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We have characterized a series of Cu/ZnQO catalysts prepared by several methods, using a
combination of adsorbate uptake measurements, temperature-programmed desorption, and FTIR
spectroscopy applied to CO, H,, and O, adsorbates. Adsorbed CO is present on the reduced
catalysts in several adsorption states which are distinguished by different vibrational frequencies in
the range 2104-2067 cm~!, and which desorb with apparent activation energies in the range 10-16
kcal/mol. When CO is adsorbed on oxidized catalysts, the frequencies shift to 2136-2110 cm~' and
the highest desorption energy increases to 19 kcal/mol. For H, adsorbed on reduced catalysts, a
single desorption state which has an apparent activation energy of 20-21 kcal/mol is observed.
When H; is adsorbed on oxidized catalysts, the desorption energy of this state increases to 26-27
kcal/mol. For the reduced catalysts, the amounts of reversible CO and H, adsorbed are found to
correlate linearly with the amount of O, chemisorption measured at 98 K, with relative uptakes for
CO, H;, and O, in the ratio 9:2: 10. These results are interpreted to suggest that Cu is present as
metallic clusters which expose a large fraction of high-index surface planes and that the chemical
behavior of these planes is significantly different from that of low-index single crystal planes.

© 1988 Academic Press, Inc.

INTRODUCTION

One of the major goals of catalyst re-
search is to identify methods for measuring
the concentration of active sites in a hetero-
geneous catalyst. In the case of the CH;0H
synthesis reaction on Cu/ZnO-based cata-
lysts, such attempts have been hampered
by disagreement about the identity of the
active site itself; i.e., whether the reaction
occurs primarily on the metallic Cu compo-
nent of the catalysts (/-11) or at isolated
Cu(l) cations dissolved in the ZnO lattice
(12, 13).

Several techniques have been used to
measure the surface area of the metallic
copper component; N»O decomposition in
a conventional volumetric adsorption appa-
ratus (/4) or in a flow configuration (pulsed
gas chromatographic method) (I5), irre-
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neering, Louisiana State University, Baton Rouge, LA
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versible O, chemisorption at 77 K (/6), re-
versible CO chemisorption at 300 K (/6),
and adsorption microcalorimetry (reaction
of O, or N,O with copper) (/7). In contrast,
only one method to date has been proposed
to measure the surface concentration of dis-
solved Cu(l) species, namely to measure
the amount of irreversible CO chemisorp-
tion at ambient temperature (16),

All of these methods have the common
feature of providing only a single piece of
information about the adsorption uptake,
measured under a single set of conditions.
In contrast, the temperature-programmed
desorption technique is able to provide in-
formation about both the concentration of
adsorption sites and also their adsorption
energy. If the adsorbed species has an in-
frared-active vibrational mode, then it is
also possible to directly monitor the condi-
tion of the adsorbate as adsorption or de-
sorption proceeds.

In previous studies we have combined
the TPD and IR techniques to obtain a de-
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tailed picture of the H, and CO adsorption
sites on pure ZnO (18, 19) and also the ki-
netics of the CH3;0H decomposition re-
action on these sites (20). We have also
reported preliminary results for the de-
sorption of H; and CO from coprecipitated
Cu/ZnO catalysts (21). In this paper we re-
port a more thorough study of the H, and
CO adsorption behavior on a number of Cu/
ZnO catalysts prepared using different
methods, in both reduced and oxidized
states. These results are also compared
with the measured O, uptake at 98 K on the
reduced catalysts.

