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This is a comparative study of the catalytic properties of copper chromites and copper aluminate. 
The purpose of this study is to identify the nature of the active sites. An analysis of the catalytic 
properties of various copper-containing catalysts demonstrates the critical importance of the octa- 
hedral environment of cuprous ions. Hydride ions, located in anionic vacancies (BMV) shared 
between the cuprous ion and the chromium or aluminium ion, are the primary active species. The 
second cation (Cr”‘, Al”) is primarily a stabilizer of a defect spine1 oxide phase. Since hydrogen 
reservoir capacity plays an important role in the hydrogenation of dienes, the variation of the 
occluded hydrogen concentration was studied as a function of the calcination temperature of the 
oxide precursor as well as a function of the second cation. Taking into account the spine1 unit cell, 
structures of the catalytic sites are proposed. These structures are consistent with the well-known 
synergism in copper-containing catalysts. D 1987 Academic Pres5. Inc. 

INTRODUCTION 

For many years, copper-containing cata- 
lysts were extensively used in industrial 
processes, such as selective hydrogenation 
of vegetable oils, fragrance synthesis, and 
methanol synthesis (1-7). Although nu- 
merous authors agree on the catalytic im- 
portance of cuprous ions, some contro- 
versy still exists on the nature of the active 
species (7-9). In our previous work on bulk 
copper chromites, we reported a direct cor- 
relation among the activity of the catalyst, 
the concentration of cuprous ions in an oc- 
tahedral environment, and the concentra- 
tion of occluded hydrogen (9, 10). A nucle- 
ophilic attack and carbanion intermediates 
were used to describe the variation in selec- 
tivity for the hydrogenation of dienes (II). 
The formation of copper hydride species is 
consistent with all the mechanistic results. 
Similar species were also proposed in ho- 
mogeneous catalysis (12). 
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This article presents a comparative anal- 
ysis of Cu2(II)Cr20,, Cu(I)Cr20,, and 
Cu(II)A1204 and reports on the structure of 
the catalytic sites, consistent with the syn- 
ergism observed in such systems. We fo- 
cused our attention on the relationship 
among the environment of the cuprous ion, 
the role of the second cation, the catalytic 
activity, and the hydrogen storage capabili- 
ties of bulk materials. 

EXPERIMENTAL 

Samples 

The various samples of copper chromium 
oxides (Cu/Cr = 0.5 or 1.0) were prepared 
by coprecipitation of copper and chromium 
hydroxides with ammonium hydroxide. 
The oxide precursors were obtained by 
thermal decomposition under flowing nitro- 
gen at temperatures ranging from 370 to 
650°C for the various cupric chromites and 
800°C for the cuprous chromite, according 
to the procedure already described (13). 
The cupric chromite precursors were then 
reduced at 150°C with flowing hydrogen. 
The cuprous chromite was used as is. 
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The copper aluminium oxide was also 
prepared by coprecipitation of the corre- 
sponding hydroxides, followed by thermal 
decomposition under flowing air at 810°C. 
The reduction of the aluminate began 
around 15o”C, and two different solids were 
obtained, as shown by the TGA analysis 
(Fig. 1). Between 150 and 300°C the forma- 
tion of metallic copper particles on a resid- 
ual spine1 was observed by X-ray diffrac- 
tion. Above 350°C complete segregation 
occurred, and metallic copper supported on 
y-alumina was observed by X-ray. The cu- 
pric aluminate was reduced at 300°C before 
the catalytic run. Finally, the specific areas 
of all the catalysts were measured by the 
BET method. 

All the gases (Air liquide, U-grade, 
>99.9%), as well as the hydrocarbons 
(Fluka, puriss grade, >99.5%), were used 
after further purification. 

Procedure and Apparatus 

Thermogravimetric analysis. The TGA 
experiments were carried out on a Sartorius 
4102 microbalance, equipped with a gas 
flow system, previously described (14). 
One hundred milligrams of oxide precursor 
was loaded into a quartz basket and dried 
with a flow of purified nitrogen. This state 
was used as a mass reference. The solid 
was then reduced with hydrogen (10% in 
nitrogen) by increasing the temperature 
from 25 to 400°C at a rate of l”C/min. 

