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Abstract

The interactions of CO, CO/H2, H2, D2, and CH3OH with t-ZrO2, m-ZrO2, Cu/t-ZrO2, and Cu/m-ZrO2 were investigated by in situ
infrared spectroscopy with the aim of understanding the nature of species involved in methanol synthesis and the dynamics of
tion and consumption of these species. With both phases of ZrO2, the primary surface species observed during CO hydrogenation
bidentate formate groups, b-HCOO–Zr, and methoxide groups, CH3O–Zr. Transient-response experiments indicated that the rate-lim
step for each catalyst is the reductive elimination of methoxide species. Relative to 1.2 wt% Cu/t-ZrO2, however, spillover of H atoms an
the formation and reduction of formate and methoxide species proceeded more rapidly on the more active 1.2 wt% Cu/m-ZrO2. Steady-
state intensities of surface species were also larger on 1.2 wt% Cu/m-ZrO2. These differences are attributed to the higher reactivity of
hydroxyl groups on the surface of m-ZrO2. Increasing the Cu surface area on m-ZrO2 increases the rate of reductive elimination of meth
ide species up to a maximum value, determined by the eventual saturation of the ZrO2 surface with H atoms via spillover from Cu. Th
product of the apparent rate coefficient for reductive elimination of methoxide species and the surface concentration of these s
creases linearly with increasing Cu surface area, which is consistent with the proportionality seen in the rate of methanol synthesi
state.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cu supported on ZrO2 with Cu is a very active catalys
for the synthesis of methanol from CO and H2 [1–12]. Pre-
vious studies have shown that both catalyst components
a role in the hydrogenation of CO to methanol: ZrO2 ad-
sorbs CO and all carbon-containing intermediates, lea
to methanol, whereas supported Cu particles adsorb H2, and
then H atoms spill over onto the surface of ZrO2, where
they participate in the hydrogenation of CO. In Part I of
present study we demonstrated that the phase of ZrO2 has a
* Corresponding author.
E-mail address: bell@cchem.berkeley.edu(A.T. Bell).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.04.027
strong influence on catalyst activity and selectivity[13]. Cat-
alysts prepared with monoclinic ZrO2 (m-ZrO2) are nearly
an order of magnitude more active for methanol synth
activities and exhibit higher methanol selectivities than c
alysts with the same Cu surface density deposited on te
onal ZrO2 (t-ZrO2) with the same surface area as m-ZrO2.
These differences are attributed to the higher concentra
of anionic defects on m-ZrO2 than t-ZrO2. Such defects
when present adjacent to surface hydroxyl groups, rea
adsorb CO to form bidentate formate groups. It was a
shown that the methanol synthesis activity of Cu/ZrO2 is
proportional to the surface area of the deposited Cu. Incr

ing the overall Cu surface area increases the rate of H atom
spillover and, hence, the rate of hydrogenation of adsorbed
CO to methanol.

http://www.elsevier.com/locate/jcat
mailto:bell@cchem.berkeley.edu
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In Part II of this study, in situ FTIR spectroscopy was us
to investigate the dynamics of CO adsorption and CO
drogenation on Cu/m-ZrO2 and Cu/t-ZrO2 at reaction tem-
perature. This work was undertaken to determine the na
of the adsorbed species formed and their relationship to
mechanism of methanol synthesis. These transient-resp
studies also provided insights into relative rates at which
mentary processes occur on Cu/m-ZrO2 and Cu/t-ZrO2. The
effects of the concentration of exposed Cu atoms on the
namics of CO hydrogenation were also investigated.

2. Experimental

The preparation and characterization of the Cu/Z2
catalysts used in this study have been described p
ously [13]. Both t-ZrO2 and m-ZrO2 have a surface are
of ∼ 145 m2/g. Cu was deposited on each support
deposition-precipitation, which was found to yield a high
dispersion of Cu compared with incipient-wetness impr
nation [14]. The surface areas of the dispersed Cu w
determined by H2-TPR after N2O titration [14]; the results
are presented inTable 1.

The steady-state methanol synthesis activity of each s
ple was measured with a glass-lined microreactor. A
mixture of H2 and CO was supplied to the reactor from
gas manifold, and the reaction products were analyze
gas chromatography. A more detailed description of the
actor apparatus is given in Ref.[13]. Steady-state rate da
were collected at 523 K, a total pressure of 3.0 MPa, an
feed flow rate of 60 cm3/min.