EXPERIMENTAL

A total of six materials are compared in
this study. Four samples were prepared us-
ing the precipitation method described by
Herman et al. (13). This consisted of
precipitation by dropwise addition of Na
CO; solution to mixed Zn(NO), and/or
Cu(NQOs), solutions, followed by filtering
and drying of the precipitate, then calcining
in air at 623 K for 16 h, and finally reducing
in flowing H, (1 atm) at 483 K for 16 h. The
four samples include pure ZnO, 33 wt%
CuO/Zn0, 82 wt% CuO/ZnO, and pure
CuO. The copper content of the mixed cat-
alysts was confirmed using atomic absorp-
tion spectroscopy. The other two samples
were prepared as supported metal cata-
lysts: A 2 wt% CuO/ZnO catalyst was pre-
pared by impregnating Kadox 25 ZnO (BET
area 10 m%g, Gulf Western Natural Re-
sources) with Cu(NOj;), solution, drying,
calcining, and reducing. A 1 wt% CuOQ/SiO;
catalyst was prepared in a similar fashion
using Aerosil 380 SiO, (BET area 380 m%/g,
Degussa).

Experiments were performed using the
TPD/IR vacuum cell and gas handling sys-
tem described previously (22). Typically a
50-mg sample of the catalyst in its calcined
state was deposited from an aqueous slurry
onto the front face of the cell mirror. The
catalyst was then reduced in situ. The TPD
experiments were performed using a heat-
ing rate of 0.3 K/s, while monitoring the

ROBERTS AND GRIFFIN

flux of desorbing species with a quadruple
mass spectrometer (Spectramass 800A)
with computer-controlled multiple peak
scanning. Infrared spectra were obtained
using a Nicolet 60-SX FTIR spectrometer
equipped with an MCT detector at a scan
rate of 1-2 s~! and a resolution of 4 cm™'.
For spectra that were recorded before start-
ing the TPD warm-up, we used as many as
1000 scans; for spectra recorded during a
TPD experiment we used 130 scans/spec-
trum.

Different adsorption procedures were
used for each adsorbate because of the dif-
ference in sticking coefficient and/or ad-
sorption energy of each molecule. For CO
adsorption, a small excess of CO was ad-
mitted to the sample at 300 K, then the sam-
ple was cooled to about 150 K, and the re-
sidual CO in the gas phase was pumped
away. For H, adsorption it was necessary
to admit 40 Torr H; at 300 K for 10 min,
then cool the sample to 150 K, and finally
pump away the gas phase H,. For O,
chemisorption uptake measurements, two
steps were needed: In the first step we ad-
mitted 10 Torr O; to the reduced catalyst at
98 K and volumetrically measured the total
O, uptake (i.e., physisorbed plus chemi-
sorbed). The physisorbed component was
then removed by evacuating at 98 K for 2.5
h, warming to 300 K over a 40-min period,
and then outgassing for an additional hour
at 300 K. The O, adsorption step was then
repeated, and the difference in O; uptake
was taken to be the amount of chemisorbed
0,.

RESULTS

H, adsorption. The TPD spectra of 40
Torr H, adsorbed on the six freshly reduced
samples are shown in Fig. 1. The spectra
are drawn normalized to the same peak
height; the amount of H, adsorbed (umol
H,/g catalyst) is shown beside each spec-
trum. The latter quantity is determined by
integrating the area under each TPD spec-
trum and multiplying by the system calibra-
tion factor for H, (measured daily).
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Fi1G. 1. TPD spectra of 40 Torr H, adsorbed on re-
duced Cu catalysts.

With the exception of the ZnO sample
shown at the top of the figure, all of these
results were obtained after the catalysts
had been reduced at 483 K. To obtain any
H; adsorption on pure Zn0O, it was neces-
sary to heat this sample to 673 K to remove
the H,O species which block the Type I H,
adsorption sites. The resulting TPD spec-
trum for ZnO shows the multiple peaks at
215 and 305 K, structures that are charac-
teristic of Type I adsorption sites (/9). This
confirms that Type I sites exist on precipi-
tated ZnO as well as on Kadox 25. The in-
crease in the desorption signal above 500 K
is attributed to H; desorbing from non-Type
1 ZnO sites (23, 24).

