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The kinetics of formate synthesis from CO2 and H2 and from
formate decomposition on Cu/SiO2 were studied by temperature-
programmed decomposition experiments and compared with those
reported for Cu(111), Cu(110), and Cu(100) surfaces under similar
reaction conditions. The initial rate of the formate synthesis from
380 Torr CO2/380 Torr H2 at 323–353 K over the Cu/SiO2 cata-
lyst was in good agreement with those on Cu(111) and Cu(110).
At 353 K, for example, the initial rate was measured to be 5.3×
10−4 molecules site−1 s−1. The apparent activation energy was de-
termined to be 58.8 kJ mol−1, which was also comparable with those
obtained for Cu(111) (54.6–56.6 kJ mol−1), Cu(110) (59.8 kJ mol−1),
and Cu(100) (55.6 kJ mol−1). The decomposition rate of formate was
first-order in formate coverage, and the rate constant was 1.13×
10−4 s−1 at 384 K. The activation energy and the pre-exponential
factor were determined to be 115.7 kJ mol−1 and 5.38× 1011 s−1,
respectively, in good agreement with those obtained for Cu(111),
107.9–112.8 kJ mol−1 and (1.87–4.02)× 1011 s−1, rather than those
for Cu(110) (145.2 kJ mol−1 and 1.22× 1016 s−1) and Cu(100) (130–
155.0 kJ mol−1). The promotional effect of H2 upon the decompo-
sition of formate was observed on the Cu/SiO2 catalyst as observed
for Cu(111) but not for Cu(110). The decomposition rate of formate
on Cu/SiO2 was promoted by a factor of 6 at an H2 pressure of
457 Torr. These kinetic results clearly indicate that the surface of
Cu particles supported on SiO2 comprises Cu(111) planes. Equi-
librium formate coverage on Cu/SiO2 during the hydrogenation of
CO2 was well reproduced by the calculated coverage based on the
kinetics of the formate synthesis and the formate decomposition.
However, the equilibrium formate coverage on Cu/SiO2 was greater
than that measured for Cu(111) under the same reaction conditions
because the hydrogen-promoting decomposition rate on Cu/SiO2 is
less than that on Cu(111). This is explained by a decrease in hy-
drogen coverage on Cu surfaces of the Cu/SiO2 catalyst caused by
the spillover of hydrogen atoms from Cu onto the SiO2 surface.
Thus, the effect of SiO2 was observed in the hydrogen-promoting
decomposition kinetics on Cu. c© 2000 Academic Press
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1. INTRODUCTION

Surface science is widely known to be very useful in in-
vestigating the mechanism of catalytic reactions on model
single-crystal surfaces at the atomic level. In order to es-
tablish the model of real catalysts, the catalytic activity of
single-crystal surfaces should be measured under medium-
or high-pressure conditions (1–50 atm) (1, 2). Once a cata-
lyst model is realized on a single-crystal surface, various
kinds of surface science techniques are available to ex-
amine surface structure, reactivity, and electronic structure
on the atomic level. One thus always has to compare the
kinetics of catalytic reactions or elementary steps on model
catalysts with those for real catalysts under comparable re-
action conditions. In this study, we compare the kinetics
of formate synthesis on a powder catalyst with those on
single-crystal model catalysts under atmospheric pressure
conditions.

