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A reactant-promoted reaction mechanism for reverse water—gas shift reaction (H, + CO, —
H,O + CO; r-WGSR) on ZnO was investigated by FT-IR, MS, and GC. Surface bidentate formate
was produced from H, + CO, through bidentate carbonate. The decomposition rate of the formate
as a reaction intermediate became 1/10 ~ 1/30 of that in vacuum by the coexistence of CO,. On
the contrary. the decomposition rate of the formate was promoted 8-10 times by the coexistence
of H, as compared with that in vacuum. The activation energy decreased from 171 kJ mol™! in
vacuum to 138 kJ mol™! in H,. About 70% of the surface formates decomposed to H, and CO,
and about 30% of them decomposed to H,O( ~ OH) and CO. The decomposition selectivity of the
surface formate was not changed by H,. The decomposition selectivity was much different from
that for the bidentate formate produced from —OH(H,0) and CO. It was suggested that WGSR
and r-WGSR proceeded through bidentate formates, but at different sites on ZnO. The rate of
r-WGSR was between the decomposition rates of the formates under CO, and H,. indicating that
the rate of r-WGSR is balanced with H, promotion and CO, suppression. The rate determining
step is the dissociation of H- at the (Zn-formate—OH)pair site. The rate constant for the formate
decomposition increased linearly with the amount of adsorbed H,. H, molecules not only act
as a reactant to reduce the bidentate carbonate to the bidentate formate, but also promote the

decomposition of the bidentate formate to H.O(—-OH) + CO or H, + CO,.

INTRODUCTION

We have reported the reactant-promoted
reaction mechanism for the catalytic
water—gas shift reaction (H,O(—-OH) +
CO— H, + CO,; WGSR) on MgO (/), ZnO
(2). Ce0, (3), and Rh/CeO, (4) as the genesis
of catalysis. Water molecules readily disso-
ciate onthese oxide surfaces toformterminal
and bridge OH groups. The terminal OH
groups react with CO to produce surface
formates like unidentate, bidentate, and
bridge formates. While the surface formates
have been believed to be reaction intermedi-
ates for WGSR, actually no or few surface
formates are converted to the products, H,
and CO,, by themselves in vacuum. For ex-
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ample, 70% of bidentate formates produced
from —OH + CO on ZnO decompose back-
wardly to —OH and CO and only 30% of
them decompose forwardly to H, and CO,
in vacuum. On the contrary, almost 100%
of the formate decompose to H, + CO, in
the coexistence of water. In the reactant-
promoted mechanism the forward decom-
position rate is promoted by the reactant
molecules and the activation energy also de-
creases. This phenomenon corresponds to
the creation of a new reaction path in cata-
lytic reaction conditions different from a
stoichiometric (noncatalytic) reaction.
WGSR is an equilibrium reaction, and
the reverse water gas—shift reaction (H, +
CO,— H,0 + CO; r-WGSR) also proceeds
on the ZnO surface (5, 6). It is interesting
to investigate whether there is or is not the
reactant-promoted mechanism involving ac-
tivation of intermediates in r-WGSR. As
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surface formates produced from H, and CO,
are believed to be reaction intermediates in
r-WGSR (5), we have investigated the be-
havior of surface formates in the elementary
reaction steps and the catalytic reaction in
this article. Surface formates on ZnO were
produced by two ways, from —OH + CO
and H, + CO,. The behaviors of these for-
mates were also compared to examine the
nature of the intermediate of an equilibrium
reaction.

EXPERIMENTAL

Experimental conditions are described in
the previous paper (2). Briefly, 25 mg of ZnO
powder (Kadox-15) was pressed into a self-
supporting wafer and set into an IR cell. The
Zn0O wafer was oxidized with O, at 773 K
followed by evacuation at the same temper-
ature. To replace surface OH groups by OD
groups, the sample was exposed to D,O at
473 K followed by evacuation at 773 K. IR
spectra were measured at room temperature
or in reaction conditions with a resolution
of 2 or 4 cm™' on a JEOL JIR-10 FT-IR
spectrometer. To measure TPD spectra or
reaction rates at given (fixed) temperatures,
0.2 g of ZnO powder was set into a U-shaped
Pyrex-glass reactor that was combined with
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a closed circulating system (base pressure
was 1 x 107* Pa). The desorbed products
were analyzed by mass spectrometry and
gas chromatography. Catalytic r-WGSR
was also conducted in a closed circulating
system equipped with a mass spectrometer
and a gas chromatograph.