For all of the samples which contain
Cu, the main feature in the spectrum is a
well-resolved desorption peak with a tem-
perature maximum in the region of 308-
318 K. Smaller features (note the absolute
amounts adsorbed) are observed near 150 K
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in the spectra of the 2 wt% Cu/ZnO and 1
wt% Cu/Si0; samples, which may be due to
a small amount of weakly bound molecular
H,. The high-temperature shoulder near
430 K in the spectrum of the 1 wt% CuO/
SiO; sample may be due to H; adsorbed on
incompletely reduced copper (see below).
Finally, the desorption increase above 400
K in the 2 wt% Cu/ZnO and the 82% Cu/
Zn0 samples may be assigned to H, desorb-
ing from non-Type I sites on the ZnO com-
ponent (25).

Four pieces of evidence indicate that the
major H, desorption state at 308-318 K on
the Cu-containing catalysts is not due to the
high-temperature fraction of the Type 1
sites on the ZnO component. (1) As noted
above, Type I sites are not activated at the
reduction temperature used for the Cu/ZnO
samples. (2) The peak is observed on pure
CuO (reduced) and 1 wt% CuQ/SiO,, both
of which contain no ZnO. (3) No vibrational
bands characteristic of H, chemisorption of
H; on ZnO were observed in the IR spectra
of any of the Cu-containing samples. (4)
The H, desorption peak shifts to higher
temperatures when the Cu-containing sam-
ples are preoxidized, while no such shift
occurs for preoxidized ZnO (see below).

The apparent activation energy for the
308-318 K H; desorption state is 20 kcal/
mol. This is calculated using the Redhead
equation with a preexponential factor of
10" s~! and assuming that readsorption can
be neglected. The latter approximation is
based on the presence of a significant bar-
rier to H, adsorption on Cu (cf. the need to
use a dosing pressure of 40 Torr during the
H; adsorption step).

In order to test the effect of oxidation
state on the H, adsorption properties of
these catalysts, we repeated the above ex-
periments after exposing each sample to 10
Torr O; at 483 K for 10 min. This caused a
color change in the 33% CuQ/ZnO and 82%
CuO/Zn0O samples (from maroon to gray),
the CuO sample (from pink to gray), and
the 1 wt% CuO/SiO, sample (from black to
brown). One experiment was also per-
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Fi1G. 2. TPD spectra of 40 Torr H, adsorbed on
oxidized Cu catalysts.

formed using a calcined CuQ sample that
had not been reduced; this gave results sim-
ilar to those of the CuO sample that had
been reduced and then reoxidized.

We also note that the amount of O, con-
sumed during this oxidation step (i.e., mea-
sured volumetrically) was many times
greater than the amount of O, uptake at 98
K (see below). This confirms that the Cu
component in these catalysts is present as
multilayer clusters that are at least several
layers thick, and that multilayer oxidation
of these Cu clusters occurs readily at higher
temperatures.

The TPD spectra of 40 Torr H, adsorbed
on the preoxidized samples are shown in
Fig. 2. Temperature maxima due to chemi-
sorbed H, are observed in all the spectra,
except for the case of the 2% CuO/Kadox
25 and 1% CuO/SiO, samples. For pure
ZnO, the H, desorption peaks at 215 and
305 K are essentially unchanged from their
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positions for the reduced sample. In con-
trast, the H, desorption peak present on the
33% Cu0O/ZnO, 82% CuO/Zn0O, and pure
CuO samples has shifted to 387-403 K.
This corresponds to an increased apparent
activation energy of desorption of about 26
kcal/mol.

