  are also d iscussed  in compar i son  with the  
formates  increased from 94 kJ m o l -  i without  water  to 193 kJ tool-  1 with water.  Isotope effects were 
observed  on the hydrogen  a toms  of  both formate  and hydroxyl ,  giving a proposed  transi t ion state 
in the react ion mechan i sm.  The bidentate formates  reacted with the adjacent  hollow-site OH to 
decompose  to HE and unidenta te  carbonates .  The decomposi t ion  of the unidentate  carbonates  to 
CO2 was p romoted  by coadsorbed  water.  The results  are also d iscussed  in compar i son  with the  
resul ts  for W G S R  on MgO and ZnO. © 1992 Academic Press, Inc. 

I N T R O D U C T I O N  

Promoting effects of CeO 2 in many cata- 
lytic reactions have been investigated (1-8). 
CeOz has also been demonstrated to be a 
reservoir of oxygen in catalytic reactions 
(9-11). CeOz-supported metal catalysts, on 
the other hand, catalyze the water-gas shift 
reaction (WGSR: CO + H20---> CO2 + H 2) 
(2, 4, 5, 12). WGSR itself is not only an 
important chemical process, but also one of 
the key steps involved in automobile ex- 
haust processes. 

In the previous papers, we reported the 
reactant-promoted reaction mechanism for 
WGSR on MgO and ZnO, where the activa- 
tion of surface formates by coadsorbed wa- 

I Present  address:  Catalysis  Resea rch  Center ,  Hok-  
kaido Univers i ty ,  Sapporo 060, Japan.  

2 To w h o m  cor respondence  should be addressed.  

493 

ter is necessary to catalytically proceed 
WGSR (13, 14). Surface formates have been 
demonstrated to be the intermediates of 
WGSR (15, 16), methanol decomposition 
(17), and formic acid decomposition (18). 
Thus, it may be of great interest to clarify the 
behavior of surface formate intermediates 
activated by reactants in order to under- 
stand essential factors for the genesis of 
solid catalysis. 

The surface formates produced from OH 
groups and CO can be characterized by 
means of IR: The adsorption sites of the 
formates are estimated by v (OH) of hydrox- 
yls that react with CO to produce the for- 
mates (19-21) and the structures of the for- 
mates are determined by the difference of 
Vas(OCO ) and vs(OCO) (13, 14, 22). 

On MgO, terminal hydroxyls react with 
CO to form unidentate, bidentate (few), and 
bridge formates. All of the surface formates 
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decomposed  to CO and hydroxyls  (back- 
ward reaction) in vacuum.  When water  co- 
exists,  unidentate formate  changed to bridge 
formate ,  and the bridge formate  (100%) was 
conver ted  to CO2 + H2 (forward reaction) 
(13). On the contrary ,  surface formates  on 
ZnO were of  bidentate type;  70% of  them 
decomposed  to OH + CO and 30% of  them 
decomposed  to H2 + CO2 in vacuum.  When 
water  coexisted,  100% of  the formates  were 
conver ted  to W G S R  product  CO 2 + H 2 (14). 

Surface formates  have  been repor ted to 
be produced by the react ion of CO and sur- 
face hydroxyl  groups on partially reduced 
CeO2 (23). In the present  paper  we investi- 
gated the propert ies  of  surface formates  and 
the interaction be tween the formates  and 
coadsorbed  water  on CeO2, in relation to 
the reac tan t -promoted  reaction mechanism.  

EXPERIMENTAL 

CeO 2 was obtained by calcination of 
Ce(OH) 4 at 773 K for 4 h. Ce(OH) 4 was 
obtained by the precipitat ion f rom aqueous 
solution of  Ce(NO)3 (99%) with NH3a q . Sur- 
face area of  the obtained CeO2 was 111 m 2 
g i by B E T  measurement  with N 2 adsorp-  
tion. CeO2 was oxidized at 773 K for 1 h 
fol lowed by evacuat ion  at 773 K for 1 h. 
CeO 2 was further  reduced by hydrogen at 
623 K or given tempera tures  to obtain par- 
tially reduced CeO 2. Finally, the sample 
was exposed  to water  vapor  at 473 K, fol- 
lowed by evacuat ion at 623 K, to introduce 
hydroxyl  groups on the surface. To achieve 
the introduction of  OD groups on the CeO,_ 
surface,  the sample was reduced with D2 
and exposed  to D20. Table 1 shows the nota- 
tion for the samples t reated in different 
ways.  For  example ,  CeO2 (R, OD) repre- 
sents the CeO2 reduced at 623 K and ex- 
posed  to D20 vapor.  

