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Cu-Cr oxide catalysts formulated with various Cu/Cr ratios were prepared and evaluated as 
CH,OH synthesis catalysts. From the physical characterization of these catalysts by X-ray diffrac- 
tion, X-ray photoelectron spectroscopy, and temperature-programmed desorption of CO, Cu+ was 
identified as the active site responsible for CO chemisorption and CH,OH formation. The Cu+ is 
stable under reaction conditions and exists as a crystalline CuCrO, phase. The concentration of 
surface Cut (or CuCrOr) is dependent upon the Cu/Cr ratio, the calcination temperature, and the 
nature of the catalyst pretreatment. 0 1985 Academic Press, 1~. 

INTRODUCTION 

Copper-chromium oxide is a selective 
methanol synthesis catalyst (1, 2) and 
shares features common to the Cu-ZnO 
methanol synthesis catalyst, which has 
been discussed in considerable detail by 
Herman et al. (3, 4). For both catalysts, the 
active sites for associative CO adsorption 
and subsequent CH30H formation are re- 
ported to be Cu+ ions. In the Cu-ZnO sys- 
tem, Herman (3), using optical absorption 
spectroscopy, deduced that the Cu+ ions 
are positioned substitutionally and/or inter- 
stitially in the ZnO lattice. The ZnO lattice 
provided the hydrogenation sites for the ad- 
sorbed CO. Recently, Apai et al. (5), using 
X-ray photoelectron spectroscopy, have 
shown a direct correlation between surface 
Cu+ ions and the rate of CHjOH formation 
over Cu-Cr oxide. However, for Cu-Cr 
oxide little is known about the environment 
of the Cu+ site responsible for CO adsorp- 
tion and activation. 

We present here the effects of catalyst 
composition and preparation on the cata- 
lytic activities for CH30H formation and 
surface properties of Cu-Cr oxide. Specifi- 
cally, correlations between the amount of 
surface Cu+ and CH30H activity are pre- 
sented; in addition, the Cu+-containing sur- 

face phase is identified. The nature of the 
hydrogenation sites in Cu-Cr oxide will be 
the subject of another paper. 

EXPERIMENTAL 

Catalyst Preparation 

All catalysts were prepared by the de- 
composition of homogeneous citrate com- 
plexes by methods similar to those de- 
scribed by Courty et al. (6). Briefly, citric 
acid was added to an aqueous solution (all 
at 300 K) of the appropriate molar quanti- 
ties of Cu2+ and Cr3+ acetates to form the 
corresponding Cu2+-Cr’+ citrate complex. 
For the formation of Cr203 and CuO, 
citric acid was added to aqueous solutions 
of Cr3+ acetate and Cu2+ acetate, respec- 
tively. The resulting slurry was evaporated 
to dryness on a steam bath to form a trans- 
lucent solid, which was dried at 150°C in a 
flowing Nz stream for 2 h. The dry solid was 
ground to a powder for calcination and cat- 
alyst pretreatment. 

Because the calcination was highly exo- 
thermic above 200°C the calcination tem- 
perature was continuously monitored by 
means of a sheathed thermocouple imbed- 
ded within the catalyst sample. During the 
initial stages of the calcination, the temper- 
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ature was kept below 350°C by varying the 
percentage of O2 in the He stream. Typi- 
cally, 4-8% O2 was required to keep the 
catalyst from exotherming. Only during the 
latter stages of calcination could the O2 
level be increased to the normal 20%. All 
catalysts were given final calcinations for 2 
h between 300 and 400°C in 20% 02/80% 
He. Unregulated use of O2 during initial 
stages of calcination often produced tem- 
perature excursions in excess of 600°C. 

Before kinetic evaluation, all catalysts 
were reduced/pretreated at 270°C in flowing 
H2 at 1 atm pressure for l-2 h. This process 
was also exothermic above 160°C during 
the initial stages of the H2 pretreatment. 
The exothermicity was more pronounced 
for the catalysts with high CuKr ratios and 
was linked to the amount of HZ0 produced 
during the reduction. After the initial surge 
of HZ0 formation, exothermicity ceased 
and the pretreatment/reduction process 
was thermally stable. If unregulated, how- 
ever, the temperature during the initial 
stages of catalyst pretreatment could go 
over 400°C. The temperature was regulated 
by externally cooling the catalyst in a 
stream of flowing N2. 