CO adsorption. The TPD spectra of CO
adsorbed at saturation coverage on the
same set of catalysts in their reduced state
are shown in Fig. 3. As was the case for
Fig. 1, to obtain any CO adsorption on ZnO
at 150 K it was necessary to heat the sample
briefly to 673 K before the adsorption step
to remove H,0 from the Type I sites. The
surface coverages of CO shown in Fig. 3
have been computed for each sample by in-
tegrating the area under the TPD curve be-
ginning at 150 K. At temperatures below
150 K, the contribution of condensed CO in
the catalyst pore structure becomes signifi-
cant (19).
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Fi1G. 3. TPD spectra of CO adsorbed on reduced Cu
catalysts.
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The spectrum for ZnO shows a weakly
bound state with a temperature maximum
at 160 K, which has previously been as-
signed to CO molecules adsorbed adjacent
to Type I adsorption sites. For all of the Cu-
containing samples, there is a significantly
broader range of desorption states. The
most weakly bound state appears to have a
desorption maximum near 160-180 K,
while the more strongly bound states ap-
pear to have maxima around 210 and 280
K. An exception is the 1 wt% Cu/SiO, cata-
lyst, which does not appear to possess the
280 K desorption state. Despite the overlap
in temperature with the spectrum for ZnO,
we can conclude that the 160—180 K state
on the Cu-containing catalysts is associated
with the Cu component (see below).

The adsorption energies corresponding
to the above temperature maxima have
been calculated using a TPD equation
which accounts for readsorption effects in
porous samples (26). The need for this
correction is indicated by experiments in
which CO was admitted at 150 K instead of
300 K followed by cooling. There was no
difference in the TPD spectra obtained after
adsorption at the two temperatures, which
indicates that the activation for CO adsorp-
tion is negligible in these experiments. The
160-180 K state corresponds to an apparent
adsorption energy of 9-10 kcal/mol, while
the 210 and 280 K states correspond to en-
ergies of 12 and 16 kcal/mol, respectively.

The results in Fig. 3 show no evidence
for a CO adsorption state that would be ir-
reversibly bound at room temperature. To
test whether the oxidation state of the cata-
lyst might affect this result, we repeated the
above experiments after first exposing each
sample to 10 Torr O, at 483 K for 10 min.
The resulting TPD spectra are shown in
Fig. 4. In general, the low-temperature de-
sorption states appear to be unaffected. In
particular, the desorption spectrum from
ZnO is unchanged following the oxidation
step. In contrast, the higher-temperature
states on the Cu/ZnO samples have shifted
upward, indicating that CO is more strongly
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FiG. 4. TPD spectra of CO adsorbed on oxidized Cu
catalysts.

bound to the oxidized Cu component. The
apparent adsorption energies correspond-
ing to the resolvable temperature maxima
at 270 and 330 K are 15 and 19 kcal/mol,
respectively. A smaller amount of CO, de-
sorption was also observed around 370 K,
but only on the pure CuQ catalyst.

CO vibrational spectra. The IR spectra
recorded before starting each of the CO de-
sorption experiments are shown in Figs. 5
and 6. The results are shown as difference
spectra, obtained by subtracting the spec-
trum of each sample recorded before the
CO adsorption step. The signal/noise level
is low for these spectra, even though as
many as 1000 scans were collected for each
spectrum. We attribute this to severe ab-
sorbance and/or light scattering by the Cu-
containing samples.

The spectrum on pure ZnO shows a sin-
gle band at 2184 cm ™!, in agreement with
our earlier studies of CO adsorbed adjacent
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F1G. 5. Infrared spectra of CO adsorbed on reduced
Cu catalysts (cf. Fig. 3).

to Type I ZnO sites (19). All of the Cu-
containing samples show a distribution of
bands between 2104 and 2071 cm~!. Some-
what of an exception is seen for the 1 wt%
Cu/SiO, sample, which appears to have vi-
brational bands as high as 2130 cm™!. The
bands in the region 2085-2067 cm~! are
characteristic of CO adsorbed on low-
Miller-index planes of metallic copper (27),
while the band(s) in the region 2104-2099
cm™! is consistent with CO adsorbed on
high-index planes (27). Since the band at
2184 cm~! for CO adsorbed on ZnO does
not appear in any of the Cu-containing cata-
lysts, we conclude that the CO desorption
spectra shown in curves 2-5 of Fig. 3 are
due to CO adsorbed on only the copper
component of the catalysts.