IR, TPD,  and kinetic studies were  per- 
formed in a similar way to that described in 
the previous papers  (13, 14, 21). Ca. 40 mg 
of  CeO2 was pressed into a self-support  disk 
in 20 m m  diameter.  The disc was mounted  
in an IR cell which was combined in a closed 
circulating system. IR spectra  were  mea- 

TABLE 1 

Pretreatment Processes of CeO2 

Notation Pretreatment 

CeO2 (O, OH) Oxidized at 773 K, exposed to 
H20, followed by 
evacuation at 623 K. 

CeO2 (O, OD) Oxidized at 773 K, exposed to 
D20 , followed by 
evacuation at 623 K. 

CeO2 (R, OH) Reduced at 623 K, exposed to 
H20, followed by 
evacuation at 623 K. 

CeO2 (R, OD) Reduced at 623 K, exposed to 
D20, followed by 
evacuation at 623 K. 

CeO 2 (RR, OH) Reduced at 723 K, exposed to 
H20, followed by 
evacuation at 623 K. 

CeO2 (RR, OD) Reduced at 723 K, exposed to 
D20, followed by 
evacuation at 623 K. 

sured at given tempera tures  with resolution 
of  2 or 4 c m -  1. 

RESULTS 

1. 1R Spectra 

Figure la  shows IR spectra  of  adsorbed  
CO species on CeO2 (O, OD). When the 
CeO2 was exposed  to CO at 303 K,  bands at 
1560, 1505, 1280, and I050 cm i appeared.  
When the sample was exposed  to CO at 
373 K, other bands at 1394 and 1344 cm -~ 
appeared.  At 513 K the bands at 2156, 1540, 
1500, 1394, and 1344 cm -~ were  observed.  
Figure lb shows IR spectra  of  adsorbed CO 
species on CeO2 (R, OD). When the CeO2 
was exposed to CO at 303 K,  the bands at 
2156 and 2140 cm - l  in the u(CD) region, 
1560, 1540, and 1510 cm -1 in the uas (OCO) 
region, and 1332 cm i in the v~(OCO) region 
were observed.  Above  373 K, the intensity 
of  these bands increased and new bands ap- 
peared at 1466 and 1384 cm ~. The assign- 
ments  of  IR bands are listed in Table 2. The 
assignments are described hereinafter.  

Figure 2 shows the IR spectra  of  surface 
formates  on CeO2 (R, OD). When the evacu-  
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FIG. 1. [a] IR spectra  of  adsorbed species  on CeO2 (O, OD); the sample was exposed  to 4.0 kPa of  
CO at (a) 303 K,  (b) 373 K, (c) 443 K, (d) 513 K, and (e) 583 K. [b] IR spectra  of  adsorbed species  on 
CeO 2 (R, OD); the sample  was exposed  to 4.0 kPa of CO at (a) 303 K,  (b) 373 K, (c) 443 K,  and (d) 
513 K. 

ation temperature increased from 373 to 
543 K, the peaks at 2140, 1560, and 1332 
cm- ~ which are attributed to bridge formate 
shifted to 2156, 1540, and 1338 cm -~, which 
are assigned to bidentate formate. When the 
sample was evacuated at 623 K, the bands 
of 2156, 1540, and 1338 cm -1 vanished. The 
intensity of bands at 1466 and 1384 cm -~ 
increased as the evacuation temperature in- 
creased up to 613 K. 

T A B L E  2 

IR Absorpt ion  Bands  of  Adsorbed  Species on CeO2 

Species IR bands (cm t) 

Bidentete formate ~ 

Bridge formate ~' 

Unidentate carbonate 

Bidentate carbonate 

Carboxylate 

v (CH), 2845(2156); v~(OCO), 
1547(1540); 

v~(OCO), 1358(1338) 
u(CH), 2933 (2140); va~(OCO), 

1569(1560); v~(OCO), 1358 
(1332) 

ua~(OCO), 1460; v~(OCO), 1370; 
v (CO), 1044 
v(C~O), 1570; Va~(OCO), 

1286h; vs(OCO), 1028 b 
v~(OCO), 1510; v~(OCO), 1310 b 

(' The values in parentheses are those for DCOO. 
b Tentatively assigned, due to the overlapping with o t h e r  

bands. 