Catalyst Evaluation 

All catalysts were evaluated in a single- 
pass, high-pressure flow reactor. High- 
pressure reaction conditions were main- 
tained by using a back-pressure regulator 
downstream from the reactor and upstream 
from the in-line gas-sampling loop used for 
gas chromatographic (GC) analysis. All 
lines below the reactor were kept above 
100°C to prevent product condensation. To 
minimize catalytic wall reactions in the 
stainless-steel tube reactor, the inside walls 
of the tube were gold plated. Reaction con- 
ditions (unless otherwise specified) were 
270°C feed composition of Hz/CO = 2/l, 
and overall pressure of 900 psig. In all 
cases, CO conversion was kept at less than 
2%. To remove trace amounts of Fe(CO)S 
from the CO feed stream, a molecular-sieve 

SA trap kept at 200°C was inserted in the 
feed manifold upstream from the catalyst. 

Catalyst Characterization 

A. Elemental analyses. The Cu and Cr 
weight percentages were determined by 
neutron activation analysis, and that of 0 
was taken to be the remainder of the total 
weight. For most catalysts, elemental anal- 
yses were obtained after calcination at 
350°C and after Hz reduction at 270°C to 
gain some estimate of the amount of lattice 
oxygen lost during reduction. 

B. X-Ray diffraction. Powder X-ray dif- 
fraction patterns were obtained over the 28 
interval of 4-60” with a Siemens type F dif- 
fractometer using CuKa! (A = 1.5418 A) irra- 
diation. For some specific catalysts, X-ray 
diffraction analyses were made after calci- 
nation and after reduction to determine 
whether the oxygen loss during reduction 
gave rise to any new bulk crystalline 
phases. 

C. Surface area determination. Surface 
areas were obtained with a Micrometrics 
Digisorb 2500 multisample surface area an- 
alyzer. All surface areas were derived from 
multipoint BET adsorption isotherms, with 
N2 at -195°C as the adsorbate. For some 
catalysts, surface areas were measured af- 
ter calcination and after H2 reduction to de- 
termine the effect of reduction on surface 
area. 

D. X-Ray photoelectron spectroscopy 
(XPS). Samples undergoing pretreatments 
identical to those used for the catalysts be- 
ing evaluated at reaction conditions were 
mounted on a resistively heated boat and 
reduced for 1 h at 270°C in a preparation 
chamber attached to an ultrahigh-vacuum 
XPS analysis chamber. XPS data were ob- 
tained by using unmonochromatized MgKa 
radiation (hv = 1253.6 eV) and an analyzer 
resolution of 0.4 eV. Binding energies of 
photoemission and Auger peaks were de- 
termined by assigning the carbon 1s peak of 
the adventitious carbon to have a binding 
energy of 284.6 eV. Since our studies fo- 
cused mainly on the oxidation states of cop- 
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TABLE 1 

Composition of Cu-Cr Oxide Catalysts after Calcination at 350°C and after H2 Reduction at 295°C 

Catalyst Calcined catalyst 

Empirical formula Surface area 
Wk) 

Reduced catalyst 

Empirical formula Surface area 
Wk) 

Oxygen lost0 
m 

100% cue cue - CUO <5 100 
9/l Cu-Cr oxide Cu8Cr109.s 33.0 Cu8CrQ2 4 19 75 
2/l Cu-Cr oxide Cu2CrO4.4 22.3 Cu2CrJb0 21.4 5.5 
l/l Cu-Cr oxide CulCrl.203 8 - CulCrl 202.5 53 34 
l/2 Cu-Cr oxide CUOl.8 66.4 - 78 - 
l/4 Cu-Cr oxide CWhQ2 48.2 CuKr408.4 73 30 
l/10 Cu-Cr oxide culcr10026 34.7 CuO,0% 34.2 7 
l/50 Cu-Cr oxide CuGhO94 40.9 CuO50086 39.8 9 
100% Cr209 Cr203.3 70.6 Cr203 64.4 9 

0 The percentage of oxygen lost during reduction is calculated from differences in the empirical formulae for a 
given catalyst. 

per using the Auger parameters, the possi- 
ble problems associated with charge 
referencing were not experienced. 