We have studied the methanol synthesis by hydrogena-
tion of CO2 over Cu–Zn-based catalysts using classical
methods for powder catalysts (3–7), surface science tech-
niques (8–13), and ab initio calculation (14). As a result, we
have successfully established the model of Cu/ZnO powder
catalysts by depositing Zn atoms on a Cu(111) surface. The
structure, the oxidation state, and the role of the active sites
on the Zn/Cu(111) surface have been further studied by
X-ray photoelectron spectroscopy (XPS) (8, 9, 11), in situ
infrared reflection absorption spectroscopy (IRAS) (10,
12), and scanning tunneling microscopy (STM) (11, 13)
as well as high-pressure reactors, which are reviewed else-
where (15). We then attempted to establish the microkinet-
ics of elementary steps constituting the methanol synthesis
reaction on single-crystal surfaces as well as Cu powder
catalysts. We have thus initially reported the kinetics for
the synthesis of the formate intermediate by hydrogena-
tion of CO2 as well as the formate decomposition on
Cu(111), Cu(110), and Zn/Cu(111) surfaces (12, 16, 17). In
the present study, we measure the kinetics of formate syn-
thesis and decomposition on Cu/SiO2 and compare it with
those previously reported on Cu(111) and Cu(110) surfaces.
0021-9517/00 $35.00
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We have observed some of the following interesting fea-
tures in the formate chemistry on Cu surfaces: (i) The de-
composition of formate synthesized on Cu(111) in the pres-
ence of H2 proceeded faster than that in ultrahigh vacuum
(UHV) by an order of magnitude (18). Furthermore, the
synthesis of formate on Cu(111) and Cu(110) showed a
structure-insensitive feature in terms of the activation en-
ergy, whereas the decomposition of formate on Cu surfaces
was structurally sensitive (12). In the STM studies, formate
synthesized from CO2 and H2 on Cu(111) was found to
adsorb linearly like molecular chains with the distance be-
tween the chains decreasing with increasing formate cover-
age (13). However, no chain structure was observed for the
formate prepared by the adsorption of formic acid (13).
(ii) The decomposition rate of the formate was greater
than that of formate synthesized from CO2 and H2 by an
order of magnitude (17, 18), which was explained by the dif-
ference in the adsorption structure of formate (13). (iii) The
decomposition rate of the formate prepared from CO2 and
H2 was promoted by the presence of H2 (18). (iv) The
promoted decomposition rate became equal to the decom-
position rate of the formate prepared from formic acid. We
here study whether these characteristic features appear in
the Cu/SiO2 powder catalyst (18).

The decomposition of formate on a Cu/SiO2 catalyst (19),
Cu powder (20), Cu(110) (21–24), and Cu(100) (25, 26) has
been widely reported by several researchers, but the for-
mate was prepared by the adsorption of formic acid except
for in the report by Taylor et al. (26), who carried out the ki-
netic analysis of the formate synthesis from CO2 and H2 as
well as the formate decomposition. However, no compara-
tive kinetic study was performed concerning formate syn-
thesis and decomposition between Cu powder catalysts and
single-crystal surfaces under similar reaction conditions.

In this study, we focus on (i) the applicability of the Cu
single-crystal surface to a Cu/SiO2 powder catalyst as the
model catalyst for the formate synthesis and the formate
decomposition, (ii) the effect of SiO2 upon their kinetics,
and (iii) the promotional effect of H2 upon the decomposi-
tion of formate seen for Cu(111).

2. EXPERIMENTAL

The 30 wt% Cu/SiO2 catalyst was prepared by impregna-
tion of Cab-O-Sil SiO2 to incipient wetness with an aque-
ous solution of Cu(NO3)2 · 3H2O. The catalyst was dried at
393 K for 17 h and then calcined at 673 K for 2 h in air.
Prior to the reactions, 1.0 g of catalyst was reduced with H2

diluted with helium or N2 to 10% (total pressure is 1 atm)
at 523 K for 1–2 h in a flow reactor. The surface area of
Cu for the reduced Cu/SiO2 catalyst was measured to be
0.70 m2 g-cat−1 by reaction with N2O pulses (0.1–0.4 cc) at

363 K in a helium carrier gas, where the density of the sur-
face copper atom was assumed to be 1.77× 1015 atoms cm−2.
ET AL.

The experiments were performed using a fixed-bed flow
reactor connected to a gas chromatograph (GC). The syn-
thesis of formate on the reduced Cu/SiO2 catalyst was
carried out by exposure to a reaction mixture of CO2/H2