Figure 3 shows the change of IR spectra 
of surface formates on CeO 2 (R, OD) by 
exposing the sample to D20 vapor. The con- 
version of bridge formate to bidentate for- 
mate was observed at 403-473 K. The tem- 
perature for the transformation of bridge 
formate to bidentate formate reduced by ca. 
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FIG. 2. IR spectra  of  surface formates  (DCOO) on 
CeO 2 (R, OD); the sample was exposed  to 4.0 kPa 
of  CO at 373 K followed by evacuat ion at 373 K (a), 
473 K (b), 543 K (c), 613 K (d), and 683 K (e). 
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FIG. 3. IR spectra of surface formates (DCOO) on 
CeO 2 (R, OD); (a) the sample was exposed to 4.0 kPa 
of CO at 373 K followed by evacuation at 373 K. After 
(a), the sample was exposed to 0.66 kPa of D20 at 
303 K, followed by evacuation at (b) 303 K, (c) 403 K, 
(d) 473 K, and (e) 543 K. 

100 K in the water coadsorption as com- 
pared to that without coadsorbed water. 

Surface OD groups on C e O  2 (R, OD) ex- 
hibited the peaks at 2707, 2681, 2590 and 
2540 cm ] as shown in Fig. 4. When CO 
was admitted to the surface at 373 K, the 
intensities of the 2707- and 2540-cm-l peaks 
decreased and the intensity at 2590 cm- 
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FIG. 4. IR spectra of surface OD groups on CeO 2 
(R,OD): (a) after pretreatment; after (a) the sample 
was exposed to 4.0 kPa of CO at 373 K, followed by 
evacuation at 373 K (b), 503 K (c), 573 K (d) and 
623 K (e). 
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FIG. 5. Amount of produced water as a function of 
reduction temperature. CeO 2 was exposed to 4.0 kPa 
of hydrogen for 20 min at given temperatures. 

increased. With an increase of evacuation 
temperature, the intensity of the 2707-cm 
peak markedly decreased and that of the 
2690-cm I peak newly developed. 

2. Temperature Programmed 
Desorption Experiments 

CeO2 was reduced with H2 to form H20.  

The amount of desorbed water was plotted 
as a function of reduction temperature in 
Fig. 5, where the sample was exposed to 4.0 
kPa of H 2 at given temperatures for 20 min. 
The reduction of C e O  2 began at 573 K. 
When the sample was reduced at 623 K, 
4 txmol of oxygen per gram of C e O  2 was  

removed. The amount corresponding to 
about one twentieth of surface oxygen 
atoms. At 743 K, H 2 0  equivalent to the sur- 
face monolayer oxygen of CeO2 (160/xmol 
g-l)  was produced. 

Figure 6 shows TPD spectra of surface 
formates on C e O  2 (R, OH).  The sample was 
exposed to CO at 373 K then heated from 
room temperature to 773 K at a heating rate 
of 3 K min- ]. Desorption peaks of CO and 
H 2 appeared at 518 and 535 K, respectively. 
CO2 desorbed above 710 K and had no peak 
below 773 K. The desorbed amounts of CO 
and H 2 w e r e  28.4 and 11.6 ixmol g- 1, respec- 
tively. Figure 7 shows TPD spectra of sur- 



REACTION REGULATION IN WATER--GAS SHIFT REACTION 497 

,$ 
8 

i i i , , i 

co 

400 500 600 700 
T / K  

lO-4 

1.6 

i i i 

1.7 118 1.'9 
T'-I /10-3# 

FIG. 6. TPD spectra of surface formates on CeO2 (R, 
OH) in vacuum, ((3) CO, ([]) H2, and (A) CO2. 

face formates on CeO2 (R, OH) under 0.67 
kPa of H20. The pretreatment and heating 
rate are the same as those in Fig. 6. The 
desorption peaks of CO and H 2 were ob- 
served at 563 and 543 K, respectively. The 
desorption amounts of CO and H 2 is 25.3 
and 15.2/xmol g ~, respectively. CO 2 began 
to desorb at 553 K and had no peak below 
773 K. Coexisted H20 stabilized the surface 
formates. The backward decomposition 
(HCOO ~ OH + CO) was restrained by 
water, as shown by the shift of the CO de- 
sorption peak from 518 K (without water) 
to 563 K (with water). The decomposition 
selectivity (Hz/(H2 + CO)) increased from 
29 to 37.5% by the addition of water. 
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FIG. 7. TPD spectra of surface formates on CeO2 (R, 
OH) under 0.67 kPa of water, ((3) CO, (D) H2, and (A) 
C02. 

FIG. 8. Arrhenius plots for the decomposition of sur- 
face formate on CeO2 (R, OD) and CeO 2 (RR, OD): (©) 
([]), and (A) represent k+ + k , k÷, and k_ of the 
formate on CeO 2 (R, OD) in vacuum, respectively; (O), 
(IlL and (A) represent k+ + k_, k+, and k_ of the 
formate on CeO 2 (R, OD) in vacuum, respectively; (O), 
(11), and (A) represent k+ + k , k+, and k of the 
formate on CeO2 (R, OD) in the presence of 0.66 kPa 
of water, respectively; (O) and (~1,) represent k+ + k_ 
of the formate on CeO 2 (RR, OD) in vacuum and in the 
presence of 0.66 kPa of water, respectively. 