In situ transmission infrared spectroscopy experime
were conducted with a low-dead-volume infrared cell equ
ped with CaF2 windows [15]. Samples were pressed in
pellets with a density of approximately 0.015 g/cm3. In-
frared spectra were collected with a Nicolet Magna 7
series II FTIR spectrometer equipped with a narrow-b
MCT detector. We obtained in situ absorbance spectra
lecting either 32 or 128 scans at 2 cm−1 resolution, which
were then referenced to a spectrum of the catalyst take
ter pretreatment in flowing He at the same temperatur
that used for reaction. The cell was heated by electrica
sistance heaters, controlled by a programmable temper
controller (Omega), and the sample temperature was m

Table 1
Surface area and methanol synthesis activity for Cu/t-ZrO2 and Cu/
m-ZrO2

a

Sample Cu surface

area (m2/g)

Mass specific
rate (µmol/(gcats))

1.2 wt% Cu/t-ZrO2 1.44 0.14
1.2 wt% Cu/m-ZrO2 0.87 1.1
6.4 wt% Cu/m-ZrO2 2.46 2.7
10 wt % Cu/m-ZrO2 2.70 3.0
20 wt% Cu/m-ZrO 1.88 1.5
2

a Reaction conditions:T = 523 K; P = 3.0 MPa; H2/CO= 3; total flow
rate= 60 cm3/min.
talysis 233 (2005) 210–220 211
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tored by a thermocouple located just above the catalyst p
inside the cell.

The reactants used for the infrared experiments were
rified before delivery to the sample cell. H2 (99.999%) (Air-
gas) was purified with the use of Oxi-Clear (Alltech) tra
to remove O2 and H2O. He (99.999%) was passed throu
a synthetic zeolite adsorbent (Alltech) to remove CO, C2,
O2, and H2O impurities. Another molecular sieve trap (A
tech) was used to remove CO2 and H2O from 15% CO/He
(99.99%) (Airgas). The purified gases were delivered to
infrared cell with Tylan mass flow controllers. A stream
0.5% CH3OH/He (99%) was delivered with a needle val
without further purification. Pressure in the cell was co
trolled with a back-pressure regulator (Go).

To remove any residual surface species before tes
each sample was calcined in a 10% O2/He mixture flowing
at 60 cm3/min. The sample was heated from room tempe
ture to 523 K at 2 K/min and then maintained at 523 K fo
8 h. Next, the sample was cooled to 323 K, swept with
and reduced in a 10% H2/He mixture flowing at a rate o
60 cm3/min while the temperature was increased at a rat
2 K/min to 523 K. The flow of 10% H2/He was maintained
at 523 K for 1 h before the flow was switched to 100%2
for an additional 1–3 h. The sample was then flushed w
He for 1 h before the initiation of an experiment.

3. Results

3.1. 1.2 wt% Cu/t-ZrO2

Fig. 1shows infrared spectra obtained during CO adso
tion at 523 K on 1.2 wt% Cu/t-ZrO2 exposed to a flow o
15% CO/He at a total pressure of 0.50 MPa. Strong ba
are observed at 1567, 1385, and 1367 cm−1, which are at-
tributable to theυas(OCO), δ(CH), and υs(OCO) modes,
respectively, of b-HCOO–Zr[9,16–23]. In the C–H stretch-
ing region, features at 2973 and 2892 cm−1 become apparen
after about 15 min and grow in intensity with time. T
2892 cm−1 band is assigned to the C–H stretching vib
tion of b-HCOO–Zr[9,16–22,25], and the 2973 cm−1 band
is attributed to a combination of the asymmetric O–C
stretching and C–H bending modes of the same spe
[20,21,24,25]. Virtually identical spectra were obtaine
upon exposure of t-ZrO2 in the absence of Cu, confirmin
that Cu does not influence the adsorption of CO as biden
formate species on the surface of t-ZrO2.

Formate formation has been attributed to the interac
of CO with hydroxyl groups on ZrO2 during CO adsorp
tion [18,26–29]. Evidence for this interaction is presented
Fig. 2, which shows spectra obtained in the OH stretch
region during the experiment presented inFig. 1. Bands ap-
pear at 3660 and 3738 cm−1 which are due to Zr–OH group

on t-ZrO2 [30,31]. These bands are negative and increase in
intensity with the duration of CO exposure, indicating that
ZrOH groups are consumed upon the adsorption of CO.
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Fig. 1. Infrared spectra (C–H and C–O stretching regions) taken for 1.2
0.45 MPa He flowing at a total rate of 60 cm3/min. Spectra referenced to

Fig. 2. Infrared spectra (O–H stretching region) taken for 1.2 wt%
t-ZrO2 at 523 K after switching feed from 0.50 MPa He to 0.05 MPa
and 0.45 MPa He flowing at a total rate of 60 cm3/min. Spectra reference
to 1.2 wt% Cu/t-ZrO2 under 0.50 MPa He flow at 523 K.