(380 Torr/380 Torr, 1 Torr= 133.3 N m−2) at 323–353 K
with a flow rate of 40 cc min−1 for 2–120 min. Later, data
will show that the decomposition of formate was negli-
gible at these temperatures. After the formate synthesis,
the catalyst was cooled to room temperature in an N2 or
helium stream to avoid the formate decomposition. In or-
der to measure the coverage of formate, a temperature-
programmed decomposition (TPD) experiment was carri-
ed out, in which the catalyst was heated to 523 K in the
N2 or helium stream with a heating rate of 2 K min−1 to
decompose the formate into CO2 and H2. The decomposi-
tion products of CO2 and H2 were analyzed by GC using
Molecular Sieve 5A and Porapak Q, respectively. The num-
ber of CO2 and H2 molecules was estimated from the TPD
peak area using the relative sensitivity factors of CO2 and
H2 (1:7.01) as well as an absolute calibration line for CO2.
When H2 was present with CO2 in the GC detector, the GC
sensitivity of CO2 decreased with increasing H2 pressure.
We calibrated the GC signal against the amount of CO2.
The formate coverage was then estimated from the surface
area of Cu and the number of H2 or CO2 molecules.

The decomposition kinetics of formate was examined by
an isothermal decomposition experiment at 384–417 K in
the flow reactor. The formate was first synthesized in the re-
actor by exposing a reduced Cu/SiO2 catalyst to a CO2/H2

(190 Torr/570 Torr) stream at 381 K with a flow rate of
40 cc/min. After the formate synthesis, the catalyst was
cooled to room temperature in a helium stream. The cata-
lyst was heated once to 353 K to desorb water impurities
and then heated to a reaction temperature while the effluent
CO2 was successively analyzed by GC for a sufficient time.

The kinetic analysis of the isothermal formate decom-
position was carried out in the way shown in Fig. 1, which
shows a typical GC signal of the effluent CO2 as a function
of time (t). Here, Atot and A correspond to the totally in-
tegrated peak area and the peak area integrated between
t and the start of the preheating, respectively. Since the to-
tal coverage of formate (θ tot

HCOO) can be calculated from the
FIG. 1. GC signal of CO2 formed by isothermal decomposition of
formate on Cu/SiO2 as a function of time.
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surface area of Cu and the total peak area of desorbed CO2,
the formate coverage at t (θHCOO) during the isothermal
experiment can be estimated by the following equation:

θHCOO = [(Atot − A)/Atot]θ tot
HCOO. [1]

The formate coverage (θHCOO) was thus determined by
measuring A and Atot. For low-temperature decomposition
experiments, the catalyst was heated to high temperatures
sufficient to decompose residual formate species in order
to measure Atot. In the experiments to examine the effect
of H2 upon the decomposition kinetics of formate, the for-
mate on Cu/SiO2 was decomposed in an H2 stream diluted
with helium. Also, at low temperatures and/or in the pres-
ence of H2 the GC peak shown in Fig. 1 became small so
that the coverage range analyzed was short because it was
difficult to analyze the slope of the GC peak near the GC
background.

Equilibrium formate coverage at 370–540 K was mea-
sured by the H2 TPD experiment after the catalyst was
cooled to room temperature. To minimize a change in for-
mate coverage during the cooling, the reactor was cooled
in the air using a drier (room temperature) after the heater
was removed. The CO2/H2 reaction mixture was changed
to the helium stream 10 s after the end of the reaction. The
experimental error in the formate coverage due to the syn-
thesis or the decomposition of formate during the cooling
under the reaction mixture and helium was estimated on
the basis of the kinetics of formate synthesis and formate
decomposition as well as the cooling rate. We then set the
error bar.

3. RESULTS AND DISCUSSION

3.1. Formate Synthesis

The formate synthesis by hydrogenation of CO2 was car-
ried out over a reduced Cu/SiO2 catalyst at 323–353 K, at
which the decomposition of formate was negligible. The
amount of formate was determined by the GC peak area
of CO2 and H2 formed by the decomposition of formate
(HCOOa→CO2+ 1

2 H2) in the TPD experiments. Figure 2
shows typical TPD data for formate species synthesized
from a CO2/H2 mixture of 190 Torr/570 Torr for 2 min at
381 K. The desorption peaks of CO2 and H2 were observed
at 410 K, where the molar ratio of CO2/H2 was determined
to be 2.34, in agreement with the stoichiometric value of 2.
The desorption peak of TPD was comparable to the litera-
ture data of 400–473 K reported for Cu/SiO2 (19), Cu(110)
(21), Cu(100) (26), and Cu/ZnO(0001) (27), varying with
the heating rate. Desorption of small amounts of H2 was
also detected around 330 K, which was attributed to resid-
ual hydrogen atoms on the Cu surface (28–30). The amount

of hydrogen was constant regardless of the reaction time
and the reaction temperature.
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FIG. 2. TPD of formate on Cu/SiO2. The formate species was synthe-
sized from 190 Torr CO2/570 Torr H2 at 381 K.