3. Kinetics 

Arrhenius plots for the decomposition re- 
action of surface formates on CeO2 (R, OD) 
and CeO2 (RR, OD) in vacuum and in the 
presence of water vapor are shown in Fig. 
8. Total rate constants for the decomposi- 
tion (k+ + k ) were determined by IR, while 
the forward rate constant (k+ ; HCOO --~ H2 
+ CO2) and backward rate constant (k ; 
HCOO --~ OH + CO) were measured by 
mass spectrometry, k+ and k ,  for the de- 
composition of formates on CeOz (R, OD) 
in presence of water, are ca. 10 as large as 
those in vacuum. The activation energies for 
the forward (k+) and backward (k_) decom- 
position of surface formates were calculated 
to be 207 and 94 kJ mol-1, respectively, in 
vacuum, and 264 and 193 kJ tool -~ in the 
coexistence of water vapor. The activation 
energy for the backward decomposition to 
produce OH + CO increased more than that 
for the forward decomposition to produce 
H 2 + CO 2. The sum of k+ and k (individu- 
ally determined by mass spectroscopy) 
agreed with the value of k+ + k_ (measured 
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TABLE 3 

Rate Constants for the Decomposition of 
Surface Formates in the Presence of Various 
Coadsorbed Molecules a 

Coadsorbed species k .  -~- k_ (S -l) 

None 3.15 × 10 -3 
H20 1.75 × 10 -4 
CH3OH 6.09 × 10 -4 
NH 3 8.81 × 10 -4 
Pyridine 1.60 x 10 -3 

TABLE 5 

Comparison of the Observed Reaction Rates for 
Catalytic WGSR and the Calcated Values from the 
Forward Decomposition Rates and the Amount  of  Sur- 
face Formates a 

Reactant T (K) k+ b M'  k+ + M d Reaction 
rate d 

D20 + CO 623 23 15 3.4 3.5 
D,O + CO 573 3.1 35 1.1 1.2 
H20 + CO 573 6.5 31 2.0 2.2 

Decomposition rate constants were mea- 
sured at 573 K. 

by IR). The activation energies for surface 
formates on CeO2 (RR, OD) in vacuum and 
in the presence of water were almost the 
same as the corresponding values on CeO2 
(R, OD): 137 kJ mol -l in vacuum and 216 
kJ mol- 1 in presence of water. In vacuum, 
k+ + k_ for CeO2 (RR, OD) is a little smaller 
than that for CeO2 (R, OD),while in the pres- 
ence of water vapor, k+ + k for CeO2 (RR, 
OD) is a little larger than that for CeO2 (R, 
OD). 

Table 3 shows the rate constant (k+ + k_) 
for the decomposition of surface formates 
on CeO2 (R, OD) in the coexistence of vari- 
ous molecules. The surface formates were 
stabilized and the rate constants of the de- 
composition decreased by the addition of 
H20, CH3OH and NH3 and pyridine. 

Table 4 shows the forward rate constants 

T A B L E 4  

Rate Constants for the Decomposition of 
Surface Formates under Various Isotope 
Combinations 

Isotope combination k .  (s- 1) 

HCOO + H_,O 6.5 × 10 -~ 
HCOO + D_,O 4.8 × 10 -~ 
DCOO + H20 4.6 × 10 -5 
DCOO + D20 3.1 × 10 -5 

a Decomposition rate constants were mea- 
sured at 573 K. 

" P(H20) or P(D20) = 0.66 kPa and P(CO) = 4.0 kPa. 
h k ~ represents the rate constant for forward decom- 

position of formates in the presence of 0.66 kPa of  
water, in 10 s s 1. 

' Amounts of surface formates with reaction condi- 
tions, in 10 -6 mol g-1. 

d In 10 -9 tool g-1 s-X 

in the four different isotope combination. 
The isotope effects were observed with the 
hydrogen atom of both formate and water 
molecules. 

The observed reaction rates for WGSR on 
CeO2 reduced at 623 K were compared with 
the reaction rates calculated from the for- 
ward rate constants (k+) and the adsorbed 
amounts of formates (M) in Table 5. The 
calculated reaction rates obtained by k+ × 
M agreed with the observed reaction rate in 
various conditions. The catalytic reaction 
rate for WGSR over CeO2 reduced at 723 K 
was about three times larger than that over 
CeO2 reduced at 623 K. This difference in 
the reaction rate corresponds to the differ- 
ence of the amount of surface formates. 