RESULTS

Figure 1 shows IR spectra of the species
produced by exposure of the ZnO surface
to D, and CO, at different temperatures.
When the sample was exposed to CO, (4.0
kPa) and D, (4.0 kPa) at 323 K, IR bands
appeared at 2667, 1579, 1513, 1425, 1341,
and 1010 cm~'. When the sample was ex-
posed to CO, + D, at 423 K, the other bands
at 2602, 2171, and 1568 cm ™' appeared. By
increasing temperature for exposure, the in-
tensity of the peaks at 2667, 1579, 1513,
1425, and 1010 cm ™! decreased and the in-
tensity of the peaks at 2602, 2171, and 1568
cm™ ! increased.

Table 1 summarizes IR bands observed
on ZnO surface by exposure to a mixture
of hydrogen (deuterium) and CO,. The as-
signment of species is discussed hereinafter.
IR bands at 2171, 1568 and 1342 cm ™! are
attributed to »(CD), v, (OCO), and » (OCO)
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FiG. 1. IR spectra in two frequency regions ((A) and (B)) of surface species produced by exposure
of ZnO preevacuated at 773 K (spectrum (a)) to D, (4.0 kPa) + CO, (4.0 kPa) at (b) 323 K. (¢} 373
K, (d) 423 K, (e) 473 K, (f) 523 K, and (g) 573 K. In spectra (B), each spectrum was subtracted by

the spectrum of ZnO itself (a).
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TABLE 1
IR Bands of Adsorbate on ZnO

Species

Absorption bands/cm ™'

Bidentate formate

Bidentate carbonate
Unidentate carbonate
Carboxylate

v(CH), 2875: v, (OCO), 1572: v,(OCO), 137t

(2170) {1568) (1342)
W C=0), 1579; v, (OCO), 1341; v (OCO), 1010
1, (0CO), 1425

v, (OCO), 1513; »(OCQ), 134] (tentative)

¢ The values in parentheses are the ones for DCOO(ad).

of bidentate formate, respectively, which
are almost the same frequencies as those for
bidentate formate previously reported (2).
The IR bands at 1579, 1341 and 1010 are
assignable to »(C=0), », (0CO), and
r(OCO) of bidentate carbonate, respec-
tively. The peaks at 2667 and 2601 cm™'
are due to surface OD groups which
are produced by contacting ZnO surface
with D,.

Figure 2 shows IR spectra of surface spe-
cies produced by exposure of ZnO to D, +
CO- at 523 K, followed by evacuation at
different temperatures. The intensity of the
IR bands at 2171, 1568, and 1342 cm ' de-
creased by evacuation at 573 K and disap-
peared at 623 K. Similarly, the intensity of
the IR band at 2602 ¢cm ~ ' decreased by evac-
uation at 573 K and disappeared at 623 K.
The surface formates and the OD groups
produced by CO, + D, were observed to
behave in a similar way upon heating in Fig.
2. Both of them were produced at 423 K in
Fig. 1 and decomposed at 573 K in Fig. 2.