The IR spectra recorded for CO adsorbed
on the oxidized samples are shown in Fig.
6. The band at 2184 cm™! on pure ZnO is
unchanged, while bands on all of the Cu-
containing catalysts have shifted to the re-
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gion 2136-2110 cm~!. The detailed behav-
ior of this shift is quite complex, as
revealed by separate experiments in which
the severity of the oxidation treatment was
varied by changing the temperature at
which the samples were exposed to O.
These separate experiments showed that
the bands at 2134-2123 cm~! grow in at
constant frequency, while simultaneously
the bands at 2087-2065 cm™! disappear at
constant frequency. Thus it appears that
the low-Miller-index planes of the metallic
Cu phase are converted to Cu,0 in a man-
ner resembling a first-order phase transfor-
mation. In contrast, the band at 2112 cm™!
reaches that position via a continuous shift
of the 2104-2099 cm~! band on the reduced
catalyst, which suggests that a more contin-
uous transformation of the high-index sur-
face planes is taking place. Similar behavior
has also been observed by Boccuzzi et al.
(28) in their IR study of coprecipitated Cu/
ZnO catalysts.
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F1G. 6. Infrared spectra of CO adsorbed on oxidized
Cu catalysts (cf. Fig. 4).
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With the exception of the 1 wt% Cu/SiO;,
the effects of the oxidizing treatment were
reversed upon reducing the catalysts in H,
at 483 K. For the Cu/SiO; catalyst, at-
tempts to reduce the sample at tempera-
tures as high as 600 K were unable to shift
the band of subsequently adsorbed CO by
more than a few wavenumbers from its
fully oxidized position at 2127 cm™!. Thus it
appears that oxidation of the Cu/SiO, sam-
ple after the initial reduction step causes an
irreversible change in the morphology of
the Cu component. This may be consistent
with reports (29) of the existence of a dis-
tinct copper-silica phase for similar high-
area CuO/Si0, samples with low copper
loadings.

0, adsorption at 98 K. The amount of O,
that can be adsorbed irreversibly at 98 K
was determined for the three samples with
the highest copper surface areas, i.e., 33
wt% CuO/ZnO, 82 wt% CuO/ZnO, and
pure CuO. The O, uptakes for these sam-
ples were 21.3, 9.8, and 5.9 umol/g, respec-
tively, which corresponds to Cu surface ar-
eas of 4.3, 2.0, and 1.2 m%¥g (I6). These
areas are low, relative to other catalysts re-
ported in the literature (/2), a result we at-
tribute to the precipitation method used for
this group of catalysts. The Cu surface ar-
eas of the other three samples studied here
were below the sensitivity limit of the O,
adsorption procedure.

DISCUSSION

Comparison of uptake measurements.
Determining the amounts of H, and CO ad-
sorbed on the catalyst samples by measur-
ing the area under their TPD curves can
provide two alternate methods for deter-
mining the concentration of Cu adsorption
sites in Cu-based methanol catalysts. The
correlation between these two measure-
ments is shown in Fig. 7, which plots the
amount of CO adsorbed above 150 K (cf.
Fig. 3) against the amount of H, adsorbed
starting at 300 K with a dosing pressure of
40 Torr (cf. Fig. 1). The observed correla-
tion is linear, which strongly suggests that
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measurements are detecting the same sites.
This was confirmed by performing coad-
sorption experiments in which H, was ad-
sorbed on the surface first, followed by CO.
The effect of the preadsorbed H, was to
reduced the intensity of the CO vibrational
bands and decrease the amount of CO mea-
sured under the CO TPD curve, thus con-
firming that the adsorbed H, was blocking
the CO adsorption sites.

The correlation between the amount of
CO adsorbed at 150 K and the amount of
irreversibly adsorbed O, adsorbed at 98 K
is shown in Fig. 8. In addition to the three
samples described above, the figure also in-
cludes results for a reduced CuO sample
prepared by direct calcination of solid
Cu(NQO3),. A nearly linear correlation is ob-
served, which together with the results in
Fig. 7 suggests that all three adsorption
techniques are sensitive to the same ad-
sorption sites.