DISCUSSION 

1. Assignment of  lR Bands 

As shown in Figs. 1, 2, and 3, the set of 
the IR bands of{2156, 1540, and 1338 cm- 1}, 
{2135, 1560, and 1332 cm-1}, and {1460, 
1370, and 1044 cm -1} behaved in a similar 
way, showing three different surface spe- 
cies. Besides these bands, IR bands at 1570 
and 1510 cm- 1 were observed. The behavior 
of the two bands was different from each 
other and independent of the behavior of 
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other bands. Thus, these bands are ascribed 
to two different species. 

As shown in Table 2, the bands at 2156, 
1540, and 1338 cm- ~ and at 2140, 1560, and 
1332 cm -~ shifted toward the higher fre- 
quency peaks at 2845, 1547, and 1358 cm J 
and at 2933, 1569, and 1358 cm -1, respec- 
tively, by changing OD groups to OH 
groups. Thus, these bands are assigned to 
the bands for hydrogen-containing species, 
formate, produced from CO and OH (OD). 
Therefore, the IR bands of 2135-2156, 
1540-1560, and 1332-1338 cm -~ are attrib- 
uted to v(CD), va~(OCO), and v~(OCO) of 
surface formates, respectively. The struc- 
tures of the formates can be determined by 
the value ofAv = uas(OCO) - u~(OCO) (22). 
When Av is larger than that of the free ion 
(ca. 220 cm-l) ,  the formate is unidentate 
formate. When Av is similar to that of the 
free ion, the formate is bridge type, and 
when Av is smaller than that of the free ion, 
the formate is bidentate type. Two kinds of 
formats existed on the CeO2 surface, whose 
Va~(OCO) and v~(OCO) are 1540 and 1338, 
and 1560 and 1332 cm -1. The values of Av 
are 202 and 228 cm -1, respectively. Thus, 
the formate with the bands of {v(CD), v,~ 
(OCO), and v~(OCO)} = {2156, 1540, and 
1338 cm 1} is assigned to bidentate formate 
and the species with the bands of {2135, 
1560, and 1332 cm 1} is bridge formate. Li 
et al. studied adsorbed formic acid on CeO 2 
and assigned bands at 2845, 1553, and 1362 
cm -1 to v(CH), v~(OCO), and u~(OCO) of 
bidentate formate, respectively (24). The 
wavenumbers of the peaks are similar to 
our result. They also investigated surface 
formate on CeO2 formed by OH + CO and 
they observed bands at 2852, 1558, and 1329 
cm-1, which were assigned to be v(CH), v~ 
(OCO), and v~(OCO) of formate (23). This 
formate can be bridge-type formate because 
the value of Av(229 cm 1) is as large as that 
of the free formate. This difference may be 
caused by the difference of experimental 
condition. They evacuated the CeO 2 at 
1100 K, which may cause a surface recom- 
bination to adapt to the forming of bridge 
formate. 

IR bands at {1460, 1370, and 1044 cm 1}, 
1570 cm l, and 1510 cm -1 did not shift by 
the hydrogen isotope of OH group, sug- 
gesting that these bands are due to the spe- 
cies which do not contain hydrogen atoms. 
From this fact and their peak positions, the 
species can be assigned to surface carbon- 
ates or carboxylates. IR spectra of surface 
carbonates on oxide surfaces have exten- 
sively been studied (14, 25-27). In general, 
IR bands of 1420-1470 and 1350-1400 cm 1 
are assigned to Vas(OCO) and v~(OCO) of 
unidentate carbonate, and IR bands of 
1550-1650, 1250-1300, and 1020- !050 cm-  1 
are assigned to v (CnO) ,  Vas(OCO), and vs 
(OCO) of bidentate carbonate. IR bands of 
1500-1550 and 1250-1350 cm 1 are assigned 
to Vas(OCO) and v~(OCO) of carboxylate. Li 
et al. investigated on adsorbed carbonate 
and carboxylate on CeO z by IR and assigned 
the bands {1454, 1348, 1062, and 864 cm- 1}, 
{1562, 1286, 1028, and 854 cm-l}, and {1510, 
and 1310 cm-~} to unidentate carbonate, bi- 
dentate carbonate, and carboxylate, respec- 
tively (27). Their assignments agree with the 
general assignment of carbonate and car- 
boxylate on oxide surfaces. Hence we as- 
signed the IR bands at 1460, 1370, and 1044 
cm -1 to b, as(OCO), b's(OCO), and v(CO) of 
unidentate carbonate, the bands at 1570 
cm -1 to v(C~---O) of bidentate carbonate, 
and the bands at 1510 cm -1 to Va~(OCO) of 
carboxylate. 