Figure 3 shows TPD spectra of surface
formates produced by H, (4.0 kPa) + CO,
(4.0 kPa). The sample was exposed to a mix-
ture of H, + CO, at 523 K followed by
evacuation (base pressure: 1.3 x 107 Pa)
at 473 K for 4.5 h. Then the temperature
was linearly increased at a heating rate of 4
K min~'. The pressure of the system during
TPD measurement was less than S Pa. The
desorbed products were taken for mass
spectroscopic analysis at an appropriate in-
terval, followed by 2 s evacuation of the

system to remove the remaining gas phase
sample. Under these conditions the H, and
CO, products have no effect on the rate of
decomposition. About one tenth of the de-
sorbed species was taken for the analysis.
Desorption peaks of H,, CO,, and CO ap-
peared at 550, 590, and 580 K with the de-
sorption amounts of 9.2, 10.2, and
2.6 umol g, respectively. The desorption
amounts of H, and CO, are similar to each
other, which are ca. four times as large as
that of CO. Almost no water desorbed dur-
ing TPD, because produced water may be
trapped on the ZnO surface as surface OH.

Figures 4 and 5 show Arrhenius plots for
the decomposition of surface formates from
D, + CO, and that from —OD + CO, re-
spectively. The total decomposition rate
was calculated from the decrease in the in-
tensity of the IR band (simple absorbance
of v(CD)) for DCOO at given (fixed) temper-
atures. The rate of forward decomposition
(DCOO + (D) — D,O + CO; k,) and
that of backward decomposition (DCOO +
(D) — D, + CO,; k_) were calculated from
the produced amounts of CO and D,, re-
spectively, at given (fixed) temperatures by
means of MS spectrometer. The surface for-
mate from D, + CO, was formed in a similar
way to that in the TPD experiment in Fig.
3. and the formate from —OD + CO was
formed in a similar way to that described in
the previous paper (2).

The decomposition rate of surface for-
mate (from D, + CO-) under 4.0 kPa of
CO, decreased to 1/10 of that in vacuum as
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F1G. 2. IR spectra in three frequency regions ((

A), (B), and (C)) of surface species on ZnQ (pre-

evacuated at 773 K. spectrum (a)) produced by D, + CO,. The sample was exposed to D, + CO, at
523 K followed by evacuation at (b) 373 K., (c) 423 K, (d) 473 K, (e) 523 K. (f) 573 K, (g) 623 K. and
(h) 673 K. In spectra (B) and (C), each spectrum was subtracted by the spectrum of ZnO itself (a).

shown in Fig. 4. On the other hand, the
decomposition rate in 4.0 kPa of H, in-
creased in Fig. 4. The activation energies
for the formate decomposition (total) in vac-
uum, under H,, and under CO, were ob-
tained to be 171, 138, and 244 kJ mol™',
respectively.

The activation energies for the decompo-
sition of the formate (from —OD + CO) in
vacuum, under H, (4.0 kPa), and under CO,

(4.0 kPa) were determined to be 155, 120,
and 242 kJ mol ', respectively. Decomposi-
tion selectivity for the formates produced
from —OH + CO and H, + CO, was differ-
ent each other. Seventy percent of the for-
mates from —OH + CO decomposed to
—OH + CO and 30% of them decomposed
to H, + CO,. On the contrary, 30% of the
formates from H, + CO, decomposed to
— OH(H,0) + CO and 70% of them decom-
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FiG. 3. TPD spectra of surface formate produced by
H, + CO, on ZnO. The sample was exposed to H. +
CO, at 523 K. followed by evacuation at 473 K for 4.5
h: Heating rate: 4.0 K min™".
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F1G. 4. Arrhenius plots for the decomposition of
DCOO produced from D, + CO, on ZnO. Total rate
constants (k. + k_.) were calculated from IR spectra
and the rate constants &, and 4 _ for the decomposition
to H,O (-OH) + CO and H, + CO,, respectively,
were measured by MS spectrometer. (O), + k_,
(@)k.. and (O)k_ under vacuum; (Chk, + k_ and
(k. in Hy (4.0 kPa); (Z0k, + k_, (A}, and (Ajk_
in CO, (4.0 kPa). The arabic numbers are the activation
energies (kJ mol ™),
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FiG. 5. Arrhenius plots of the decomposition of
DCQO produced from OD + CO on ZnO. (O)k, +
k_, (@, and (O)k_ under vacuum; (O)k, + &_ and
(W4, in H, (4.0 kPa); (4)k, + A_, (&)k,, and (A _
in CO, (4.0 kPa). The arabic numbers are the activation
energies (k] mol™"). Definitions of &, +k_, k,. and
k_ are described in the legend of Fig. 4.

posed to H, + CO,. Decomposition selec-
tivity of the both formates was not changed
by the coexistence of H, or CO,.