Figure 3 shows the buildup curve of formate synthesized
on Cu/SiO2 from 380 Torr CO2/380 Torr H2 at 323–353 K for
2–120 min. While the TPD experiments were repeated, the
coverage of formate at each reaction time was determined
from the peak area of H2 at 410 K and the Cu surface area. It
was shown that the saturated formate coverage of 0.24 is in
good agreement with that measured by XPS (11, 16) at the
reaction temperature of 353 K using 380 Torr CO2/380 Torr
H2. Furthermore, the saturated coverage agreed with that
on Cu(111) obtained by the STM measurements (13), in
which a c(2× 4) structure corresponding to the coverage of
0.25 was observed for the formate synthesized from CO2

and H2 under the same reaction conditions as those in the
XPS study. From the slope of the solid line at zero coverage
in Fig. 3, we can derive the initial formation rate of formate
at 323–353 K. The rates are shown as an Arrhenius plot in
Fig. 4, where the reported data were indicated herein for
FIG. 3. Buildup of formate synthesized from 380 Torr CO2/380 Torr
H2 at 323 K (m), 333 K (4), 343 K (d), and 353 K (s).
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FIG. 4. Arrhenius plot of formate synthesis from 380 Torr CO2/
380 Torr H2 on Cu/SiO2 (d), with data for Cu(111) measured by XPS
(11) (s) and IRAS (12) (4) and Cu(110) by IRAS (12) (h).

Cu(111) measured by XPS (11) and IRAS (12) as well as
for Cu(110) measured by IRAS (12). As can be seen from
Fig. 4, the absolute value of the initial rate on the Cu/SiO2

powder catalyst in terms of molecules per site per second
and the temperature dependence were in good agreement
with those obtained for the Cu model catalysts. That is, the
kinetics of the formate synthesis on the Cu/SiO2 catalyst was
basically the same as that for the copper single-crystal sur-
faces. As shown in Table 1, the apparent activation energy of
the formate synthesis on Cu/SiO2 (58.8 kJ mol−1) obtained
from the slope in Fig. 4 was comparable with those obtained
for Cu(111), Cu(110), and Cu(100). It is also seen here that
the formate synthesis on Cu is structure-insensitive, as pre-
viously reported (12).

3.2. Formate Decomposition

The decomposition kinetics of formate was measured at a
constant temperature between 384 and 417 K in helium af-
ter preparation of the formate from a 190 Torr CO2/570 Torr
H2 gas mixture at 381 K. The initial formate coverage was
∼0.23. CO2 and H2 were the only products formed by the
decomposition of formate. Assuming that the decomposi-

TABLE 1

Apparent Activation Energy and Pre-exponential Factor
for Formate Synthesis

Catalyst Method Ea/kJ mol−1 Ref.

Cu/SiO2 GC 58.8 This work
Cu(111) XPS 54.6 11
Cu(111) IRAS 56.6 12

Cu(110) IRAS 59.8 12
Cu(100) XPS 55.6 26
T AL.

tion rate is first-order in formate coverage, the relationship
between the rate constant and the formate coverage can be
expressed by the following equations:

rd = −dθHCOO/dt = kdθHCOO [2]∫
(1/θHCOO) dθHCOO = −

∫
kd dt [3]

log θHCOO − log θ0
HCOO = −kdt. [4]

Here, θ0
HCOO is the formate coverage at t= 0. In the isother-

mal decomposition experiment, the rate constant was thus
obtained by the slope of log(θHCOO/ log θ0

HCOO) vs t as
shown in Fig. 5. The linear relationship seen in Fig. 5 clearly
indicates that the decomposition rate of the formate is first-
order in formate coverage, from which, for example, the
rate constant was determined to be 1.13× 10−4 s−1 at 384 K.
The results of the first-order dependence have been re-
ported for Cu(111) (12, 17), Cu(110) (12, 21), and Cu/SiO2

(19) regardless of the preparation mode of formate, i.e.,
synthesis from CO2 and H2 or adsorption of formic acid,
indicating that the formate species decomposes unimolec-
ularly on Cu surfaces.