In the region of v(OD), two sharp bands 
at 2707 and 2681 cm i and two broad bands 
at 2590 and 2540 cm -1 were observed (Fig. 
4a). In general, as the coordination number 
of the O atoms of hydroxyl groups in- 
creases, the frequency of v(OH) decreases, 
and as for terminal hydroxyl groups, as the 
coordination number of bottom-metal ion 
increases, the frequency of v (OH) increases 
(19-21). Thus the IR band at 2707 cm -1 is 
attributed to terminal OD groups, and IR 
bands at 2590 and 2540 cm i are attributed 
to hollow-site OD groups. As for the assign- 
ment of the band at 2681 cm- 1 there are two 
possibilities, bridge OD groups and terminal 
OD groups whose bottom-Ce ion is coordi- 
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nated by less oxygen ions than the Ce ion 
for OD groups of 2707 cm- 1. The latter pos- 
sibility can be excluded because the differ- 
ence of frequency caused by the difference 
of the coordination number of bottom-metal 
ion for terminal OD groups is ca. 15 cm-1 
and because the frequency difference be- 
tween terminal and bridge OD groups is ca. 
25 cm-l ,  which is almost the same as the 
frequency difference (26 cm -I) between 
2707 and 2681 cm -~. Hence, the band at 
2681 cm-1 must be attributed to bridge OD 
groups. As shown in Figs. 4c-e,  another 
IR band at 2692 cm -~ appeared when the 
sample was exposed to CO, followed by 
evacuation at higher temperatures. This 
new band is attributable to terminal OD 
groups whose O atoms weakly interact with 
adjacent Ce ions because the frequency was 
lower by 15 cm 1 than that of terminal OD 
groups, but the FWHM of this band was as 
large as 25 cm-~ by deconvolution (21). The 
2692-cm- l peak was also observed after sur- 
face formates were decomposed com- 
pletely. The surface of CeO2 is reduced by 
CO to form the oxygen vacancies, which 
may allow the O atom of the terminal hy- 
droxyl to interact with the adjacent Ce ion. 

2. Properties of Surface Species 

When the reduced CeO2 was exposed to 
CO at 300 or at 373 K, terminal OD groups 
decreased and new bands of v(CD), va~ 
(OCO), and vs(OCO) of formate appeared. 
This suggests that terminal OD groups react 
with CO to produce surface formates. This 
feature is similar to that observed with 
MgO(13) and ZnO(14). On unreduced CeO2, 
surface formates were produced at 513 K. 
This difference can be explained as follows: 
for the formation of surface formates, coor- 
dinately unsaturated Ce ions are necessary. 
Surface formate cannot be produced on oxi- 
dized CeO 2 covered by oxygen atoms. On 
the reduced CeO2, a part of surface O ions 
are removed by hydrogen as shown in Fig. 
5. Surface oxygen on CeO 2 was removed as 
carbonates or carboxylates by the reaction 
with CO at elevated temperatures, with the 

subsequent formation of surface formates at 
the obtained unsaturated sites. 

As discussed above, bridge and bidentate 
formates exist on CeO2 (R, OD). When the 
sample was exposed to CO at 303 K, bridge 
formate was a major species. Bridge for- 
mates were converted to bidentate formates 
above 443 K. These results indicate that the 
transformation of bridge formate to biden- 
rate formate requires an activation barrier, 
and the bidentate formate is present on the 
catalyst surface under WGSR. 

The bands of bridge formates were broad 
(FWHM of Vas(OCO): 40 cm-1), while the 
bands of bidentate formate were sharp 
(FWHM of va~(OCO): 15 c m - b ,  as shown 
in Fig. 2. The bidentate formates may be 
homogeneous by distributed on the surface. 
We think that broad bands of bridge formate 
are caused by weak interaction between the 
O atoms of bridge formate and Ce ions. 
CeO2 crystal has a fluorite structure with 
a0 = 0.541 nm and the Ce-Ce distance at 
CeO2 (001) surface is 0.383 nm (28). On the 
other hand, the O-O distance of free-for- 
mate ion is 0.22 nm (29). The latter distance 
is shorter by 0.16 nm than the former. Thus, 
the surface bridge formates apt to convert 
into more stable bidentate formates. 

