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Creation of the active site for methanol synthesis on a Cu/S10, catalyst

T. Fuyjitani*

National Institute for Resources and Environment, Tsukuba, Ibaraki 305, Japan

T. Matsuda
Research Institute of Innovative Technology for the Earth, Souraku, Kyoto 305, Japan

Y. Kushida, S. Ogihara, T. Uchijima and J. Nakamura*
Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305, Japan

Received 12 August 1997; accepted 23 October 1997

The effect of ZnO/Si0; in a physical mixture of Cu/SiO; and ZnO/SiO, on methanol synthesis from CO, and H, was studied
to clarify the role of ZnO in Cu/ZnO-based catalysts. An active Cu/SiO, was prepared by the following procedure: the Cu/SiO,
and ZnO/Si0; catalysts with a different SiO, particle size were mixed and reduced with H; at 523-723 K, and the Cu/SiO, was then
separated from the mixture using a sieve. The methanol synthesis activity of the Cu/SiO, catalyst increased with the reduction tem-
perature and was in fairly good agreement with that previously obtained for the physical mixture of Cu/SiO; and ZnO/SiO;. These
results indicated that the active site for methanol synthesis was created on the Cu/SiO; upon reduction of the physical mixture with
H,. It was also found that ZnO itself had no promotional effect on the methanol synthesis activity except for the role of ZnO to create
the active site. The active site created on the Cu/SiO; catalyst was found not to promote the formation of formate from CO; and H,
on the Cu surface based on in situ FT-IR measurements. A special formate species unstable at 523 K with an OCO asymmetric peak

at ~1585cm ™! was considered to be adsorbed on the active site.

Keywords: methanol synthesis, Cu/ZnO catalyst, hydrogenation of CO;, role of Zn, in situ FT-IR

1. Introduction

Although Cu/ZnO-based catalysts are well known to
be active for the methanol synthesis by hydrogenation of
CO or COs, the reaction mechanism, the active species,
and the role of ZnO are still ambiguous and controver-
sial. The issue of the role of ZnO has been roughly classi-
fied into three categories. (i) ZnO itself directly plays a
role in catalyzing methanol synthesis, (ii) the ZnO sup-
port changes the morphology of Cu particles leading to
an active Cu surface such as Cu(110), and (iii) an active
site is created on the surface of Cu in the presence of
ZnO.

Concerning the proposed role (i), Burch et al. [1-3]
have reported that ZnO behaves as a reservoir for atomic
hydrogen needed for the hydrogenation steps on the Cu
surface. On the other hand, adsorbates such as formate
or methoxy formed on ZnO surfaces have been reported
to be the intermediate during methanol synthesis. Fujita
et al.[4,5] have shown that the methoxy species adsorbed
on a ZnO catalyst is readily hydrolyzed to methanol by
water. Recently, several papers have been published on
the morphology of Cu particles on ZnO surfaces, or the
role (ii). Yoshihara and Campbell [6] have suggested that
the role of ZnO is to maintain ultrathin Cu islands that
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have (110)-like behavior. Ovesen et al. [7] have carried
out a dynamic micro-kinetic analysis of the methanol
synthesis including the changes in the particle morphol-
ogy of Cu based on EXAFS data [8]. Hadden et al. [9]
have also studied the morphological changes of the Cu
surface of a Cu/Zn0O/Al,O; catalyst by CO TPD.

We have studied the role of ZnO in the methanol syn-
thesis by the hydrogenation of CO, over Cu catalysts
using both surface science techniques and powder cat-
alysts [10-16]. The results obtained so far have definitely
indicated the creation of an active site in the presence of
ZnO, namely (iii) in the above categories. It has been
found that Zn deposited on Cu(111) significantly pro-
motes the methanol synthesis activity, but does not pro-
mote the reverse water—gas shift reaction [12-14]. This is
evidence for the presence of a special species that pro-
motes the methanol synthesis. The results obtained from
the surface science studies are consistent with those of
the powder catalysts such as a physical mixture of Cu/
Si0; + ZnO/Si0; [14-16]. That is, the ZnO, species in
the physical mixture was found to migrate from the ZnO
particles onto the Cu particles upon H; reduction at
523-723 K, leading to the creation of active sites on the
Cusurface.

The objective of the present study is to clarify the fol-
lowing two points:

(i) We tried to prepare the active species on the Cu/
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Si0; catalyst by excluding the ZnO/SiO; particles from
the mixture of Cu/SiO; and ZnO/Si0O, after reducing
the mixture with H,. At the same time, we determined
whether or not the ZnO/SiO itself in the physical mix-
ture of Cu/SiO; and ZnO/SiO; has any promotional
effect such as the hydrogen spillover or the conversion of
the adsorbates on ZnO to methanol.