E. Temperature-programmed desorption 
(TPD) of CO. The TPD technique was a 
dynamic one in which He at 80 (STP) ml/ 
min was used as a sweep gas to transfer the 
desorbed gases from the Cu-Cr oxide sur- 
face to the differentially pumped inlet sys- 
tem of a UT1 Model Q-30C quadrupole 
mass spectrometer. Before the TPD spec- 
trum was run, CO was chemisorbed onto 
the HZ-reduced and vacuum-pretreated Cu- 
Cr oxide surface at 25°C from a flowing 
stream of CO. Reversibly adsorbed CO was 
removed from the surface by evacuating to 
IO-* Torr before the TPD experiment was 
conducted. During the desorption experi- 
ment, selected mass intensities and the cat- 
alyst temperature were stored on a UT1 
Model 2054 programmable peak selector di- 
rectly interfaced with the Q-30C mass spec- 
trometer. The linear temperature ramp was 
maintained by a Theall Model TP-2200 tem- 
perature programmer. 

RESULTS AND DISCUSSION 

The compositions of the catalysts are 
shown in Table 1 for the calcined and re- 
duced states. The physical properties of the 

HZ-reduced catalysts should more closely 
resemble the properties of the catalysts un- 
der Hz/CO reaction conditions. Several 
points are apparent from examination of 
Table 1. First, the Cu/Cr ratios of the ana- 
lyzed samples are quite close to the nomi- 
nal ratios, as one would expect for a copre- 
cipitation type of preparation. Second, the 
surface areas of the catalysts decrease as 
the amount of Cu in the catalysts increases 
(20-100% Cu levels); in addition, H2 reduc- 
tion has a minimal effect on the surface ar- 
eas of the catalysts. Finally, the amount of 
lattice oxygen lost during H2 reduction in- 
creases dramatically as the composition 
changes from 100% Cr203 to 100% CuO, 
indicating the reduction of CuO to metallic 
Cue upon exposure to H2 at 300°C. 

The X-ray diffraction data summarized in 
Table 2 support the oxygen loss trend in 
Table 1 and indicate that reduction of CuO 
to Cue occurs upon exposure to H2 at 
270°C. These X-ray data agree with the data 
of Schreifels et al. (7), who observed that 
most of the Cu in calcined Cu-Cr oxide cat- 
alysts exists as CuO. Likewise, on the basis 
of XPS, Capece and co-workers (8) and 
Apai et al. (5) have stated that, upon reduc- 
tion, the CuO in Cu-Cr20j catalysts is re- 
duced to CuO. 
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TABLE 2 

X-Ray Diffraction Summary for Cu-Cr Oxide 
Catalysts; Identified Crystalline Components 

Presented as a Function of Their Relative 
Concentrations0 

Catalyst Calcined Reduced 

9/l Co-Cr oxide cue (Only) CuO (Major) 
CuCrOl (Minor) 
CuCr20c (Trace) 

2/l Cu-Cr oxide CuO (Major) Cue (Major) 
CrzOz (Minor) CuCrO? (Minor) 
CuCrzOl (Small) CuCrz04 (Small) 

111 Cu-Cr oxide CuO, CrzOl (Major) Cu” (Major) 
CuCrzOl (Small) CuCr204 (Minor) 

CuCrO? (Minor)” 
l/2 Co-Cr oxide Cr!O, (Major) (Not done) 

CuO (Minor) 
CuCrzOd (Trace) 

l/4 Cu-Cr oxide Cr)O? (Major) (Not done) 
CuO (Small) 

l/IO Cu-Cr oxide Cr203 (Only) Cr201 (Major) 
Cu” (Trace) 

100% Crz03 Cr?O3 (Only) (Not done) 

y Order of decreasing concentration: major > minor > small 
> trace. 

b CuCrOz present as 50-100 A crystallites, from X-ray line 
broadening. 