After CO adsorption for 1 h, transient-response spe
were recorded during CO hydrogenation at 523 K. H2 was
introduced into the flowing 15% CO/He (total pressure=
0.50 MPa) so as to achieve a H2/CO ratio of 3:1.Fig. 3
shows that the features for b-HCOO–Zr (2973, 2894, 15
1384, and 1366 cm−1) continue to increase in intensity u
to about 4 h, at which time they approach a steady-s
level. After about 4 min, bands at 2937 and 2837 cm−1, at-
tributable to theυ(CH3) modes of CH3O–Zr [17,18,20,26,
30,32,34], become apparent. These bands increase in in
sity, reaching a steady-state level after approximately

−1
A small band at approximately 1474 cmbecomes appar-
ent at longer times and is ascribed to theδ(CH) mode of
CH3O–Zr species[9,21,33].
Cu/t-ZrO2 at 523 K after switching feed from 0.50 MPa He to 0.05 MPa CO
t% Cu/t-ZrO2 under 0.50 MPa He flow at 523 K.

-

3.2. 1.2 wt% Cu/m-ZrO2

Fig. 4 shows infrared spectra recorded during CO
sorption on 1.2 wt% Cu/m-ZrO2 at 523 K. The catalys
was exposed to a flow of 15% CO/He at a total pressur
0.50 MPa. The features for b-HCOO–Zr (2969, 2883, 27
1563, 1386, and 1366 cm−1) are significantly more intens
than the analogous bands observed for 1.2 wt% Cu/t-Z2.
The small band in the C–H stretching region at 2745 cm−1 is
ascribed to a combination of theδ(CH) andυs(OCO) modes
of b-HCOO–Zr[21,24]. Features attributable to CH3O–Zr
(2934 and 2830 cm−1) appear almost immediately, even
the absence of gas-phase H2, and continue to increase in in
tensity for the duration of the experiment (∼ 1 h). At the
same time, bands appear at 1039 and 1142 cm−1 and in-
crease in intensity at a rate similar to that for the ba
at 2936 and 2836 cm−1. These peaks are assigned, resp
tively, to the C–O stretch of terminal (t-OCH3) and bridged
(b-OCH3) methoxide species on ZrO2 [33,35,36]. The fea-
tures at 1034 and 1142 cm−1 were not observable wit
1.2 wt% Cu/t-ZrO2 because of strong sample absorptio
below 1200 cm−1. The shoulder located at approximate
1320 cm−1 is assigned to b-CO32−–Zr species[23,26]. Sim-
ilar spectra were recorded for m-ZrO2 in the absence of Cu
The primary difference is that the intensity of the ban
for formate species in the spectra for 1.2 wt% Cu/m-Zr2
are less intense than those observed on m-ZrO2, possibly
because of the hydrogenation of some of these speci
methoxy groups in the former case. However, as with 1
Cu/t-ZrO2, all of the bands observed during the adsorpt
of CO on 1.2% Cu/m-ZrO2 are ascribable to adsorption o
ZrO2.

Fig. 5 presents spectra obtained in the OH stretching

gion during the adsorption of CO on 1.2% Cu/m-ZrO2. Neg-
ative absorbance bands at 3730 and 3670 cm−1 are ascribed
to the consumption of Zr–OH groups on m-ZrO2 [30,31].
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Fig. 3. Infrared spectra taken for 1.2 wt% Cu/t-ZrO2 at 523 K after switching feed from 0.05 MPa CO and 0.45 MPa He to 0.05 MPa CO, 0.15 MPa H2, and
0.30 MPa He flowing at a total rate of 60 cm3/min. Spectra referenced to 1.2 wt% Cu/t-ZrO2 under 0.50 MPa He flow at 523 K.
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Fig. 4. Infrared spectra (C–H and C–O stretching regions) taken for 1
and 0.45 MPa He flowing at a total rate of 60 cm3/min. Spectra reference

Consistent with the larger amount of formate species
tected on 1.2 wt% Cu/m-ZrO2, a significantly greater de
crease in Zr–OH was observed compared with that s
during CO adsorption on 1.2 wt% Cu/t-ZrO2 (Fig. 2). Cu/
m-ZrO2 at 1.2 wt% exhibits a larger consumption of lowe
frequency hydroxyl species relative to the higher-freque
hydroxyl species, which is the opposite of what is obser
on 1.2 wt% Cu/t-ZrO2. This observation suggests that t
Zr–OH groups responsible for the band at 3670 cm−1 are
consumed by reaction with CO more slowly than those
3730 cm−1.

Fig. 6 shows transient-response spectra obtained du
CO hydrogenation on 1.2 wt% Cu/m-ZrO2 at 523 K. We

obtained spectra by introducing H2 into the flowing 15%
CO/He (total pressure= 0.50 MPa) so as to achieve a H2/CO
ratio of 3:1. The features for b-HCOO–Zr at 1564, 1385, and
% Cu/m-ZrO2 at 523 K after switching feed from 0.50 MPa He to 0.05 MPa C
.2 wt% Cu/m-ZrO2 under 0.50 MPa He flow at 523 K.