Information about the adsorption stoichi-
ometry of these sites is provided by the
slopes of the lines in Figs. 7 and 8. The
slope in Fig. 8 is 0.9, which suggests a
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CO:0, adsorption stoichiometry of 1:1.
Since earlier studies have concluded that
the adsorption stoichiometry of O, on low-
index planes of Cu is one O atom for
every two Cug, atoms, this would imply an
adsorption stoichiometry of one COy, for
every four Cu) atoms. This would be con-
sistent with earlier reports that the satura-
tion coverage at 195 K on Cu powders and
films corresponds to an absolute fractional
coverage of ®co = 0.25. This agreement
must be observed with some caution, how-
ever, since the IR results shown above
have already indicated that much of the CO
is adsorbed on high-index Cu planes.

The slope of the line in Fig. 7 is 4.5. This
implies that although both H, and O, are
adsorbing on the same sites, the adsorption
stoichiometry for H, is much smaller than
that for CO. If the value for O, adsorption
on low-index planes is retained, the present
results suggest that one H atom is ad-
sorbed for every nine Cuy, atoms. It seems
unlikely that steric interaction between
neighboring H,, atoms could be the cause
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of this limited adsorption stoichiometry. In-
stead, we suggest repulsive interactions
which serve to prevent H, atoms from ex-
isting on every Cu site. These repulsive in-
teractions may be partially responsible for
the barrier to H, adsorption noted above.

Nature of Cu/ZrnO adsorption sites. The
results show that Type I ZnO sites are not
present on Cu/ZnO catalysts. The control
experiment with precipitated ZnO showed
that Type I sites are present on the pure
component, although it is necessary to heat
the sample above the temperature used in
the usual reduction treatment in order to
desorb the H,O which blocks these sites. In
contrast, we were never able to observe
any evidence for H, or CO adsorption at
Type 1 sites on any of the Cu/ZnO cata-
lysts, even after heating to the higher tem-
perature needed to activate the sites on
pure ZnO. Much of the available evidence
suggests that Type I sites are associated
with Zn cation vacancies on ZnO(0001)
crystal surfaces (18-20). This leads us to
suggest that stable Cu cations may be re-
placing these cation vacancies, as a possi-
ble explanation for the absence of Type I
sites in Cu/ZnO catalysts. Regardless of the
reason for their absence, we conclude that
Type I sites do not play a significant role in
the CH;OH synthesis reaction on Cu/ZnO
catalysts.

We are also unable to identify any defini-
tive evidence for adsorption on isolated
Cu(I) cations on the ZnQO surface. For ex-
ample, we cannot resolve any new Cu-H
vibrational band in the spectra of the oxi-
dized or reduced catalysts. The H, TPD
spectra are consistent with the behavior of
high-index planes of metallic Cu, and simi-
lar spectra are observed on both Cu/SiO,
and Cu/ZnO catalysts. The CO vibrational
spectra are again consistent with the behav-
ior of high-index metallic Cu planes, and
not with the vibrational frequency that
would be expected for CO¢, adsorbed on a
Cu cation. Finally, the CO TPD spectra
show a range of desorption states, which
would be expected for a sample which con-
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tains a distribution of Cu crystal planes. In
addition, none of these desorption states
occur significantly above room tempera-
ture, which prevents us from classifying
them as being strongly chemisorbed.

Instead, all of our evidence is consistent
with a model in which the Cu component is
present as metallic clusters which expose a
large fraction of high-Miller-index crystal
planes. The vibrational bands of CO chemi-
sorbed on the low-index (111), (100), and
(110) faces of Cu at saturation coverage at
77 K have been reported at 2070, 2088, and
2094 ¢cm™!, respectively (27, 30). In con-
trast, bands on the higher-index (211),
(311), and (755) faces under the same condi-
tions have been observed at 2110, 2103, and
2016, respectively (30). Those authors also
studied various polycrystalline copper sam-
ples and concluded that low-index faces are
rarely found with evaporated films or with
supported copper catalysts. The fact that
the majority of the adsorbed CO on the
present catalysts has a frequency in the
range 2104-2099 cm™' supports the model
that the Cu component is present with high-
Miller-index crystal planes.