The X-ray data of Table 2 reveal the ex- 
istence of the spine1 CuCr204 for the 
calcined forms of the catalysts with Cu/Cr 
ratios rU2. After reduction, X-ray diffrac- 
tion also shows the existence of CuCrOz. It 
is not possible to state from this study 
whether the CuCrOz is formed from the re- 
duction of CuCr204 or is formed indepen- 
dently of CuCrz04, since the X-ray diffrac- 
tion peaks of CuO in the calcined form of 
the catalysts give essentially 100% interfer- 
ence with the principal diffraction lines of 
CuCrO;?. Only after the removal of the CuO 
diffraction peaks by reduction of CuO to 
Cue is it possible to observe the diffraction 
pattern of CuCrO*. Nevertheless, as stated 
above, the reduced forms of the Cu-Cr ox- 
ide catalysts are more likely to resemble the 
working catalyst under Hz/CO reaction 
conditions. Finally, the absence of any 
Cr203 diffraction lines after H2 reduction of 
the l/l and 2/l Cu-Cr oxide samples may 
be due to the formation of amorphous and/ 
or small crystallites of Cr203 during the re- 
duction, as discussed by Iimura et al. (9). 

The specific activities for CH,OH forma- 
tion as a function of mole fraction Cu are 
plotted in Fig. 1. All catalytic activities 
were obtained at the steady state after a 
minimum of 4 h on stream. During the time 
on stream, only slight deactivation to the 
steady state was observed for all the cata- 
lysts, showing that the pretreatment in 
flowing Hz had stabilized the active surface. 
Included in Fig. 1 is the integrated X-ray 
diffraction peak area for the (200) reflection 
of CuCrOs at 28 = 36”. The surface areas 
used to calculate the specific rates of 
CH30H formation are for the Hz-reduced 
samples. Both the specific CHjOH activity 
and the concentration of CuCrOz pass 
through a maximum at the copper mole 
fraction -0.7, suggesting a correlation be- 
tween catalytic activity and the amount of 
crystalline CuCrOz. 

The X-ray data in Table 2 also reveal that 
CuCr204 is observed along with CuCrOf. 
To determine the possible role of CuCrzOd 
in CH30H synthesis, we evaluated a series 

0’16 r-----l 

0.2 0.4 0.6 0.8 1.0 

Mole fraction Cu of total metal in catalyst 

FIG. 1. Dependencies of specific CH30H activity 
and concentration of CuCrO, on the mole fraction of 
Cu in Cu-Cr oxide catalysts (O-O, CHSOH forma- 
tion rates; O---O, CuCrO, XRD intensity). 
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FIG. 2. X-Ray diffraction patterns and catalytic ac- 
tivities of l/l Cu-Cr oxides calcined at 300, 350, and 
400°C. All catalysts were reduced at 270°C before X- 
ray diffraction analysis and catalytic evaluation. 

of l/l Cu-Cr oxide catalysts, which were 
calcined at different temperatures (300, 
350, and 4OO”C), for catalytic activity and 
examined them by X-ray diffraction. The 
results (summarized in Fig. 2 and Table 3) 
reveal that specific activity is highest for 
the sample calcined at 350°C. The X-ray 
diffraction data also show a maximum in 
CuCrOz peak intensity for the sample 
calcined at 350°C whereas the CuCr204 
peak intensity relative to the CuCrOz peak 
is highest for the sample calcined at 400°C. 
Since the catalytic activity at 400°C is lower 
than for the samples calcined at 300 and 
350°C it does not appear that catalytic ac- 
tivity is linked to the presence of CuCr204. 