Figure 6 shows the Arrhenius plot of the rate constant for
the formate decomposition on Cu/SiO2 as well as Cu(111)
(12, 17) and Cu(110) (12). The activation energy and the
pre-exponential factor were derived from this figure as
115.7 kJ mol−1 and 5.38× 1011 s−1, respectively. In compar-
ison, surface science data on copper single-crystal surfaces
are given in Table 2, where a structure-sensitive character
is seen for the formate decomposition on Cu. It is found
here that the activation energy and the pre-exponential
factor measured on Cu/SiO2 are in good agreement with
those obtained for Cu(111), 107.9–112.8 kJ mol−1 and (1.87–
4.02)× 1011 s−1, rather than Cu(110) and Cu(100); thus, the
surface of Cu particles in Cu/SiO2 is expected to comprise
FIG. 5. log(θHCOO/θ
0
HCOO) vs reaction time during the isothermal de-

composition of formate on Cu/SiO2.
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FIG. 6. Arrhenius plot of the rate constant for the formate decompo-
sition on Cu/SiO2 (d) with data for Cu(111) measured by XPS (17) (s)
and IRAS (12) (4) and Cu(110) by IRAS (12) (h).

the most densely packed Cu(111) plane. Considering the
results of Section 3.1, that is, the kinetics of formate synthe-
sis, the Cu(111) surface can be regarded as a model of the
Cu/SiO2 powder catalyst prepared in this study. Interest-
ingly, the decomposition of the formate on Cu is structure-
sensitive, although the formation of formate is structure-
insensitive as described in Section 3.1. The detailed surface
chemistry will be published elsewhere (18).

3.3. Formate Decomposition in H2

We have incidentally found that the rate of the formate
decomposition on Cu(111) is accelerated by the presence of
H2. Interestingly, the promotion was observed for Cu(111),
but not for Cu(110) (18). We thus examined the promo-
tion in the formate decomposition on the Cu/SiO2 pow-
der catalyst. The decomposition rate of formate synthe-
sized from a CO2/H2 mixture of 190 Torr/570 Torr was
measured on Cu/SiO2 in H2 diluted with helium. Figure 7
shows representative results of the isothermal decompo-
sition experiments at 363 K in pure helium, 303 Torr H2,
and 457 Torr H2. As described in Section 3.2, the slope

TABLE 2

Activation Energy and Pre-exponential Factor for Decomposition
of Formate Synthesized by Hydrogenation of CO2

Catalyst Method Ea/kJ mol−1 ν/s−1 Ref.

Cu/SiO2 GC 115.7 5.38× 1011 This work
Cu(111) XPS 112.8 4.02× 1011 17
Cu(111) IRAS 107.9 1.87× 1011 12
Cu(110) IRAS 145.2 1.22× 1016 12
Cu(100) TPD 130–155a 26
a From the energy diagram in Ref. (26).
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FIG. 7. log(θHCOO/θ
0
HCOO) vs reaction time during the isothermal de-

composition of formate on Cu/SiO2 at 363 K in the presence of H2. PH2 = 0
(j), 303 (d), and 457 (m) Torr diluted with helium.

of log(θHCOO/ log θ0
HCOO) vs t gives the decomposition rate

constant. It is clearly demonstrated that the presence of
H2 promotes the decomposition of formate by a factor of
6 at the H2 pressure of 457 Torr. The linearity shown in
Fig. 7 indicates that formate decomposes unimolecularly
even in the presence of H2. The dependence of H2 pressure
on the decomposition rate was examined by varying the H2

pressure while keeping the reaction temperature at 363 K.
Figure 8 shows the initial decomposition rate of formate at
θHCOO= 0.24 as a function of the H2 pressure on Cu/SiO2