H~, CO, and CO2 were desorbed in the 
TPD spectrum of surface formates (Fig. 6) 
when the intensity of v (OD) peak increased. 
Thus, the surface formates decompose in- 
two ways: one is a backward decomposition 
to OH + CO and the other is a forward 
decomposition to H 2 and CO2aa. Desorption 
temperatures of H2 and CO were different 
from each other and the activation energies 
for k+ and k were also different as shown 
in Fig. 8. This is contrasted to the case of 
ZnO, on which the activation energies of k+ 
and k were the same (18). The decomposi- 
tion reaction on ZnO might have similar po- 
tential energy surfaces for the two ways. 
When the formates decomposed in vacuum, 
the intensity of the 1460- and 1370-cm 
peaks increased in Fig. 2. Hence, COz that 
was produced by the decomposition of the 
formates remained as unidentate carbonate 
on CeO,. 
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The IR studies revealed that unidentate 
carbonate is a major species and small 
amounts of bidentate carbonate and carbox- 
ylate exist. Unidentate carbonates are sta- 
ble and most of them remained on CeO2 
surface even at 750 K. On ZnO surface, uni- 
dentate carbonates and carboxylates are in 
equilibrium and carboxylates are more sta- 
ble by 3 kJ mol-1 than unidentate carbon- 
ates in vacuum; carboxylates were con- 
verted to unidentate carbonates when water 
molecules are introduced to the ZnO surface 
(14). On the CeO2 surface, however, such 
conversions were not observed. Desorption 
of unidentate carbonates was promoted by 
water. The desorption began at 710 K in 
vacuum, by whereas the desorption began 
at 550 K in the presence of water. The de- 
sorbed amount of CO2 in the presence of 
water was 14 times larger than that in ab- 
sence of water. This promoting effect may 
be caused by water dissociation at the site 
with the adsorbed unidentate carbonate sim- 
ilarly to the case of ZnO surface (14). 

3. Interaction o f  Surface Formate and 
Coadsorbed Water 

When a water molecule was admitted to 
the bidentate formate-covered CeO 2 sur- 
face, the rate of the decomposition of the 
surface formates decreased and the activa- 
tion energy for the decomposition became 
large. As shown in Table 3 when various 
electron donors were introduced to the sys- 
tem, the decomposition rate of the formates 
(k+ + k ) decreases. Pyridine had the least 
effect, while H20 most stabilized the for- 
mates. CH3OH showed the medium effect 
among the four additives, and NH 3 shows 
less effect than CH3OH. Thus, electron 
donor-acceptor  pairs rather than electron 
donors alone may be sufficient to stabilize 
the surface formates. HzO molecule can do- 
nate the lone-pair electrons of O atom to Ce 
cations and reversely, the positively 
charged H atom (H 8 +) of H20 withdraws 
electrons of the O ion of CeO2 surface to 
decrease the ion diameter of the O ion, re- 
sulting in the stable interaction of the biden- 

tate formate with Ce ion. The H20-stabiliz- 
ing effect was similarly observed with CeO 2 
reduced at 723 K as shown in Fig. 8, even 
though the amount of removed oxygen for 
CeO 2 reduced at 723 K was 20 times as large 
as that for CeO 2 reduced at 623 K. The sur- 
face oxygen removed by reduction at 723 K 
may be compensated by migration of oxy- 
gen from the bulk. 

This kind of stabilization of surface for- 
mate by coadsorbed water has been ob- 
served on MgO surface (13) but not ob- 
served on ZnO surface (14). MgO (001) 
surface is also covered by O ions and coordi- 
native unsaturarity of Mg ions on (001) sur- 
face is small. On the contrary, Zn ions on 
ZnO (1010) have two vacancy for coordi- 
nation. 

4. Reaction Mechanism of  WGSR 
on CeO 2 

As shown in Table 5, the rates of catalytic 
water-gas shift reaction (WGSR) agree with 
k+ x M in various conditions, where k+ and 
M represent the rate constant of the forward 
decomposition of bidentate formates and 
the amount of bidentate formates, respec- 
tively. These results demonstrate that bi- 
dentate formate is an intermediate of WGSR 
on CeO2. On the other hands, the reaction 
rate of catalytic WGSR did not agree with 
the decomposition rate of unidentate car- 
bonates. The decomposition rate of the uni- 
dentate carbonate determined by 1R spectra 
was smaller than the catalytic WGSR rate, 
even though it was promoted by water. This 
contradiction is not clear, but unidentate 
carbonates may not uniformly be adsorbed 
on CeO 2 surface. Most of the carbonates are 
stable and only a small part of them are 
decomposed to CO2 under the reaction con- 
ditions. This is supported by the TPD pat- 
tern (no peak) of the desorption of CO 2 in 
Fig. 7. In this case the rate of the decomposi- 
tion determined by IR would not be correct 
because the IR peaks for those heteroge- 
neous unidentate carbonates were not dis- 
criminated each other. 