The data in Fig. 2 also suggest that there 
is an optimum calcination temperature 
(-35OOC) for the Cu-Cr oxide catalysts. 
Temperatures ~350°C result in incomplete 
formation of CuCrO;? (or a CuCr02 precur- 
sor), whereas temperatures >35O”C cause 
decomposition of CuCrOz (or its precur- 
sor), perhaps into CuCrZOA and CuO. As 

the X-ray data in Table 2 indicated, CuO 
formed during calcination is totally reduced 
during Hz reduction, explaining the large 
Cue X-ray diffraction peak in Fig. 2 for the 
sample calcined at 400°C. These observa- 
tions are in good agreement with those of 
Iimura and co-workers (9), who found that 
the CuO component of a Cu-Cr oxide cata- 
lyst was completely reduced to Cue when 
the catalyst was pretreated in a recircula- 
tion reactor containing 50 Torr of H2 at 
200-300°C. Likewise, limura concluded 
that CuCr02 was stable to 400°C under the 
same reducing conditions. 

We recorded X-ray photoelectron spec- 
tra for the l/l Cu-Cr oxide samples 
calcined at 300, 325, 350, 375, and 400°C 
and subsequently reduced in Hz at 270°C to 
study the oxidation state(s) of the surface 
Cu species for these catalysts. These data 
are summarized in Fig. 3 and illustrate the 
fraction of surface Cu existing as Cu+ as a 
function of calcination temperature. Cue 
and Cu+ contributions were determined 
from curves generated by adding together 
Cu(LMM) Auger spectra from copper 
metal and cuprous chromite in various ra- 
tios. Peak heights for each component were 
then measured above a linear background. 
Further details of the XPS results have 
been published (5). No Cu*+ species were 
detected in the Cu 2p core levels for the HZ- 
reduced samples, which eliminates the pos- 

TABLE 3 

Rate of CH30H Formation as a 
Function of Cakination 

Temperature for a l/l Cu-Cr 
Oxide Catalyst” 

:;; i 
/*mole CHJOH 
set-mz catalyst 1 

300 0.017 
350 0.020 
400 0.010 

-500 0.007 

n Uncertainty in rates is 
+-0.002. 
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FIG. 3. Effect of calcination temperature on concentration of Cu+ as determined by XPS. Catalyst is 
l/l Cu-Cr oxide. Each sample was reduced in H2 at 270°C before analysis. Data for calcination 
temperatures of 325 and 375°C were obtained for a different catalyst and were thus normalized to a 
350°C calcination temperature, which was common to both catalysts. The dashed line is intended to 
indicate trends only. 

sibility that species such as CuO or Cu 
Cr204 are present at the surface. We find 
that the surface coverage of Cu+ is largest 
for calcination temperatures between 300 
and 350°C. The amount of Cu+ vs Cue 
sharply decreases at calcination tempera- 
tures >35O”C. In general, this trend agrees 
with the X-ray diffraction curves of the 
bulk catalyst shown in Fig. 2. Comparison 
of Fig. 3 and Table 3 shows that there is a 
correlation between changes in catalytic ac- 
tivity and the surface concentration of Cu+, 
which presumably exists within a stable, 
crystalline CuCrOz surface phase. Al- 
though we have observed variations of 
-20% in the ratio of Cu+ to total Cu for 
different sample batches yielding identical 
catalytic activity, the variations of that ra- 
tio with calcination temperature remain 
similar to those shown in Fig. 3. 

Temperature-programmed desorption of 
CO from the l/l Cu-Cr oxide catalyst 
(calcined at 35O“C) was used to determine 
the number of different types of CO adsorp- 
tion sites and the strength of the CO binding 
energy. The TPD spectrum for this catalyst 
(Fig. 4) shows only one type of CO adsorp- 
tion site. Burwell and co-workers (10) stud- 
ied the chemisorption properties of Crz03 

and found that only small amounts of CO 
were weakly adsorbed on Cr203; CO de- 
sorbed near room temperature. Thus, we 
can discount the possibility of CO chemi- 
sorption on Crz03 portions of the catalyst, 
since the X-ray data in Table 2 revealed 
that Cr,O, was present in the l/l Cu-Cr 
oxide. Since XPS indicated that the only Cu 
species present were Cue and Cu+, and Pas- 
quali et al. (11) have shown that Cue does 
not chemisorb CO, we can conclude that 
the TPD curve represents desorption of CO 
from Cu+ sites. Application of the Redhead 
equation for first-order desorption (12) of 
CO yields an apparent desorption energy of 
26.4 kcal/mole. This relatively mild interac- 
tion between CO and Cu+ is consistent with 
the reduction of associatively adsorbed CO 
to selectively form CH30H under HZ/CO 
reaction conditions. A stronger CO-sur- 
face interaction would be expected to give 
dissociatively adsorbed CO and subsequent 
hydrocarbon formation under H&O reac- 
tion conditions (13). 