(i1) In this study, we divided the methanol synthesis
into two parts, before and after the formation of the for-
mate intermediate. We then examined which part is pro-
moted by the creation of the active site.

2. Experimental

The Cu/SiO; and ZnO/Si0O; catalysts were prepared
by the alkoxide method [17] using Cu(NOj3),, Zn(NO3),
and Si(OCH,CHj), as previously reported [16]. The
loading of Cu and ZnO in the Cu/SiO; and ZnO/Si0O,
catalysts was 30 and 70 wt%, respectively. After drying
the catalyst gel at 383 K for 24 h, the catalyst was cal-
cined at 623 K for 2 h in air. The obtained Cu/SiO, and
ZnO/Si0; catalysts were then sieved to collect the cat-
alyst particles with sizes of < 200 ym and > 250 um,
respectively. The catalysts were physically mixed with a
weight ratio of Cu/SiO; : ZnO/SiO, = 2: 1, and the
mixture was reduced with H; in a flow reactor for 2 h at
523-723 K and 50 atm. This leads to the preparation of
the active site on the Cu/SiO,. After the reduction, the
Cu/Si0; was separated from the physical mixture using
a 200 pm sieve. The collected Cu/SiO, catalyst was set in
the flow reactor and reduced with H, at 523 K and 50
atm. The weight of the catalyst was 2 g. The hydrogena-
tion of CO, was then carried out at 50 atm with a H,/
CO, ratio of 3. The flow rate was 300 cm>/min, and the
typical reaction time was 2 h. The reaction products were
analyzed using gas chromatographs with a thermal con-
ductivity detector and a flame ionization detector.

For anin situ FT-IR study, a Fourier transform infra-
red spectrometer (JIR-6500, Jeol) was connected to a
flow reactor (Spectra Tech model 0030-102) to observe
the behavior of adsorbates during the methanol syn-
thesis. The windows of the reactor were made of ZnSe.
The samples were placed in a sample cup without further
dilution. A thermocouple was inserted in the reaction
cell, which reached the catalyst bed. Typically, before
the FT-IR measurements, catalysts were reduced with
H,at 523K and 1 atm for 0.5 hin the flow reactor.

3.Results and discussion
3.1. Creation of active species
We have previously shown [16] that ZnO, species

migrates from ZnO/SiO; particles onto the Cu/SiO;
surface in a physical mixture of ZnO/SiO; + Cu/SiO,
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upon H; reduction at 523-723 K as mentioned in the
introduction. The migration of the ZnO, species has
been considered to create active sites for the methanol
synthesis on the surface of Cu. However, it was not clear
whether or not ZnO/SiO, itself had any activities for
methanol synthesis. To answer this question, we tried to
prepare a ZnO,-promoted Cu/SiO; catalyst by exclud-
ing ZnO/Si0O; particles using the following procedure;
we first prepared Cu/SiO; (< 200 pm) and ZnO/SiO,
(250-500 pm) catalysts supported by SiO; with different
particle sizes, then reduced the mixture with Hj, and
finally separated the Cu/SiO, from the mixture using a
200 pm sieve (see section 2). Figure 1 shows the catalytic
activity of the separated Cu/SiO; catalyst at 50 atm and
523 K as a function of the reduction temperature,
together with the previous results of the physical mixture
of ZnO/Si0, + Cu/Si0; and non-treated Cu/SiO, [16].
It is clear that the activity increased with increasing
reduction temperature for both the separated Cu/SiO,
and physical mixture. The results indicated that the
ZnO, species that migrated onto the Cu surface created
active sites for methanol synthesis and that ZnO/SiO,
possesses no appreciable activity for methanol forma-
tion. The results also indicated that the methoxy or for-
mate species probably formed on the ZnO particles,
which were reported to be intermediates of methanol
formation [4,5], do not contribute to the promotional
effect observed in the physical mixture of Cu/
Si0; + ZnO/SiO,. From now on, we will abbreviate the
separated Cu/SiO; to (Zn)Cu/SiO,.