Figure 6 shows the intensity of »(CD)
(2171 cm ™!y of the formate produced from
D, + CO, as a function of reaction time at
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FiG. 6. Intensity of v(CD) of the formate produced
from D, + CO, as a function of reaction time at 508
K in vacuum and H..
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508 K in vacuum and in H,. In the initial
stage of the formate decomposition in vac-
uum until 25 min, the rate constant (k, +
k_)was 5.3 x 1077 s~', In the period from
25 min to 35 min under hydrogen, the rate
constant increased to 4.1 X 1074 s~ After
35 min in vacuum again the rate constant
was as small as 5.3 x 1077 s~' as before.
The rate was promoted ca. nine times by the
coexistence of hydrogen. The phenomenon
was reversible. Figure 7 shows the decom-
position rate of the formate produced from
D, + CO, as a function of the amount of
hydrogen adsorbed. The rate constant was
determined from the initial rate of the de-
composition in the presence of various
amounts of adsorbed hydrogen. The amount
of adsorbed hydrogen was measured volu-
metrically under the identical conditions, in-
dependently of the IR measurements. The
rate constant of the decomposition in-
creased linearly with an increase of the
amount of hydrogen adsorbed.

i 1 1
% | 2 3

Amount of adsorbed hydrogen/wmol g-cat™'

FiG. 7. Dependency of decomposition rate (k, +
k .) of the bidentate formate produced from D, + CO,
at 508 K on the amount of adsorbed H,.
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TABLE 2

Rate Constants for the Decomposition of Formate
in Various Combinations of Labeled Formate and
Hydrogen”

Combination k., + k_ /1074 s!
HCOO + H, 44
HCOO + D, 2.1
DCOO + H, 4.1
DCOO + D, 2.0

“T = 508 K, p(H,) or p(D;) = 4.0 kPa.

Table 2 shows the rate constants for the
decomposition of formates in various iso-
tope combinations. The isotope of the hy-
drogen molecule had a profound effect on
the decomposition rate. On the contrary,
the rate was not affected by the hydrogen
isotope of formate. It suggests that the rate-
determining step of the decomposition is
the dissociation of hydrogen molecules.

Table 3 compares the rate constants of
the forward decomposition of the for-
mate produced from D, + CO, to —OD
(D,0) + CO and the rate constants (k.
(calc)) calculated from the catalytic reaction
rate of r-WGSR in various conditions. The
calculated rate constants are intermediate
values between that under hydrogen and
that under CO..

DISCUSSION

1. Formation process of the formate from
CO, + H, and comparison of the formate
from H, + CO, with that from (- OH +
CO). The IR bands at 1579, 1513, 1425, 1341,
and 1010 cm ™! in Fig. 1 are not assigned to
surface formates because v(CD) band is not
observed. Bidentate carbonates on oxide
surfaces have three IR bands around 1600,
1280, and 1030 cm ! attributed to v(C==0),
v, (OCO) and »(OCO), respectively (7).
Saussey er al. measured IR spectra of ad-
sorbed CO, on ZnO (8) and observed several
kinds of bidentate carbonates which show
the IR bands at {1595, 1339, 1000, 848, and
680 cm™ '}, {1615, 1346, 999, 841, and 677
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TABLE 3

Comparison of the Observed Rate Constant for the Decomposition of Bidentate Formate (DCOQO) with the
Calculated Value from the Reaction Rate of r-WGSR

T/K Rate¢ Mt k. (calc)’ k. (vac) k, (Hy" k. (COyY
493 1.67 5.5 3.0 1.6 12 0.06
508 4.83 52 9.3 3.8 33 0.26
523 10.33 5.7 18.1 11.9 90 1.2

Note. In footnotes ¢, d, e, and f. k. is the rate constant for the decomposition of formate to DO (- OD) +

CO.
“In 107" mol s~ ' g~ .