To confirm the link between Cu+ in 
CuCrQ) and catalytic activity, we con- 
ducted an additional experiment. Stroupe 
(14) has shown that it is possible to selec- 
tively prepare CuCrOz from a typical Cu- 
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FIG. 4. TPD spectrum of CO for l/l Cu-Cr oxide 
calcined at 350°C. Desorption peak maximum at 
134°C; heating rate 40”C/min. 

Cr oxide catalyst (one calcined at 350°C) 
by using a high-temperature treatment. 
Briefly, the preparation involves the heat 
treatment of a normal Cu-Cr oxide catalyst 
in air at 600°C for 4-8 h to form CuCrZOd, 
followed by a second heat treatment at 900- 
1000°C for 24 h to form CuCrOz. This prep- 
aration can be summarized as 

2Cu0 * Cr203 5 CuCr204 
(l/l Cu-Cr oxide) 

9OOT 
+ CuO 24 2CuCr02 + $0, 

The characterization and CHsOH activity 
determined from a catalyst prepared in this 
way are summarized in Table 4. As a result 
of the high-temperature treatment, more 
CuCrQ was formed and the fraction of sur- 
face Cu+ was substantially higher than for 
the sample calcined at 350°C. The specific 
rate for CH30H formation was also propor- 
tionally higher for the sample calcined at 
lOOO”C, providing even further correlation 
between catalytic activity and surface con- 
centration of stable Cu+, existing as Cu 
CrOz. 

CONCLUSIONS 

1. The Cu+ species has been identified as 
the active site responsible for CO adsorp- 
tion and subsequent CH30H formation in 
Cu-Cr oxide catalysts. This study repre- 
sents the first time that direct experimental 
means (XPS, X-ray diffraction) have been 
used to identify the existence and role of 
Cu+ in Cu-based, low-pressure CH30H 
synthesis catalysts. 

2. The Cu+ species is stable under reac- 
tion conditions and exists as a crystalline 
CuCr02 surface phase. 

TABLE 4 

Effect of High-Temperature Calcination on Catalytic and Physical Properties of Cu-Cr Oxide 

Catalyst Surface area 
Wk) 

Activity 

i 
pmole CH,OH 

i set-ml catalyst 

cu+” 
cumt 

Compositionb 

l/l C&r 21.4 0.02 0.21 CuCrO, (Minor) 
(Tcaic = 350°C for 2 h) 
l/l Cu/Cr 2.9 0.06 0.5 CuCrOz (Major) 
(Tca~c = looo”C, for 4 h) CuCrzOd (Major) 

u Determined by XPS after H2 reduction at 300°C. 
b X-Ray diffraction data for calcined samples. After Hz reduction, the CuCrzOl peaks were replaced by Cu’J 

peaks. The intensities of the CuCrO* peaks were not altered by Hz reduction. 
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3. The concentration of surface Cu+ (or 
CuCrOJ is dependent upon: 

(a) The Cu/Cr ratio. Catalytic activity 
and the amount of CuCrO* passes through a 
maximum at C&r -0.7. 

(b) The calcination temperature. For the 
normal Cu-Cr oxide catalyst prepared via 
the citrate route, a calcination temperature 
of -350°C is optimal. X-Ray diffraction in- 
dicates that, below 350°C there appears to 
be incomplete formation of CuCrOz, and 
above 35o”C, CuCrOz apparently decom- 
poses. If high-temperature calcination (T = 
1OOOC) is used, however, CuCr02 becomes 
the thermodynamically stable phase, and 
enhancement of CuCrOz is observed. 
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