1367 cm−1 rapidly decrease in intensity as soon as H2 is in-
troduced, while, concurrently, peaks for CH3O–Zr at 1039
and 1142 cm−1 rapidly increase in intensity. In the C–
stretching region, the bands for CH3O–Zr are particularly
intense and increase in intensity until they reach a ste
state level after approximately 80 min. The correspond
C–O stretching bands (1039 and 1142 cm−1) increase in a
similar manner. As adsorption progresses, each C–H st
red shifts by approximately 10–15 cm−1, and each of the
C–O stretches blue shifts by approximately 3–8 cm−1, pos-
sibly because of interactions between surface species a
face coverage increases. Theδ(CH) feature for CH3O–Zr
(1446 cm−1) is evident initially but remains relatively sma

throughout the transient. A comparison ofFigs. 4 and 6
shows that the intensities of the bands for CH3O–Zr are ap-
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Fig. 5. Infrared spectra (O–H stretching region) taken for 1.2 w
Cu/m-ZrO2 at 523 K after switching feed from 0.50 MPa He to 0.05 M
CO and 0.45 MPa He flowing at a total rate of 60 cm3/min. Spectra refer-
enced to 1.2 wt% Cu/m-ZrO2 under 0.50 MPa He flow at 523 K.

proximately an order of magnitude larger on 1.2 wt% C
m-ZrO2 than on 1.2 wt% Cu/t-ZrO2.

3.3. Transient-response experiments

The temporal evolution of the principal surface species
1.2% Cu/t-ZrO2 and that on 1.2% Cu/m-ZrO2 during the CO
hydrogenation are compared inFig. 7. The band at 1564(5
cm−1 was used to follow the dynamics of b-HCOO–Zr, a
the band at either 2837 or 2821 cm−1 was used to follow
the dynamics of CH3O–Zr. The peak areas for b-HCOO–

and CH3O–Zr were normalized to the value observed after

Fig. 6. Infrared spectra taken for 1.2 wt% Cu/m-ZrO2 at 523 K after switching fe
0.30 MPa He flowing at a total rate of 60 cm3/min. Spectra referenced to 1.2 w
talysis 233 (2005) 210–220

ter 1 h of CO adsorption (represented by time 0 inFig. 7).
In contrast, the concentration of formate species on 1.2
Cu/m-ZrO2 undergoes a rapid initial decrease relative to
level observed in the absence of gas-phase H2, before de-
creasing more slowly over the remainder of the transien

The intensity of the band for CH3O–Zr increases with
the time of catalyst exposure to the CO/H2 mixture, but the
dynamics of band growth are quite different for 1.2% C
t-ZrO2 and 1.2% Cu/m-ZrO2. For 1.2 wt% Cu/m-ZrO2 the
intensity of the CH3O–Zr band increases very rapidly ov
the initial 25 min and then approaches a plateau after a
1 h. The dynamics of this feature are very similar to th
for the band associated with b-HCOO–Zr, but opposite
direction, suggesting that on 1.2% Cu/m-ZrO2, b-HCOO–Zr
undergoes rapid hydrogenation to CH3O–Zr. In contrast, the
intensity of the HCOO–Zr band on 1.2 wt% Cu/t-ZrO2 in-
creases with time, suggesting a slower conversion of form
to methoxide species.

We probed the rate at which surface species are
sumed by removing CO from the feed at the conclusion
the CO hydrogenation experiments shown inFigs. 3 and 6.
Fig. 8compares the dynamics of b-HCOO–Zr and CH3O–Zr
consumption on 1.2% Cu/t-ZrO2 and 1.2% Cu/m-ZrO2. We
obtained transient-response spectra by replacing the flo
15% CO/He in the flow used for CO hydrogenation with
equivalent flow of pure He, while maintaining a constant2
partial pressure of 0.15 MPa. The intensity of the band
b-HCOO–Zr decreased monotonically for both catalysts,
much more rapidly for 1.2% Cu/m-ZrO2. The intensity of
the band for CH3O–Zr also underwent a monotonic decrea
for both catalysts, but the rate of decrease was significa
slower than that for b-HCOO–Zr.Fig. 8c shows that imme
diately upon cessation of the flow of CO, there was a s

period during which the surface concentration of CH3O–Zr

his
d hy-
approximately 12 h of exposure to CO/H2. For 1.2 wt% Cu/t-
ZrO2 the concentration of b-HCOO–Zr continues to rise af-