» Amount of adsorbed formate in reaction conditions. in umol g~ ".

-5

¢ Rate constants calculated from the reaction rate of -WGSR, in 10°% s,

¢ Rate constants in vacuum, in 10~ s,

¢ Rate constants under H,, in 10-* s~

! Rate constants under CO,, in 107 s,

cm '}, {1580, 1348, 1007, and 852 cm~ '} and
{1665 and 1303 c¢m "'}. Thus, the bands at
1579, 1341 and 1010 cm ™! in Fig. 1 are as-
signed to ¥(C=0), v, (0OCO), and » (0OCO)
of bidentate carbonate, respectively. In
fact, no peak in ¥(CD) region was observed
in the spectra (b) and (c) in Fig. 1. The bands
of 1579 and 1010 cm ™! behaved in a similar
way upon heating in Fig. 1, suggesting the
peaks derived from the same species. The
peak at 1341 ¢cm ™! happened to be almost
the same in position as the peak at 1342
cm ™! for v, (OCO) of bidentate formate. The
bands at 2171, 1568, and 1342 cm ™! are as-
signed to bidentate formate (2, 6): Those
frequencies are almost the same as 2170,
1568, and 1342 cm ™' for bidentate formate
produced from —OD + CO (2). The v(CD)
peak of 2171 cm ! shifted to 2875 cm ! for
v(CH) by using H, instead of D, (Table 1).
These three peaks diminished similarly with
each other upon heating and disappeared at
the same temperature as shown in Fig. 2.
It is known that hydrogen adsorbs on the
ZnO surface reversibly at room tempera-
ture, showing the IR bands at 1712 ¢cm™!
(v(Zn—H)) and 3490 cm ™' (»(O -H)) for H,,
and 1233 cm™' (»(Zn-D)) and 2584 c¢m ™!
(1(O,-D)) for D,, where O, represents lat-
tice oxygens of hollow sites (/0, /]). The
IR band at 2602 cm ™! shown in Figs. 1 and

2 shifted to 3521 cm ™' when CO, + H, was
admitted to the system. Thus the 2602-cm ™!
peak is attributable to v(O; -D). This band
was not observed in the previous report (2),
where the D,O-treated ZnO sample was
evacuated at 673 K. The peak at 2602 cm ™!
disappeared above 623 K as shown in Fig.
2, while the peak at 2667 ¢cm~' which is
also assigned to »(O;-D) remained at
673 K, similar to the previous observation
(2). Hydrogen (deuterium) forms relatively
weaker O,-H (O;-D) bond (lower fre-
quency) as compared with H,O (D,0): This
may be caused by less electron density of
O, -H bond (/2-14). When the ZnO sample
was exposed to CO, + D, at 323 and 373
K, no Zn-D or O, -D bands appeared. Only
bidentate carbonate appeared. These results
suggest that CO, adsorbs as bidentate car-
bonate to block hydrogen dissociation.

When the sample was exposed to CO, +
D, above 423 K, the bidentate carbonate
diminished, while the bands that correspond
to bidentate formate and hollow site OD
(O;-D) appeared in Fig. 1. Zn-D was not
observed. These results suggest that the for-
mate is produced from bidentate carbonate
and hydrogen and that hydrogen atoms are
not located on Zn atoms.

Bidentate formates with v(CH),
v,(OCO), and »(OCO) shown in Table 1
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are formed from both —OH(H,0) + CO
and H, + CO,. However, the activation
energy for the formate decomposition in
vacuum was 155 kJ mol~! or 171 kJ mol™!
for the formates produced from —OH +

—OH(H,0) + CO
bidentate formate

H, + coz/

This drastic difference of selectivity is not
clear at present, but it should not be ascribed
to the difference of the bonding feature in
Zn-formate species because of the same fre-
quencies of »(CH), »,(0OCO), and v (OCO)
for both bidentate formates. Again, it should
not be due to the difference in enthalpy for
the species because the difference of two
activation energies (155 and 171 kJ mol™")
are not so large. Thus the selectivity of for-
mate decomposition in vacuum may be en-
tropically controlled, where the origin from
which the formate was produced is remem-
bered as a main reaction path.