Catalytic activity measurement. The cat- 
alytic measurements were carried out in an 

-1 c 
FIG. 1. Cuprous chromite TGA in the presence of 

hydrogen. 

all-glass, grease-free flow unit, previously 
described in the literature (15) (Fig. 2). The 
diene was introduced at constant pressure 
(20 Torr) by distillation in a subambient trap 
(-50°C) and swept away with a flow of 
dried purified hydrogen, deuterium, or he- 
lium (20-60 ml/min, atmospheric pressure). 
Fifty to one hundred fifty milligrams of cat- 
alyst was loaded in a pulsed isothermal mi- 
croreactor, operating at temperature rang- 
ing from 40 to 35O”C, depending on the 
catalyst treatment. Variations in conver- 
sion levels were achieved by changing ei- 
ther the reaction temperature or the flow 
rate of the carrier gas. 

Occluded hydrogen measurement by iso- 
prene hydrogenation. After reduction of 
the oxide precursor, the catalyst was 
flushed with purified dry helium (60 ml/min) 
for 20 min. The elimination of gaseous hy- 
drogen was confirmed using both a conduc- 
tivity cell inserted in the gas flow line and 
GC analysis. After 10 min, the hydrogen 
concentration was less 0.1%. Then 5 Torr 
of isoprene was introduced into the helium 
flow line. The isoprene hydrogenation was 
monitored by GC analysis. When the hy- 
drogenation was completed, the total 
amount of occluded hydrogen was esti- 
mated by integrating the total concentration 
of all pentenes versus time. This total hy- 
drogen amount will be referenced as H* in 
the text. 

In order to confirm that all hydrogen was 
eliminated from the flow system, a control 
experiment was performed. A 10% plati- 
num on alumina catalyst was substituted 
for the copper catalyst. This catalyst 
showed negligible hydrogen storage capac- 
ity even though it has a high hydrogenation 
activity in the presence of gaseous hydro- 
gen. This negligible total hydrogenation 
clearly demonstrates that the hydrogen had 
been eliminated from the gas flow line. 

Occluded hydrogen measurement by 
deuteration. After reduction of the oxide 
precursor, the hydrogen flow was switched 
to a deuterium gas flow for 20 min. The 
elimination of gaseous hydrogen was con- 
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FIG. 2. Catalytic reactor. 

firmed by mass spectrometry and residual 
concentration was lower than 0.1%. Then 5 
Torr of isoprene was added to the helium 
flow, and the products were collected in 
five to seven fractions of 20-30 ~1. The deu- 
terium content of these various fractions 
was determined by mass spectrometry. The 
total occluded hydrogen was then esti- 
mated by the difference between the num- 
ber of deuterium atoms introduced in the 
products and the stoichiometry of the reac- 
tion (two deuterium atoms per pentene mol- 
ecule) . 

Note that the consistency between the 
hydrogen consumption and the deuteration 
method provides further clear evidence that 
the gaseous hydrogen was eliminated from 
the gas flow line. 

Product Analysis 

The product distribution was determined 
by GC, using a Varian 3700 chromatograph, 
equipped with a flame ionization detector 
and a capillary column (squalane, 0.2 mm 
i.d., 100 m long) operating at 40°C. 

In tracer experiments, the deuterium 
content of the various products was deter- 
mined by mass spectrometry, using the 
method described by Gault and Kemball 

(16). Parent peaks were used after the usual 
corrections for natural isotope. The frag- 
mentation corrections for the various 
deutero molecules were made on a statisti- 
cal basis, using the fragmentation patterns 
of nonlabeled and perdeuterated molecules. 
The C-D fragmentation in the C5 hydrocar- 
bons was 0.77 of that of C-H bond, i.e., 
identical to the isotopic effect observed in 
butenes (17). The mass spectra were re- 
corded on a Ribermag Rl 0-lo-Sydar mass 
spectrometer. 