To confirm the migration of Zn species onto the Cu/
Si0,, XRD measurements were made for the (Zn)Cu/
Si0, reduced at different temperatures as previously car-
ried out for Cu/SiO; + ZnO/Si0; [16]. Figure 2 shows
the lattice constant of Cu estimated from the XRD meas-
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Figure 1. Methanol synthesis activity for the hydrogenation of CO,

over the separated Cu/SiO; ((A) (Zn)/Cu/SiO;) as a function of reduc-

tion temperature, together with the previous data for the physical mix-

ture (((J) Cu/SiO; + ZnO/Si0;) and non-treated Cu/SiO, ((O) Cu/
Si0,) catalysts.
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Figure 2. The lattice constant of Cu estimated from the XRD measure-

ments of the (Zn)Cu/SiO; ((A) (Zn)/Cu/Si0,) as a function of reduc-

tion temperature, together with the previous data for the physical

mixture (((J) Cu/SiO, + ZnO/Si0,) and non-treated Cu/SiO; ((O)
Cu/Si0,) catalysts.

urements of the (Zn)Cu/SiO,, together with Cu/SiO,
and Cu/SiO; + ZnO/Si0, [16] data, as a function of
reduction temperature. As reported earlier, a XRD peak
appeared at 20 = 43.3° for Cu/SiO; regardless of the
reduction temperature, from which the lattice constant
of Cu for Cu/Si0, was found to be the same as that for
pure copper (3.615 a) [18]. In contrast, the lattice con-
stant of Cu for the (Zn)Cu/SiO, increased with increas-
ing reduction temperature as shown in figure 2, which is
similar to the behavior of the Cu/SiO; + ZnO/SiO,
mixture. The lattice constant of Cu for the (Zn)Cu/SiO,
reduced at 723 K was estimated to be 3.64 a, from which
the average content of Zn in the Cu particles for the
(Zn)Cu/SiO; reduced at 723 K was estimated to be
about 13% based on the literature data [18]. The results
indicate the migration of Zn species from the ZnO parti-
cles to the Cu particles upon reduction at high tempera-
ture.

The results in figure 1 are comparable with those
obtained from the surface science study using the
Cu(111) model catalyst. We have found that the deposi-
tion of Zn on Cu(111) enhances the methanol synthesis
activity by an order of magnitude [12-14]. At the promo-
tional regime of Zn coverage (0 < ©z, < 0.2), the Zn
species was found to be metallic during the reaction, and
it was suggested that Zn atoms are substituted with Cu
atoms leading to a Cu-Zn surface alloy. That is, the
active species is not composed of ZnO, but metallic Zn.
Thus, it is suggested that the active site newly created on
the Cu/SiO, upon reduction in the presence of ZnO is
the Zn atom in the Cu—Zn surface alloy. The recent sur-
face science results of the Zn-deposited Cu(111) thus
indicated [12,13] that the Cu-Zn site and Cu® are both
active species for methanol synthesis, although our pre-
vious studies using the powder catalysts suggested that
Cu* and Cu® species co-work to catalyze methanol syn-
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thesis [15,19]. Currently, we considered that the model
of the Cu-Zn active site is correct, and the Cu* species
proposed in the powder catalyst are probably due to the
decomposition of formate intermediates upon evacua-
tion of the reaction mixture at 523 K.

3.2. Formate synthesis

A question arises as to which elementary step is pro-
moted by the creation of active species on the (Zn)Cu/
Si0O; catalyst. It has been accepted that methanol is pro-
duced through formate and methoxy intermediates [20—
22]. We were first interested in which elementary step
before or after the formation of the formate intermediate
is promoted by the Zn species. To examine the effect of
the Zn species on the formation of formate, we measured
the reaction rate of the formate synthesis on the Cu/
Si0, and (Zn)Cu/SiO; catalysts using in situ FT-IR by
exposing CO, and H (1 : 3) to them at 373 K and 1 atm.
Figure 3 shows the peak intensity of the OCO symmetric
stretching of formate at 1350 cm ™! as a function of expo-
sure time. The formation rate of the formate species was
the same for both Cu/SiO; and (Zn)Cu/SiO;, indicating
that the newly created active site upon Zn migration does
not promote the formation process of formate species
from CO, + H,.