with data obtained for Cu(111) (18). As shown in Fig. 8, the
promotion curve measured for Cu/SiO2 was very similar
to that obtained for Cu(111), supporting that the Cu(111)
surface is the model for Cu/SiO2. We checked that the pro-
motion by H2 was not due to the consumption of formate by
hydrogenation into formic acid. That is, no formic acid nor
FIG. 8. Effect of H2 on the initial rate of formate decomposition on
Cu/SiO2 (d) at 363 K in comparison with data for Cu(111) (4).
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the decomposition product of CO2 was detected upon intro-
duction of 456 Torr H2 over the formate-adsorbed Cu/SiO2

catalyst. The peak for Cu/SiO2 was shifted to higher pres-
sure compared to those of Cu(111) and Cu(111) as shown in
Fig. 8, which was thought to be an effect of SiO2 as discussed
in Section 3.4.

The promotional effect of H2 upon the decomposition
rate can be related to the adsorption structure of the for-
mate on Cu. First, a very characteristic relationship has
been observed between the decomposition kinetics and
the structure of formate on Cu(111). That is, the formate
species prepared by adsorption of formic acid in UHV de-
composed faster by a factor of 17 than the formate syn-
thesized from CO2 and H2, and the adsorption structures
of formate on Cu(111) were different depending on the
preparation method. As for the synthesis from CO2 and
H2, chains consisting of formate molecules were observed
at low formate coverage with the distance between the for-
mate molecule being twice the nearest-neighbor distance of
Cu atoms. With increasing formate coverage, the distance
between the chains was reduced to form various ordered
structures, indicating that the formate–formate interaction
in a chain is attractive, whereas the interaction between
the chains is repulsive. However, no chain structure was
observed for the formate prepared by adsorption of formic
acid. At the low formate coverage, no single formate species
can be imaged by STM at room temperature, indicating that
formate diffuses on Cu(111) more rapidly than the scanning
of the STM tip. With increasing formate coverage, p(4× 4)
and then (3× 7

2 ) structures appeared, but no chain struc-
ture was observed at any formate coverage. Accordingly,
the difference seen in the decomposition kinetics of formate
depending on the preparation method was in their adsorp-
tion structure. Most interestingly, the decomposition rates
of the synthesized formate in the presence of H2 at the max-
ima were exactly the same as those of the formate prepared
from formic acid. Probably, the chain structure of the syn-
thesized formate will collapse in the presence of Ha by an
interaction between Ha and formate, leading to an increase
in the decomposition rate of formate.

We briefly discuss the relationship between the decom-
position kinetics and the adsorption structure (13). Al-
though the decomposition rate of the formate prepared
from formic acid was greater than that of the formate pre-
pared from CO2 and H2, the activation energy was iden-
tical. The difference in the decomposition rate is thus due
to changes in the pre-exponential factor of the rate con-
stant, or the frequency factor in the transition state of the
decomposition. The transition state of the formate decom-
position may be passed by the OCO vibration toward the
surface, which determines the frequency factor. In the chain
structures, the OCO plane vibration will be inhibited by the

nearest-neighbor formate species, leading to a decrease in
the frequency factor.
T AL.

We also thought that at higher H2 pressures above
500 Torr in Fig. 8 the high coverage of Ha blocked the Cu
site required for the transition state of the decomposition,
leading to a decrease in the decomposition rate of formate.

3.4. Equilibrium Coverage and Effect of SiO2

Equilibrium formate coverage on Cu/SiO2 during the hy-
drogenation of CO2 was measured using the TPD experi-
ment, which was then compared with that calculated from
the kinetics of the formate synthesis and the formate de-
composition described in Sections 3.1–3.3. The hydrogena-
tion of CO2 was carried out at 353–539 K for 90–120 min
using a mixture of 380 Torr CO2 and 380 Torr H2. The mea-
sured formate coverage is shown by closed circles in Fig. 9
as a function of reaction temperature. The calculated for-
mate coverage is also shown here as a solid line based on
the following equations:

r f = r f0{1− (θHCOO/0.24)} [5]

rd = k′dθHCOO [6]

θHCOO = r f0/{(r f0/0.24)+ k′d}. [7]