remained relatively constant before it began to decline. T
observation suggests that formate species undergo rapi
ed from 0.05 MPa CO and 0.45 MPa He to 0.05 MPa CO, 0.15 MPa H2, and
t% Cu/m-ZrO2 under 0.50 MPa He flow at 523 K.
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Fig. 7. Relative IR peak intensities versus time for (a) b-HCOO–Zr and (b) CH3O–Zr observed for 1.2 wt% Cu/t-ZrO2 and 1.2 wt% Cu/m-ZrO2 during the
experiments shown inFigs. 3 and 6. Areas normalized to the values observed at the end of the transient.
Fig. 8. Relative IR peak intensities versus time for (a) b-HCOO–Zr, (b) CH3O–Zr, and (c) initial 20 min of (b) observed for 1.2 wt% Cu/t-ZrO2, and
1.2 wt% Cu/m-ZrO2 at 523 K after switching feed from 0.05 MPa CO, 0.15 MPa H2, and 0.30 MPa He to 0.15 MPa H2 and 0.35 MPa He flowing at a total
rate of 60 cm3/min. Areas normalized to the values observed at the beginning of the transient.
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Fig. 9. Infrared spectra taken for 1.2, 6.4, 10, and 20 wt% Cu/m-ZrO2 at 523 K after switching feed from 0.05 MPa CO to 0.45 MPa He to 0.05 MPa CO,
tra re t

rO
oc-

ated
yn-

.
f Cu
mp-

ese
or b-
Cu

Zr
af-
nted

ction
n-
ur-
om

n-

fi-
/

of
sur-

ur-
CO
in-
-
f
Zr
the
p-

er
Zr
de-
ence

of
r-
na-
f
de
ere
first-
0.15 MPa H2, and 0.30 MPa He flowing at a total rate of 60 cm3/min. Spec
523 K, respectively.

drogenation to methoxide species on both phases of Z2,
but that the reductive elimination of methoxide species
curs at a slower rate.Figs. 8b and 8cshow that the rate
of removal of CH3O–Zr was initially more rapid on 1.2%
Cu/m-ZrO2 than on 1.2% Cu/t-ZrO2, but that for longer
times the relative rates became comparable.

3.4. Effect of Cu loading on Cu/m-ZrO2

The results presented in Part I of this study demonstr
that Cu/m-ZrO2 exhibits a higher steady-state methanol s
thesis activity than Cu/t-ZrO2 (seeTable 1). Increasing the
Cu surface density on m-ZrO2 further improves the activity
Experiments were carried out to investigate the effects o
loading on the dynamics of species formation and consu
tion. Fig. 9 shows spectra for Cu/m-ZrO2 catalysts taken
after 6 h of CO hydrogenation at 523 K with a 3:1 H2/CO
ratio and a total pressure of 0.50 MPa. Comparison of th
spectra reveals that although the intensity of the bands f
HCOO–Zr are relatively independent of Cu loading and
surface coverage, the intensity of the bands for CH3O–Zr in-
creases with Cu surface coverage (Table 2).

A comparison of the temporal evolution of b-HCOO–
and CH3O–Zr during the onset of CO hydrogenation
ter CO adsorption for 1 h over each catalyst is prese
in Fig. 10. Peak areas for both b-HCOO–Zr and CH3O–Zr
have been normalized to the value observed after rea
for approximately 12 h. The dynamics of b-HCOO–Zr co
sumption are independent of Cu loading. Initially, the s
face concentration of b-HCOO–Zr decreases rapidly fr
the level observed before the introduction of H2, after which
it declines more slowly over the remainder of the tra

sient. Although the absolute concentration of CH3O–Zr
varies among Cu/m-ZrO2 catalysts, the relative dynamics
of CH3O–Zr formation are also virtually independent of Cu
ferenced to 1.2, 6.4, 10, and 20 wt% Cu/m-ZrO2 under 0.50 MPa He flow a

Table 2
Steady-state peak areas of CH3O–Zr and apparent first-order rate coef
cients for the removal of CH3O–Zr from 1.2, 6.4, 10, and 20 wt% Cu
m-ZrO2

Sample kapp (min−1) θCH3O (a.u.)

1.2 wt% Cu/m-ZrO2 4.1× 10−3 12.9
6.4 wt% Cu/m-ZrO2 8.2× 10−3 21.3
10 wt% Cu/m-ZrO2 7.7× 10−3 21.6
20 wt% Cu/m-ZrO2 7.6× 10−3 16.5

loading. The time scale of the rise in the concentration
CH3O–Zr closely parallels the pattern of decrease in the
face concentration of b-HCOO–Zr.