The results in figure 3 are consistent with our surface
science results concerning the formation of formate on
Cu(111) and Zn/Cu(111) [13,22,23]. That is, no promo-
tional role of Zn in the formation of formate from
CO; + H; was observed over a Zn-deposited Cu(111)
surface (©z, = 0.09). Here, the saturation coverage of
formate on a clean Cu(111) surface was estimated to be
Oucoo = 0.25, where © = 1 corresponded to the num-
ber of surface Cu atoms. Assuming that the saturation
coverage of formate in figure 3 is 0.25, the initial forma-
tion rate of formate over the Cu/SiO, was estimated to
be 1.7 x 10~ molecules/(site s) at 373 K. This value was
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Figure 3. The intensity of the IR peak at 1350 cm~! due to formate spe-
cies as a function of exposure time at 373 K and 1 atm. (A) (Zn)Cu/
SiO,, (O) Cu/Si0,.
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Figure 4. In situ FT-IR spectra of formate species formed during the hydrogenation of CO; at 423-523 K and 1 atm. (a) Cu/SiO», (b) (Zn)Cu/
Si0,, (c) Cu/Si0; + ZnO/SiOs.

comparable with that measured for the clean Cu(111)
surface (7.6 x 10~*molecules/(site s)), although the H,/
CO;ratio ( = 3)in the powder experiment was different
from that ( = 1) in the surface science experiment. The
results in figure 3 indicate that the Zn active species pro-
mote a hydrogenation process after the formation of for-
mate. This is consistent with the literature which has
reported that the rate-determining step of methanol syn-
thesis over Cu catalysts is hydrogenation of the formate
[20,21,24] or dioxymethylene (H,COO) species [25].

3.3. Special formate species

Differences among Cu/SiO,, (Zn)Cu/SiO,, and the
physical mixture observed in the in situ FT-IR measure-
ments were the peak position of the OCO asymmetric
stretching due to formate species and the behavior vary-
ing with reaction temperature. Figures 4a—4c show the
in situ FT-IR spectra of the OCO asymmetric stretching
during the hydrogenation of CO, at 423-523 K and
I atm.

For Cu/SiO,, a single peak due to the asymmetric
stretching of the formate species was observed at 1546
1548 cm™~!, characteristic of formate on the metallic Cu
surface, whose intensity increased with decreasing reac-
tion temperature. As for (Zn)Cu/SiO,, a peak at 1585—
1591 cm™~! appeared in addition to the peak of the Cu-
formate at ~1550 cm~'. The peak at ~1590 cm~! was
also seen for the physical mixture of Cu/SiO; + ZnO/
Si0,, whereas its intensity was relatively large and the
temperature dependency was quite different from that
for the peak at ~1585 cm™! for (Zn)Cu/SiO,. That is,
the peak at 1585 cm™! for the physical mixture was seen
at a high temperature of 523 K without decomposition,
while the peak observed for (Zn)Cu/SiO; disappeared at

523 K. It has been reported that the formate species
adsorbed on ZnO is stable up to 600 K [26,27]. On the
other hand, formate species on metallic Cu surface starts
to significantly decompose around 450 K [28-30]. Thus,
the peak at ~1585 cm~! seen for the physical mixture
was assigned to the formate species adsorbed on ZnO.
On the other hand, the formate species unstable at 523 K
with the peak at 1585 cm ™! was unique for the (Zn)Cu/
Si0, and was considered to be adsorbed on the active
site.

Recently, we have observed the formate species, with
the OCO asymmetric peak at 1585 cm~! by IRAS, on the
Zn/Cu(111) surface during the hydrogenation of CO, at
348 K and 1 atm. The Zn/Cu(111) had no atomic oxygen
and was considered to be the Cu-Zn surface alloy as
already mentioned. We currently regard that the for-
mate species bound to the Cu-Zn active site shown in
figure 5 is the pivotal intermediate of methanol syn-
thesis.

Figure 5. Proposed model of the special bidentate formate adsorbed
on the Cu-Znsite.
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4. Conclusions

(1) The active species for methanol synthesis was suc-
cessfully prepared on the Cu/SiO; catalyst by reduction
of the physical mixture of Cu/SiO, + ZnO/SiO, with
H; at 523-723 K followed by the separation of Cu/SiO,
from the mixture by a sieve.

(i1) Formate or methoxy species on the ZnO surface
is not an intermediate of the methanol synthesis reaction
over the physical mixture catalyst under the reported
reaction conditions. The ZnO itself in the physical mix-
ture has no promotional effect on the methanol synthesis
activity.

(ii1) The Zn active species created on the Cu surface
of the (Zn)Cu/SiO; catalyst does not promote the for-
mation of formate species from CO; and H; on the Cu
surface. The reaction rate on the Cu/SiO, catalyst is
comparable with that measured on Cu(111).

(iv) A special formate species unstable at 523 K with
an OCO asymmetric peak at ~1585 cm ™! is observed for
the (Zn)Cu/SiO; catalyst, which is probably bound to
the Zn active species.

Acknowledgement

This work was partly supported by the New Energy
and Industrial Technology Development Organization.

References

[1]1 R.Burch, R.J. Chappell and S.E. Golunski, Catal. Lett. 1 (1988)
439.