Additional support for this conclusion
comes from the H, adsorption behavior.
The present work clearly indicates the exis-
tence of an activated adsorption state for
H; on Cu/ZnO catalysts. In contrast, negli-
gible H, adsorption has been reported for
the low-index planes of Cu single crystals.
Exposure of Cu(100), (111), and (110) to H»
at room temperature and pressures up to |
Torr has resulted in no measurable change
of surface potential (30), implying little ad-
sorption of H,. A molecular beam study
(31) has also shown that the majority of in-
cident H, molecules are not adsorbed on
the (100) and (110) crystal faces of copper.
In these and other studies (32), researchers
have concluded that there are substantial
energy barriers to H; adsorption on copper
(approximately 5 kcal/mol).

There are, however, several reports re-
garding H, adsorption on higher-index
planes. Marked negative surface potentials,
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indicating the adsorption of H;, were mea-
sured for the (211), (311), and (755) faces
after exposure to 1-3 Torr H, at room tem-
perature (30). In the molecular beam study
(31) nearly identical resuits were obtained
for (110) and stepped (310) faces, which
was taken to imply that the open surface
structure of higher-index planes rather than
ledge defects on stepped surfaces is respon-
sible for H, adsorption. Consideration of
these results leads us to conclude that H, is
adsorbing on the high-index faces of copper
present in our samples.

Reported heats of adsorption for H, on
copper single crystals and evaporated films
range from 9 to 12 kcal/mol for Cu(l1l)
(33), Cu(311) (30), and evaporated Cu films
(34). Similar values have been reported for
Cu powders (35-38). Since our TPD results
gave a value of 20 kcal/mol for the apparent
desorption energy of H,, this is consistent
with the presence of an activation energy
barrier for adsorption of the order of 10
kcal/mol.

The fact that the CO and H, uptakes are
proportional to the low-temperature O; up-
take suggests that simple uptake measure-
ments of the former molecules may not pro-
vide any additional insight for correlating
the CH;OH synthesis activity of different
catalysts. Using either of the two molecules
as an alternative to O, chemisorption mea-
surements may provide improved sensi-
tivity for measuring the concentration of
adsorption sites. It is possible that the dis-
tribution of CO vibrational frequencies and
adsorption energies may provide informa-
tion that can lead to a better correlation of
CH;0H synthesis activity than is provided
by uptake measurements alone. Additional
work should be performed to test for such a
correlation and also to develop methods for
performing these adsorption measurements
directly on samples whose CH;OH synthe-
sis activity has been measured.

ACKNOWLEDGMENT

This work was supported by the Department of En-
ergy, Office of Basic Energy Sciences, under Grant
DE-FG02-85ER13392.



126

10.

11,

12.

13.

14.
15.
I6.
17.

18.

REFERENCES

. Chinchen, G. C., Waugh, K, C., and Whan, D. A.,

Appl. Catal. 25, 101 (1986).

. Chinchen, G. C., Denny, P. J., Parker, D. G.,

Short, G. D., Spencer, M. S., Waugh, K. C., and
Whan, D. A., Prepr. Amer. Chem. Soc. Div. Fuel
Chem. 29(5), 178 (1984).

. Chinchen, G. C., and Waugh, K. C., J. Catal. 97,

280 (1986).

. Fleisch, T. H., and Mieville, R. L., J. Catal. 97,

284 (1986).

. Fleisch, T. H., and Mieville, R. L., J. Catal. 90,

165 (1984).

. Tohji, K., Udagawa, Y., Mizushima, T., and

Ueno, A., J. Phys. Chem. 89, 5671 (1985).

. Bridgewater, A. J., Wainwright, M. S., Young,

D. J., and Orchard, J. P., Appl. Catal. 7, 369
(1983).

. Bridgewater, A. J., Wainwright, M. S., and

Young, D. J., Appl. Catal. 28, 241 (1986).