Here, it is assumed that the initial formation rate of the
formate (rf0) is first-order in formate coverage, and the sat-
urated formate coverage is 0.24. k′d is the rate constant for
the decomposition of formate in the presence of 380 Torr
H2. The k′d was calculated from the rate constant at 363 K
and 380 Torr H2 in Fig. 8 as well as the activation energy
(115.7 kJ mol−1) of the formate decomposition on Cu/SiO2

in the absence of H2, based on the fact that the activation
energy was identical, independent of the H2 pressure on
Cu(111) (18). It is clearly shown that the measured for-
mate coverage can be well reproduced by the calculated

FIG. 9. Equilibrium formate coverage under the hydrogenation of
CO2 at 380 Torr CO2/380 Torr H2 on Cu/SiO2 (d) in comparison with data

for Cu(111) (4). The solid curves are the calculated coverage based on
the kinetic model and the points are the measured coverage.
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coverage based on the kinetics of Eqs. [5] and [6] measured
separately; thus, the kinetics reported in this study is ap-
plicable to estimate the surface formate coverage on the
Cu/SiO2 catalyst under the steady state of the CO2 hydro-
genation at any reaction temperature.

In comparison, the results of Cu(111) are also shown in
Fig. 9 (18). The reaction conditions are exactly the same
as those for Cu/SiO2. Similarly to Cu/SiO2, the measured
formate coverage in equilibrium is in good agreement with
that calculated from the kinetics of the formate synthesis
and the formate decomposition. However, the formate cov-
erage on Cu(111) was less than that on Cu/SiO2. This can be
ascribed to the difference shown in Fig. 8; that is, the decom-
position rate on Cu/SiO2 at 380 Torr H2 is lower than that
on Cu(111), leading to the relatively large equilibrium for-
mate coverage on Cu/SiO2. In other words, the difference
lies in the peak shift of the decomposition rate on Cu/SiO2

to higher H2 pressures compared to that for Cu(111). This
was the only effect of SiO2 observed in the chemistry of
formate on the Cu/SiO2 catalyst.

We have argued here that the surface of Cu particles
supported on SiO2 comprises Cu(111) planes because be-
tween Cu/SiO2 and Cu(111) (i) the kinetics of the formate
synthesis is identical (Section 3.1), (ii) the kinetics of the
formate decomposition in UHV is identical (Section 3.2),
and (iii) the promotional effect of H2 on the decompo-
sition rate is observed, but is not observed for Cu(110)
(Section 3.3). Although these kinetics are basically iden-
tical between Cu/SiO2 and Cu(111), the effect of SiO2 was
seen in the hydrogen-promoting decomposition kinetics on
Cu (Fig. 8) . We currently consider that atomic hydrogen
coverage on Cu determining the decomposition rate may
be decreased by the presence of SiO2. That is, atomic hydro-
gen formed by dissociation of H2 on Cu spills over onto the
surface of the SiO2 support, leading to the decrease in the
hydrogen coverage on Cu. The mechanism of the hydrogen
promotion, its structure sensitivity, and the spillover model
are still under investigation.

4. CONCLUSIONS

(1) The kinetics of formate synthesis from CO2 and
H2 and from formate decomposition were measured on
a Cu/SiO2 catalyst, which basically agreed with those re-
ported for Cu(111) in terms of the activation energy, the
order of the reactions, and the absolute reaction rate. This
indicates that the Cu(111) surface can be regarded as a mo-
del catalyst for Cu/SiO2 catalysts.

(2) The promotional effect of H2 upon decomposition of
the formate was observed on the Cu/SiO2 catalyst as previ-
ously observed for Cu(111) but not for Cu(110); this again

supports that the surface of Cu particles in the Cu/SiO2

catalyst comprises Cu(111) planes.
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(3) The measured equilibrium formate coverage during
the hydrogenation of CO2 at 353–539 K was in good agree-
ment with that calculated from the kinetics of the formate
synthesis and the formate decomposition measured sepa-
rately, where the promotional effect of H2 on the decompo-
sition is considered. However, the equilibrium coverage on
Cu/SiO2 was greater than those measured and calculated
for Cu(111). This is explained by an effect of SiO2 upon hy-
drogen coverage on the Cu surface, where hydrogen atoms
formed by dissociation of H2 on Cu spill over onto the SiO2

surface, leading to a decrease in hydrogen coverage on Cu.
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