RESULTS 

Catalytic Activity and Selectivity 

The hydrogenation activity was mea- 
sured at 5O”C, using isoprene as a model 
compound. Because the various catalysts 
were prepared at different temperatures, 
large variations in specific areas were ob- 
tained, Therefore, the hydrogenation activ- 
ities are reported per gram of catalyst as 
well as per square meter (Table 1). Both 
cupric chromite (CuCr-1) and cupric alumi- 
nate exhibited a similar activity per square 
meter. However, a lower activity was ob- 
tained for the cupric chromite catalysts 
whose Cu/Cr ratio is 0.5 and decreased as a 
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TABLE I 

Catalyst CulM Temperature (“C) 

Annealing Reduction Reaction 

Cupric chromite 
C&r-0.5 
C&r-OS* 
C&r-0.5** 
CuCr-I 

Cupric aluminate 
CuAl-0.5 

Cuprous chromite 

0.5 
0.5 
0.5 
1.0 

0.5 

1.0 

310 1.50 50 64.4 16.55 0.26 
500 150 50 21.4 3.58 0.17 
650 150 50 8 0.56 0.07 
310 150 50 17 33.11 0.43 

800 300 50 7 

800 200 200 1 

BET Hydrogenation 
(mW activity 

(per 8) (per m*) 

3.15 0.45 

0.1 <o. 1 
(-lo-4)a (-10-4)o 

” The values in brackets are calculated activities at 5O”C, using an activation energy of 54 kJ/mole. 

function of the calcination temperature. 
The direct correlation between the hydro- 
genation activity and the concentration of 
the Cu(I) ions (9) suggests that the concen- 
tration of cuprous ions per surface unit is 
lower for the catalysts treated at high tem- 
peratures. The relatively high activity per 
square meter of the aluminate was surpris- 
ing considering the high temperature used 
for its synthesis. 

By contrast, the cuprous chromite was 
found to be inactive at 50°C; a significant 
activity was observed only at temperatures 
higher than 200°C. As shown by the TGA 
analysis in hydrogen atmosphere, a contin- 
uous weight loss was observed above 200°C 
(Fig. 3). In this temperature range, X-ray 

6- 

6- 
I I I I * 

100 200 300 460 T% 

FIG. 3. Cupric aluminate TGA in the presence of 
hydrogen. 

diffraction showed that the cuprous chro- 
mite phase collapsed and that metallic cop- 
per supported on chromia is formed. Con- 
sequently, the behavior of the cuprous 
chromite appeared very similar to the be- 
havior of the cuprous oxide and bulk metal- 
lic copper catalysts, as reported in the liter- 
ature (18, 19). Finally, it is noteworthy that 
the cupric chromite Cu/Cr = 1 was the 
most active catalyst because of its low tem- 
perature synthesis that led to a high surface 
area, and because of its ionic distribution. 

Typical variations in the product distri- 
bution with the conversion level are repre- 
sented in Figs. 4 and 5. For the isoprene 
hydrogenation, the 2-methyl-1-butene and 
the 3-methyl- 1 -butene corresponded to pri- 
mary products while the 2-methyl-2-butene 
was a secondary product. By contrast, all 
of the pentenes resulted from the primary 
hydrogenation of the trans-1,3-pentadiene. 
In Tables 2 and 3, the selectivities of the 
various catalysts are compared. The l-pen- 
tene and the 2-methyl-1-butene were al- 
ways the major components. With the ex- 
ception of cuprous chromite, all the 
catalysts exhibited a very similar selectiv- 
ity, independent of the type of catalyst 
used, as observed previously (20). There- 
fore, the significant difference observed for 
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FIG. 4. lsoprene hydrogenation on cupric chromite 
(CuCr-1). Typical product distribution. 

the cuprous chromite is attributed to the 
high reaction temperature used, rather than 
to the nature of the catalyst itself. 

The apparent activation energies for the 
various hydrogenation reactions of the iso- 
prene and the trans-1,3-pentadiene are re- 
ported in Table 4 for the Cu/Cr = 1 chro- 
mite and the aluminate. In general, these 
values were lower than those observed on 
metallic copper or supported catalysts: 56.4 
and 54.3 kJ/mole, respectively (18, 21). 