2. Influence of coadsorbed species on the
decomposition process of formates. As
shown in Figs. 4, 5, and 6, the decomposi-
tion of surface formates was promoted 8-10
times by the coexistence of hydrogen. The
activation energy for the decomposition also
changed from 171 kJ mol™' in vacuum to
138 kJ mol ' in H, for the (D, + CO,)-
derived formate, or from 155 kJ mol !
in vacuum to 120 kJ mol ' in H, for the
(—OD + CO)-derived formate. The possibil-
ity that reduction of ZnO surface by hydro-
gen causes the increase of decomposition
rate can be ruled out because the decompo-
sition rate increases only under hydrogen
atmosphere and the decomposition rate
decreases to the previous value immediately
after evacuation of H,, as shown in Fig. 6.
Further, the increase in the initial rate (rate
constant) of formate decomposition with the
amount of adsorbed hydrogen in Fig. 7, to-
gether with the quick response of the reac-
tion to the atmosphere in Fig. 6, may also

155 kJ mol !

171 kJ mol !

SHIDO AND IWASAWA

CO or H, + CO, respectively, as shown
in Figs. 4 and 5. The selectivities for the
decomposition at 533 K were also different
from each other as follows:

~OH(H,0) + CO H, + CO,
74% 26%

29% 7%

exclude the possibility of the increase of rate
by surface reduction. Again, the first-order
rate constant for the decomposition was
proportional to the adsorbed amount of hy-
drogen, which suggests that the adsorbed
hydrogen directly interacts with surface for-
mates to promote the decomposition.

Electron-donating molecules such as
water, methanol, pyridine, and ammonia
promoted the decomposition (HCOO +
H(a) - H, + CO,) and suppressed the de-
composition (HCOO — —OH + CO) in
WGSR (2). In r-WGSR hydrogen promotes
both decompositions and the decomposition
selectivity does not change. Thus the promo-
tion way of hydrogen may be different from
that of electron donors. The isotope effect of
hydrogen on the rate constant was observed
with the isotope of admitted hydrogen mole-
cules, as shown in Table 2. This implies that
the dissociation of hydrogen is a key step
for the rate determination. Hydrogen disso-
ciates heterolytically on ZnO surface to
form Zn-H?~ and O-H®" ({0, /1). The hy-
drogen (Zn—H?®") behaves as an electron do-
nor to the bottom Zn ion. The mode of elec-
tron donor—acceptor interaction is different
between hydrogen and the other molecules.
Water, methanol, pyridine and ammonia in-
teract with Zn ion by the lone pair electrons
of the p orbital, whereas in the case of hy-
drogen the s-electron plays a role in elec-
tronic interaction. Thus the different inter-
action feature may cause the different
promoting effects observed with hydrogen
and the other donors.

CO, restrains the decomposition of for-
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mates as shown in Table 3 and Figs. 4 and
S, while the selectivity of formate decompo-
sition under CO, does not change. CO, not
only blocks the adsorption sites of H, but
also suppresses the decomposition itself,
This stabilization of bidentate formate by
the coexistence of CO, is a reverse phenom-
enon against that observed with the electron
donors, suggesting the suppression of the
decomposition by electron withdrawing ef-
fect of adsorbed CO,. The peak at 1425¢m ™!
assigned to unidentate carbonate appeared
by exposing ZnO to D, + CO, at 323-373
K. but disappeared at 473 K as shown in
Fig. 1, excluding the possibility of the sup-
pression due to the unidentate carbonate.
The carboxylate at 1513 cm™! (v, (OCO))
still remained at reaction temperatures. The
carboxylate coordinated to Zn ion might be-
have as an electron acceptor. The rate con-
stant obtained from catalytic -WGSR was
larger than that in vacuum, suggesting the
H, promotion in reaction conditions, but it
was smaller than that for the formate decom-
position in H,, suggesting some restriction
by CO,. As aresult, -WGSR proceeds with
a balance of the H, promotion and the CO,
suppression.