We examined the relative rate of consumption of s
face species by replacing the flow of CO used for
hydrogenation with an equivalent flow of He while ma
taining the H2 partial pressure.Fig. 11compares the dynam
ics of b-HCOO–Zr and CH3O–Zr consumption for each o
the Cu/m-ZrO2 catalysts. Peak areas for both b-HCOO–
and CH3O–Zr are normalized to the value observed at
beginning of the transient. The initial rate of consum
tion of b-HCOO–Zr is independent of Cu loading. Aft
approximately 20 min, however, the rate of b-HCOO–
consumption from the higher weight-loaded materials
creases significantly. This suggests the possible exist
of two distinct formate species present on the surface
m-ZrO2. A similar distinction has been reported with fo
mate species formed on ZnO in studies of CO hydroge
tion on Cu/ZnO/Al2O3 [37]. In contrast to the removal o
b-HCOO–Zr, a significantly greater portion of methoxi
species with a Cu weight loading higher than 1.2 wt% w
removed from the surface of the catalyst. The apparent

order rate constant for the removal of methoxide species
determined from the initial portion of the transient is given
in Table 2. The decrease over the course of the experiment
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Fig. 10. Relative IR peak intensities of (a) b-HCOO–Zr and (b) CH3O–Zr features for 0, 1.2, 6.4, 10, and 20 wt% Cu/m-ZrO2 during the experiments inFig. 9.
Areas normalized to the values observed at the end of the transient.
Fig. 11. Relative IR peak intensities of (a) b-HCOO–Zr, (b) CH3O–Zr, and (c) initial 20 min of (b) features for 0, 1.2, 6.4, 10, and 20 wt% Cu/m-ZrO2 at
523 K after switching feed from 0.05 MPa CO, 0.15 MPa H2, and 0.30 MPa He to 0.15 MPa H2 and 0.35 MPa He flowing at a total rate of 60 cm3/min. Areas
normalized to the values observed at the beginning of the transient.
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was approximately equivalent for 6.4, 10, and 20 wt%
m-ZrO2. Given that b-HCOO–Zr is a precursor to CH3O–
Zr on the surface, it is unclear whether the slower rela
decrease in methoxide species on 1.2 wt% Cu/m-ZrO2 is
a reflection of a higher rate of methoxide group format
through the hydrogenation of b-HCOO–Zr or an inher
difference in the ability to reductively eliminate CH3O–Zr
on the surface.

To isolate the inherent dynamics of reductive elimin
tion, CH3OH was dosed onto both 1.2 wt% Cu/m-ZrO2 and
10 wt% Cu/m-ZrO2 at 523 K. In each case, the catalyst w
exposed to a flow containing 0.5% CH3OH/He for 1 h at a
total pressure of 0.50 MPa. This process produced CH3O–Zr
bands identical to those observed during CO hydrogena
over both catalysts. The CH3O–Zr species produced in th
fashion were then exposed to flowing H2 in a manner iden
tical to that used for the experiments presented inFig. 11.
Fig. 12 shows the dynamics of consumption of CH3O–Zr.
Peak areas for CH3O–Zr were normalized to the value o
served at the beginning of the transient after the remova
physisorbed species (∼ 2 min). For both catalysts the rate
CH3O–Zr hydrogenation is equivalent to that observed a
CO hydrogenation (seeFig. 11), and the rate of CH3O–Zr
hydrogenation is higher on 10% Cu/m-ZrO2 than on 1.2%
Cu/m-ZrO2.

The rate of CH3O–Zr elimination is limited by the con
centration of H atoms on the surface of ZrO2, which in turn
is limited by the supply of H atoms provided by spillov
from Cu. Consistent with this reasoning, it is observed
in the absence of Cu, the rate of CH3O–Zr hydrogenation
is an order of magnitude slower than that observed on 1
Cu/m-ZrO2. As the surface concentration of Cu is raised,
surface concentration of H atoms increases up to the po
which it reaches equilibrium with respect to the gas-ph
partial pressure of H2. When equilibrium is achieved, th
rates of H-atom spillover from Cu and reverse spillover b
to Cu become identical. The absence of a dependenc
the rate of CH3O–Zr hydrogenation on Cu for Cu surfa
concentration of 1.88 m2/g suggests that at such Cu surfa
concentrations, the H-atom concentration on the surfac
m-ZrO2 has reached equilibrium with the gas phase.

4. Discussion

Previous studies suggest that the mechanism of CO
drogenation over Cu/ZrO2 catalysts can be described
terms of the following sequence of reactions[9,13]:

COg + (Zr)2OH ↔ b-HCOOZr+ Zr, (1)

b-HCOOZr+ Hs → ·· · → CH3O–Zr+ Zr–OH, (2)

CH3O–Zr+ Hs → → CH3OH + (Zr)2OH. (3)
(Zr)2OH represents a hydroxyl group adjacent to a coordi-
natively unsaturated Zr cation produced upon creation of an
anionic vacancy at the surface of ZrO2 (see Fig. 12 in Ref.
talysis 233 (2005) 210–220
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[13]). CO is adsorbed reversibly in reaction(1) to form a
bidentate formate species (b-HCOOZr). This species
reacts with H atoms present on the surface of ZrO2 (Hs),
ultimately forming methoxide species (CH3O–Zr) via reac-
tion (2). The reductive elimination of methoxide species
reaction(3) leads to the formation of methanol. Reactio
(2) and(3) are taken to be irreversible, since under the re
tion conditions used in this study no evidence was found
the dehydrogenation of methoxide or formate species.