Measurement of the Occluded Hydrogen 
Amount 

By isoprene hydrogenation. In the pre- 
vious studies, we reported that the cupric 

4 9 12 
% 

Total Conversion 

. 1-Pentena 

n CIS-2-Pentene 

. lhnr-2-Pentem 

FIG. 5. trans-1,3-Pentadiene hydrogenation on cu- 
pric chromite (C&r-l). Typical product distribution. 

TABLE 2 

Selectivity in the Isoprene Hydrogenation 

Catalyst 3-Methyl- 
I-butene 

(%I 

2-Methyl- 
I-butene 

(%I 

2-Methyl- 
2-butene 

(5%) 

cucr-1 
cucr-0.5 
cucr-o.s* 

CuAI-0.5 

Cuprous chromite” 

12 19 7 
10 82 8 
II 80 9 

10 83 I 

21 62 17 

0 Catalytic hydrogenation carried out 220°C. 

chromite (Cu/Cr = 1) behaved like a re- 
versible hydrogen reservoir, whose content 
can be precisely controlled (22, 23). At 
lWC, isoprene (5 Torr in helium) can be 
hydrogenated by the hydrogen species oc- 
cluded in the bulk of the catalyst. As shown 
in Fig. 6, a continuous decrease in the rela- 
tive hydrogenation rate occurred and led to 
a total extraction of the occluded hydrogen. 
By integration of the rate versus time 
curves, the total amount of extractible hy- 
drogen (H*) was estimated and corre- 
sponded to 4.7 + 0.5 and 0.66 + 0.03 
pmole/g for the cupric chromite (Cu/Cr = 
1) and the cupric aluminate. The lower con- 
tent, found for the aluminate, might be re- 
lated to the nature of the catalyst itself or to 
its high temperature synthesis. Since the 
hydrogenation rates changed in a different 
manner, different mechanisms for the hy- 
drogen extraction might be involved (Fig. 
6). For the cupric chromite, the mechanism 
previously proposed corresponds to the dif- 
fusion of the hydrogen species from the 
bulk to the surface, followed by the regen- 

TABLE 3 

Selectivity in the truns-I ,3-Pentadiene 
Hydrogenation 

Catalyst 

cucr-1 
CuCr-0.5 
cucr-0.5* 

&AI-0.5 

1-Pentene cis-2-Pentene trans-2-Pentene 
(%) vi) (%) 

63 17 20 
68.6 15 16.4 
65 18.2 16.8 

65.5 13.5 21 
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TABLE 4 

Apparent Activation Energies (kJ/Mole) 

Catalyst Reactant Hydrogenation 

1-Pentene or t-2-Pentene or c-2-Pentene or 
2-methyl-1-butene 3-methyl-I-butene 2-methyl-2-butene 

c&tram 
Isomerization 

C&r-l t-l ,3-Pentadiene 41.0 45.1 43.5 24.2 
Isoprene 35.5 42.6 62.7 

CuAI-0.5 t-1,3-Pentadiene 33.4 50.2 48.1 20.9 
Isoprene 29.3 46.0 58.5 

eration of the hydrogenation site (23). The 
surface remained hydrogen saturated as 
long as enough hydrogen was provided by 
the bulk. The rate-limiting step is then the 
regeneration of the hydrogenation site, ac- 
cording to the sequence 

Hn + Hs rapid diffusion 
from the bulk 
to the surface 

S + Hs 5 S-Hs hydrogenation 
site regener- 
ation 

S-Hs + diene 5 R -E S hydrogenation 
reaction, 

where Hg, Hs are the hydrogen species in 
the bulk and on the surface and S is the 
catalytic site on which the hydrogenation 
occurs. The hydrogenation extraction is 
then described by the set of equations 

V* -= 
vo 

KIkH; + e-kt(l+K’kHt’ when H 
1 + K/kHo, B 

f o 

x cu cr - 1 (78 mg) 
l Cu Al - 0.5 (135 mg) 

1 2 3 

Time (h) 

FIG. 6. Consumption of the occluded hydrogen ver- 
sus time. 

and 

Vt KIkHs -= 
vo 1 + KIkHs 

when HB = 0, 

where VO and V, are the hydrogenation 
rates at times 0 and t, H! and HS are the 
hydrogen concentrations on the surface at 
times 0 and t, and K and k are the rate con- 
stants for the regeneration of the site and 
the hydrogenation reaction. 