. Friedrich, J. B., Wainwright, M. S., and Young,

D.J., J. Catal. 80, 1 (1983).

Friedrich, J. B., Young, D. J., and Wainwright,
M. S., J. Catal. 80, 14 (1983).

Marsden, W. L., Wainwright, M. S., and Frie-
drich, J. B., Ind. Eng. Chem. Prod. Res. Dev. 19,
551 (1980).

Klier, K., ““Advances in Catalysis’’ (D. D. Eley,
P. W. Selwood, and P. B. Weisz, Eds.), Vol. 31,
p. 243. Academic Press, New York, 1982.
Herman, R. G., Klier, K., Simmons, G. W., Finn,
B. P., Bulko, J. B., and Kobylinski, T. P., J. Ca-
tal. 56, 407 (1979).

Scholten, J. J. F., and Konvalinka, J. A., Trans.
Faraday Soc. 65, 2465 (1969).

Evans, J. W., Wainwright, M. S., Bridgewater, A.
J., and Young, D. J., Appl. Catal. 7, 75 (1983).
Parris, G. E., and Klier, K., J. Catal. 97, 374
(1986).

Giamello, E., Fubini, B., Lauro, P., and Bossi,
A., J. Catal. 87, 443 (1984).

Griffin, G. L., and Yates, J. T., Jr., J. Chem.
Phys. T7, 3744 (1982).

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

ROBERTS AND GRIFFIN

Griffin, G. L., and Yates, J. T., Jr., J. Chem.
Phys. 77, 3751 (1982).

Roberts, D. L., and Griffin, G. L., J. Catal. 101,
201 (1986).

Roberts, D. L., and Griffin, G. L., Appl. Surf. Sci.
19, 298 (1984).

Roberts, D. L., and Griffin, G. L., J. Catal. 95,
617 (1985).

Barariski, A., and Cvetanovi¢, R. J., J. Phys.
Chem. 75, 208 (1971).

Baranski, A., and Gatuszka, J., J. Caral. 44, 259
(1976).

Duprez, D., Barbier, J., Ferhat. Hamida, Z., and
Bettahar, M., Appl. Catal. 12, 219 (1984).

Jones, D. M., and Griffin, G. L., J. Catal. 80, 40
(1983).

Sheppard, N., and Nguyen, T. T., ‘“Advances in
Infrared and Raman Spectroscopy” (R. J. H.
Clark and R. E. Hester, Eds.). Heydon, London,
1978.

Boccuzzi, F., Ghiotti, G., and Chiorino, A., Surf.
Sci. 156, 933 (1985).

Gentry, S. J., and Walsh, P. T., J. Chem. Soc.
Faraday Trans. 178, 1515 (1982).

Pritchard, J., Catterick, T., and Gupta, R. K.,
Surf. Sci. 53, 1 (1975).

Balooch, M., Cardillo, M. J., Miller, D. R., and
Stickney, R. E., Surf. Sci. 46, 358 (1974).
Stickney, R. E., and Bradley, T. L., Surf. Sci. 38,
313 (1973).

Shustorovich, E., Baetzold, R. C., and Muetter-
ties, E. L., J. Phys. Chem. 87, 1100 (1983).
Alexander, C. S., and Pritchard, J., J. Chem. Soc.
Faraday Trans. 1 68, 202 (1972).

Shield, L. S., and Russell, W. W., J. Phys. Chem.
64, 1592 (1960).

Beebe, R. A., Low, G. W., Wildner, E. L., and
Goldwasser, S., J. Amer. Chem. Soc. 57, 2527
(1935).

Kwan, T., ‘“‘Advances in Catalysis’’ (D. D. Eley,
H. Pines, and P. Weisz, Eds.), Vol. 6, p. 91. Aca-
demic Press, New York, 1954.

Ward, A. F. H., Proc. R. Soc. London Ser. A 133,
506 (1931).