As noted earlier, Hs is provided by spillover of H atom
from the dispersed Cu, which adsorbs H2 dissociatively.
Investigations of the rate of H/D exchange into hydro
groups present on the surface of ZrO2 indicate that at reac
tion temperature the rate of H atom spillover is about an
der of magnitude more rapid than the rate of CO hydroge
tion and is significantly faster on Cu/m-ZrO2 than on Cu/
t-ZrOe2 [12,38]. Studies of methanol decomposition to H2
and CO2 indicate that the decomposition of methanol p
ceeds on ZrO2 and that dispersed Cu is needed to fa
itate the recombination of H atoms[39]. Taken together
these observations suggest that during CO hydrogen
to methanol, the steady-state inventory of H atoms on
surface of ZrO2 is determined by the rates of forward and
verse H-atom spillover and the rate of H-atom consump
for CO hydrogenation. When the rate of CO hydrogena
is slow relative to the rates of forward and reverse spillo
the concentration of Hs will reach an equilibrium level.

The effects of ZrO2 phase on the hydrogenation of C
over 1.2% Cu/t-ZrO2 and 1.2% Cu/m-ZrO2 can now be in-
terpreted in terms of the relative rates of individual st
in the above scheme.Fig. 7 shows that the adsorption o
CO on 1.2% Cu/t-ZrO2 is slow, and continues to occur ov
6 h, even after H2 has been added to the flow of CO a
the hydrogenation of CO has begun. This suggests tha

Fig. 12. Relative IR peak intensities of CH3O–Zr features for 1.2 and 1
wt% Cu/m-ZrO2 at 523 K after switching feed from 0.0025 MPa CH3OH

and 0.4975 MPa He to 0.15 MPa H2 and 0.35 MPa He flowing at a total rate
of 60 cm3/min. Areas normalized to the values observed at the beginning
of the transient.
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apparent first-order rate coefficient for reaction(1) is faster
than that for reaction(2). In contrast, the rate of CO adsor
tion on 1.2% Cu/m-ZrO2 is very rapid, and the surface of th
catalyst becomes saturated with CO within approxima
1 h (seeFig. 4). When H2 is added to the flow of CO ove
this catalyst, the surface concentration of b-HCOOZr spe
decreases rapidly and the surface concentration of CH3O–Zr
species increases at the same rate, as seen inFig. 7. This pat-
tern suggests that the apparent first-order rate coefficien
reaction(2) is faster than that for the reverse of reaction(1).
It is also evident fromFig. 7that the apparent first-order ra
coefficient for the formation of CH3O–Zr, determined from
the initial slopes of the curves, is a factor of about 2.5 fa
for 1.2% Cu/m-ZrO2 than 1.2% Cu/t-ZrO2. A very similar
ratio in apparent first-order rate coefficients is seen inFig. 8
for the reductive elimination of CH3O–Zr as methanol. I
it is assumed that the intrinsic rate coefficients for hyd
genation of b-HCOOZr and CH3O–Zr are independent o
the phase of ZrO2, then the ratio of apparent rate coef
cients suggests that the concentration of Hs is ∼ 2.5-fold
greater on 1.2% Cu/m-ZrO2. A higher concentration of Hs
on Cu/m-ZrO2 relative to Cu/t-ZrO2 would follow from the
observation of a higher rate of H-atom spillover (and p
sumably for reverse spillover) for the former catalyst,
noted above.

The order of magnitude higher rate of methanol synt
sis over 1.2% Cu/m-ZrO2 relative to 1.2% Cu/t-ZrO2 can be
explained in the following manner. We note first that the c
centrations of all carbon-containing species on the for
catalyst are higher. Comparison ofFigs. 3 and 6shows that
after 6 h of reaction, the surface concentration of b-HCOO
is ∼ 3 times higher on 1.2% Cu/m-ZrO2 than on 1.2% Cu
t-ZrO2, and, more important, the surface concentration
CH3O–Zr is∼ 14 times higher on 1.2% Cu/m-ZrO2. Since
the reductive elimination of CH3O–Zr is irreversible un-
der the conditions of the experiments reported here
rate is equivalent to the rate of methanol synthesis.
searchers reached a similar conclusion in an earlier s
by following simultaneously the appearance of the infra
band for CH3O–Zr and the appearance of methanol in
gas phase[9]. Thus one can estimate the relative rates
methanol synthesis on 1.2% Cu/t-ZrO2 and 1.2% Cu/m-
ZrO2 by taking the product of the apparent rate coeffici
for the reductive elimination of CH3O–Zr and the surfac
concentration of this species as measured by the intens
its infrared band (seeTable 3). Based on this analysis, it
concluded that the rate of methanol synthesis on 1.2%
m-ZrO2 should be 34 times higher than that on 1.2% C
t-ZrO2. Although this factor is greater than the observ
8-fold higher steady-state methanol synthesis activity
1.2% Cu/m-ZrO2 over 1.2%Cu/t-ZrO2, it supports the idea
that the higher rate of methanol synthesis on 1.2%