Isotope effects were observed on the hy- 
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SCHEME 1. A reaction mechanism of catalytic wa- 
ter-gas shift reaction on CeO2. 

drogen atoms of both bidentate formate and 
hydroxyl groups. Hence the cleavage of 
both of CH and OH bonds is suggested to 
be involved in the rate-determining step. 
This is different from the cases of ZnO and 
MgO, where an isotope effect was observed 
on only the hydrogen of surface formate. 

Scheme 1 shows the reaction mechanism 
for catalytic WGSR on CeO,. Terminal OH 
groups on partially reduced CeO2 react with 
CO to produce at first bridge formates as 
discussed above. The bridge formates were 
converted to bidentate formates at reaction 
temperatures, and this conversion was pro- 
moted by coadsorbed water. Bidentate for- 
mates are stabilized by coadsorbed water, 
and the decomposition of the formates is 
suppressed. The backward decomposition 
of the formates was more suppressed than 
the forward decomposition of the formates, 
changing the selectivity of the formate de- 
composition toward H 2 + CO2 or OH + 
CO. To forward the decomposition of biden- 
tate formate, the adjacent OH group (origi- 
nally produced from the first water mole- 
cule) should contribute to produce H 2. By 
analogy to the reaction mechanism on ZnO, 
the bidentate formate is tilted and the C-H  
bond is bent, by which the hydrogen of the 
CH can interact with the hydrogen of the 

bridge OH groups at the transition state of 
reaction. In the transition state both C - H  
and O-H  bands are elongated according to 
the hydrogen isotope effect. By the forward 
decomposition of the formate, unidentate 
carbonate is produced. The unidentate car- 
bonate is stable at reaction temperature in 
vacuum. Water molecules promote the de- 
composition of the unidentate carbonate. 
The dissociation of water to produce two 
OH groups may be a driving force of this 
promotion. 

Unlike to the surface formate on ZnO 
where the WGSR rate was enhanced by 
coadsorbed water (14), the bidentate for- 
mate on CeO2 was not activated by co- 
adsorbed water. Hence, the reactant-pro- 
moted effect is not observed on CeO2. The 
stabilization of surface formates by coad- 
sorbed water was also observed on MgO, 
whose (001) surface is covered by oxygen 
ions similarly to CeO2 surface. However, 
reactive OH groups exist on edge sites (21), 
and the obtained formates were of bridge 
type under reaction conditions (13). On 
MgO, reactant-promoted WGSR proceeded 
(13). The catalytic WGSR proceeds on par- 
tially reduced CeO2, where the coordina- 
tively unsaturated Ce ions are produced 
after the removal of surface oxygen atoms. 
However, the arrangement of the vacant 
sites would be entirely different from those 
on edge sites of MgO and on the open sites 
of ZnO. Therefore, the nature and geometry 
of interaction between formate intermediate 
and coadsorbed water are expected to be 
different among CeO2, MgO, and ZnO. 
ZnO, MgO, and CeO2 are classified as basic 
oxides and their bulk nature may be not so 
different each other. Rather, the essential 
factors for the reactant-promoted catalysis 
seem to be ascribed to the surface structure 
(arrangement, defect, or edge) and/or sur- 
face oxygen density. 

CONCLUSIONS 

(1) Catalytic water-gas shift reaction 
(WGSR) on CeO2 proceeded on the partially 
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reduced surfaces in the temperature range 
510-620 K. 

(2) There are four different OH groups on 
the CeO2: terminal, bridge, and two hollow- 
site OH groups. The terminal OH groups 
reacted with CO to form bridge formates at 
303-373 K. 

(3) The bridge formates were converted 
to bidentate formates at reaction tempera- 
tures, and the conversion was promoted by 
the coexistence of water. 

(4) The bidentate formates were stabi- 
lized by coadsorbed water, where the back- 
ward decomposition to OH + CO was 
suppressed. As a result, the forward de- 
composition of bidentate formate to H 2 + 
CO2 was preferable in the coexistence of 
water. 

(5) The rate of catalytic WGSR agrees 
with the rate of the decomposition of biden- 
tate formate in various conditions, sug- 
gesting that the formate decomposition is 
rate-determining. 

(6) In the transition state of the rate- 
determining step, the bond scission of both 
C - H  (formate) and O-H (hydroxyl) is sug- 
gested to be involved. 

(7) The bidentate formates were con- 
verted to unidentate carbonates. Its decom- 
position to CO 2 was promoted by co- 
adsorbed water. 

(8) The reactant-promoted catalysis was 
not observed with CeO2 surface, unlike the 
cases of MgO and ZnO. The reason is as- 
cribed to the nature and geometry of the 
interaction between formate intermediate 
and coadsorbed water molecule, associated 
with the surface structure/arrangement and/ 
or surface oxygen density. 
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