3. Reaction mechanism of reverse WGSR
including reactant-promoted ceffect. De-
composition of surface formate is influenced
by coadsorbates during -WGSR. Hydrogen
promotes the decomposition of bidentate
formate and CO, restrains the decomposi-
tion. As two reactants of -WGSR interact
with the formate in an opposite way, the
calculated rate constants for the decomposi-
tion of the formate are intermediates as
shown in Table 3.

Scheme 1 shows a reaction mechanism of
r-WGSR on ZnO. Surface bidentate carbon-
ates are produced from CO,. Hydrogen re-
duces the bidentate carbonate to bidentate
formate and hollow site OH. When the for-
mate decomposed, the IR band of OH disap-
peared, as shown in Fig. 2: 70% of bidentate
formate from CO, + H, decomposed to
CO, + H, and 30% of them decomposed to
CO + H,O0 (—-OH). CO, remarkably
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SCHEME |. Reaction mechanism of reverse WGSR on
ZnO.

suppresses the formate decomposition as
shown in Table 3. Hence the bidentate for-
mate stabilized by CO, (carbonate) does not
positively contribute to the rate of the de-
composition in r-WGSR conditions. In the
mechanism of Scheme 1 the promotion by H,
isonlyillustrated. Thefacts that H, promotes
the decomposition of bidentate formate and
that the rate constant linearly increased with
adsorbed amount of H, indicate the presence
of the (Zn-bidentate formate—OH) pair site
at which H» absorbs in r~-WGSR. The hydro-
gen isotope effect suggests that the rate-de-
termining step is the dissociation of H, at
the pair site. The bidentate formate may be
decomposed to CO + — OH(H,O0) through
unidentate formate. Conversely, the termi-
nal OH groups have been demonstrated to
react with CO to form unidentate formate
which is converted to bidentate formate (2).
Adsorbed CO and water were not observed
under the present conditions.

As already mentioned, the intermediate
of WGSR (from H,O(—OH) and CO) on
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ZnO is bidentate and the intermediate of
r-WGSR (from H, + CO,) is also bidentate
formate. However, the decomposition se-
lectivity of those formates is different each
other, suggesting that WGSR and r-WGSR
proceed on different sites of ZnO surface,
though WGSR is an equilibrium reaction
with r-WGSR and they have been assumed
to proceed at the same site. The active sites
of WGSR involve the bridge-site and hol-
low-site OD which shows the peaks at 2682
and 2669 cm ', respectively, while the ac-
tive sites of -WGSR involve the hollow-site
OD which shows the peak at 2602 cm .

CONCLUSIONS

(1) Bidentate formate i1s produced from
H, + COs, on a ZnO surface, similarly to
the case from —OH(H.0) + CO.

(2) However, the decomposition sclectiv-
ity for the formate from H, + CO, is differ-
ent from that from —OH(H-,0) + CO. Ca.
70% of the former formate decomposed to
H, + CO- and 30% of them decomposed to
H,O + CO. On the contrary, 30% of the
latter formate decomposed to H, + CO, and
70% of them decomposed to —OH(H,0)
+ CO.

(3) It 1s suggested that WGSR and
r-WGSR proceed through the bidentate
formate, but at different sites.

(4) Decomposition of formate is promoted
8—10 times by the coadsorption of hydrogen,
whereas it is suppressed by the coadsorp-
tion of CO,.

(5) By the coadsorption of hydrogen, the
activation energy decreases from 171 kJ
mol ' (in vacuum) to 138 kJ mol .

SHIDO AND IWASAWA

(6) Decomposition selectivity of the for-
mate is not changed by the coexistence of
hydrogen or CO,, which is different from
the case in the presence of electron-donor
molecules such as water, methanol, ammo-
nia, and pyridine.
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