[2] R. Burch, R.J. Chappel and S.E. Golunski, J. Chem. Soc.
Faraday Trans. 85 (1989) 3569.

[3] R. Burch, S.E. Golunski and M.S. Spencer, J. Chem. Soc.
Faraday Trans. 86 (1990) 2683.

[4] S. Fujita, M. Usui, E. Ohara and N. Takezawa, Catal. Lett. 13
(1992) 349.

[5] S. Fujita, H. Ito and N. Takezawa, Bull. Chem. Soc. Jpn. 66
(1993) 3094.

[6] J.Yoshiharaand C.T. Campbell, J. Catal. 161 (1996) 776.

[71 C.V. Ovesen, B.S. Clausen, B.S. Hammershgi, G. Steffensen,
T. Askgaard, I. Chorkendorff, J.K. Ngrskov, P.B. Rasmussen,
P. Stoltze and P. Taylor, J. Catal. 158 (1996) 170.

[8] B.S. Clausen, L. Grabak, C.V. Schigtz, K.W. Jacobsen and
J.K. Ngrskov, Topics Catal. 1 (1994) 367.

[9] R.A. Hadden, B. Sakakini, J. Tabatabaei and K.C. Waugh,
Catal. Lett. 44 (1997) 145.

[10] J. Nakamura, I. Nakamura, T. Uchijima,
T. Watanabe and T. Fujitani, J. Catal. 160 (1996) 65.

[11] I. Nakamura, T. Fujitani, T. Uchijima and J. Nakamura, J. Vac.
Sci. Technol. A 14 (1996) 1464.

[12] J. Nakamura, I. Nakamura, T. Uchijima, T. Watanabe and
T. Fujitani, Proc. 11th Int. Congr. on Catalysis, Studies in Surface
Science and Catalysis, Vol. 101 (Elsevier, Amsterdam, 1996)
p. 1389.

[13] T. Fujitani, I. Nakamura, T. Uchijima and J. Nakamura, Surf.
Sci. 383 (1997) 285.

[14] J. Nakamura, Y. Kanai, T. Uchijima and T. Fujitani, Catal.
Today 28 (1996) 223.

[15] Y. Kanai, T. Watanabe, T. Fujitani, M. Saito, J. Nakamura and
T. Uchijima, Catal. Lett. 27 (1994) 67.

[16] Y. Kanai, T. Watanabe, T. Fujitani, T. Uchijima and
J. Nakamura, Catal. Lett. 38 (1996) 157.

[17] A. Ueno, H. Suzuki and Y. Kotera, J. Chem. Soc. Faraday
Trans. 179 (1983) 127.

[18] W.B. Pearson, A Handbook of Lattice Spacing of Metals and
Alloys (Pergamon, Oxford, 1973) p. 601.

[19] T. Fujitani, M. Saito, Y. Kanai, T. Kakumoto, T. Watanabe,
J. Nakamura and T. Uchijima, Catal. Lett. 25(1994)271.

[20] S. Fujita, M. Usui, H. Ito and N. Takezawa, J. Catal. 157 (1995)
403.

[21] M. Bowker, R.A. Hadden, H. Houghton, J.N.K. Hyland and
K.C. Waugh, J. Catal. 109 (1988) 263.

[22] J. Nakamura, Y. Kushida, Y. Choi, T. Uchijima and T. Fujitani,
J. Vac. Sci. Technol. A 15(1997) 1568.

[23] T. Fuyjitani, I. Nakamura, S. Ueno,
J. Nakamura, Appl. Surf. Sci., in press.

[24] J. Yoshihara, S.C. Parker, A. Schafer and C.T. Campbell, Catal.
Lett. 31(1995) 313.

[25] P.B. Rasmussen, M. Kazuta and I. Chorkendorff, Surf. Sci. 318
(1994) 267.

[26] J.M. Vohsand M.A. Barteau, Surf. Sci. 197 (1988) 109.

[27] M. Bowker, H. Houghton and K.C. Waugh, J. Chem. Soc.
Faraday Trans. 177 (1981) 3023.

[28] L.H. Dubois, T.H. Ellis, B.R. Zegarski and S.D. Kevan, Surf.
Sci. 172 (1986) 385.

[29] 1. Wachsand R.J. Madix, J. Catal. 53 (1978) 208.

[30] P.A. Taylor, P.B. Rasmussen, C.V. Ovesen, P. Stoltze and
1. Chorkendorff, Surf. Sci. 261 (1992) 191.

Y. Kanai,

T. Uchijima and