m-ZrO2 is due largely to the higher concentration of anionic
vacancies on the surface of m-ZrO2. These sites facilitate the
rapid adsorption of CO.
talysis 233 (2005) 210–220 219
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Table 3
Steady-state peak areas of CH3O–Zr and apparent first-order rate coef
cients for the removal of CH3O–Zr from 1.2 wt% Cu/t-ZrO2 and 1.2 wt%
Cu/m-ZrO2

Sample kapp (min−1) θCH3O (a.u.)

1.2 wt% Cu/t-ZrO2 1.7× 10−3 0.9
1.2 wt% Cu/m-ZrO2 4.1× 10−3 12.9

Fig. 13. Product of apparent first-order rate coefficient for CH3O–Zr re-
moval and CH3O–Zr peak area versus Cu surface area for Cu/m-Z2
catalysts.

In Part I of this study it was shown that the metha
synthesis activity of Cu/m-ZrO2 catalysts is proportional t
the surface area of exposed Cu atoms (see alsoTable 1). To
interpret this observation, it is necessary to consider w
happens as the surface concentration of Cu is increasedTa-
ble 2 lists the surface concentration of CH3O–Zr and the
values of the apparent rate coefficient,kapp, for the reductive
elimination of methoxide groups from the surface of m-Zr2
as a function of Cu surface area. It is evident that the
face concentration of CH3O–Zr increases with the surfac
area of Cu up to the level of∼ 2.5 m2/g, whereupon the
concentration of CH3O–Zr appears to become constant. T
observed variation in the concentration of CH3O–Zr groups
is dictated by the balance between the formation and
sumption of these species. Since the surface concentr
of b-HCOOZr species is essentially independent of the
surface area, the increase in the surface concentratio
CH3O–Zr is attributed to a higher surface concentration
Hs. If it is assumed that reaction(2) is near equilibrium, then
one would expect the surface concentration of ZrOCH3 to
rise as the surface concentration of Hs increases. The platea
in the surface concentration of ZrOCH3 is attributed to sat
uration of the ZrO2 surface by Hs when the surface are

2
of Cu is greater than∼ 2.5 m /g. Table 2shows that the
value ofkapp also increases with increasing Cu surface area
but reaches an apparent plateau above a Cu surface area of
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∼ 1.9 m2/g. Sincekapp is the product of the intrinsic rate co
efficient for reaction 3 and the surface coverage by Hs, the
approach ofkapp to a plateau is taken to coincide rough
with the approach of the coverage of Hs to equilibrium. The
anticipated effect of Cu surface area on the rate of meth
synthesis can be estimated by taking the product of the
face coverage of CH3O–Zr andkapp. As seen inFig. 13,
this leads to a linear relationship, which passes through
origin, in good agreement with what is observed from m
surements of the rate of methanol synthesis at steady
(seeTable 1) [13].

5. Conclusions

Formate and methoxide species bound to zirconia are
tected by in situ infrared spectroscopy on the surface
Cu/t-ZrO2 and Cu/m-ZrO2 during methanol synthesis from
CO and H2. The surface concentrations of both spec
on are an order of magnitude smaller on Cu/t-ZrO2 than
on Cu/m-ZrO2. Transient-response experiments suggest
for both catalysts the rate-limiting step in the synthesis
methanol from CO is the reductive elimination of CH3O–Zr
species present on the surface of zirconia. The apparent
order rate coefficient for this process is about 2.5 tim
higher for Cu/m-ZrO2 than for Cu/t-ZrO2. A major part of
this difference is believed to be due to the higher surf
concentration of atomic hydrogen on the surface of m-Z2
than on t-ZrO2. It is estimated from the product of the cove
age of ZrOCH3 andkapp that the rate of methanol synthes
should be more than an order of magnitude higher on
m-ZrO2 than on Cu/t-ZrO2, in good qualitative agreemen
with experimental observation. Bothkapp and the surface
concentration of CH3O–Zr increase with increasing Cu su
face area, but reach a plateau. The plateau in each
is attributed to the attainment of an equilibrium concen
tion in the coverage of the zirconia surface by adsor
H atoms. The rate of methanol synthesis estimated f
the product ofkapp and the surface coverage of CH3O–
Zr versus the Cu surface area yields a linear relations
in good agreement with the relationship seen between
steady-state rate of methanol synthesis and the Cu su
area.
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