As shown in Fig. 7, the behavior of the 
cupric aluminate and the cupric chromite 
can be fit with the same set of equations, 
suggesting that the mechanism is valid for 
both catalysts. The values of the various 
parameters, compiled in Table 5 corre- 
spond to the best fits. The rate constants 
were slightly higher for the cupric alumi- 

Relative 
Hydrogenation 

Activity I.” 

1.0 

/' 

I 
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/ . 

/ 
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,_ 

/ 

/’ 

/ 
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0 50 10 IO 96 

x Cu Al - 0.5 
. cu cr - 1 

Remin 
Hydrogen 
content 

FIG. 7. Comparison of the hydrogenation rates ver- 
sus the hydrogen content of the solid. 
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TABLE 5 

Optimized Parameters for the 
Hydrogen Extraction of the 
Cupric Chromite and Cupric 

Aluminate 

C&r-l CuAI-0.5 

[H:lUf:l 0.18 0.11 
k (min-‘) 0.067 0.095 
Klk 0.70 0.75 
klk[H;] 0.14 0.12 

nate whereas more hydrogen was located 
on the surface of the cupric chromite. 

By deuteration of isoprene. The deutera- 
tion of isoprene was carried out under a 
deuterium gas flow on catalysts previously 
reduced with gaseous hydrogen. The reac- 
tion conditions (temperature, gas flow rate, 
hydrocarbon pressure) were strictly identi- 
cal to those used for the catalytic reaction 

TABLE 6 

Isotopic Distribution in the Reaction Products for 
the Cupric Chromite 

Charge No. 1 2 3 5 7 

3-Methyl-I-butene LX,% 1.3 1.3 1.3 1.3 1.2 
do 57.8 47.0 45.9 46.1 52.2 
d, 26.8 38.7 37.9 35.4 31.7 
dz 13.9 11.7 12.9 14.3 11.8 
4 0.3 2.3 2.9 3.0 3.5 
4 1.2 0.4 0.4 0.7 0.7 

2-Methyl-I-butene a,% 18.1 16.7 15.3 12.4 9.5 
do 46.1 45.7 41.1 33.9 20.7 
4 39.2 38.3 38.0 41.0 46.8 
4 11.7 12.2 15.3 18.3 22.9 
d< 2.5 3.3 4.3 5.5 1.6 
4 0.5 0.6 1 .o 1.4 2.0 

2-Methyl-2-butene u,% 1.3 1.3 1.3 1.2 1.2 
do 35.9 53.9 34.8 52.4 41.6 
4 46.8 31.5 38.6 25.1 31.1 
4 16.1 11.3 20.4 15.1 18.8 
4 1.2 2.6 5.5 5.1 6.9 
4 - 0.7 0.7 1.7 1.6 

Isoprene a,% 79.3 81.0 82.5 85.0 88.0 
do 94.5 89.8 91.4 88.8 90.1 
d, 5.3 9.7 8.4 10.6 9.3 
4 0.2 0.5 0.3 0.6 0.6 
6 - - - - - 
4 - - - - - 

Total conversion a~% 20.7 19.0 17.5 IS.0 12.0 
T” 0.9 0.9 1.3 1.6 1.95 

TABLE 7 

Isotopic Distribution in the Reaction Products for 
the Cupric Aluminate 

Charge No. 1 2 3 4 5 

3-Methyl-I-butene u,% I.1 0.79 0.63 0.72 1.05 
4, 45.0 52.5 44.7 47.9 42.0 
d, 34.8 27.5 32.7 31.2 26.0 
dz 12.8 11.0 14.3 12.9 9.5 
6 5.6 7.5 7.1 5.6 3.6 
4 1.8 1.4 I.2 1.7 1.9 
d5 - - - 0.6 - 

2-Methyl-i-butene ol,% 10.8 7.4 6.2 5.8 6.1 
do 45.6 51.7 36. I 27.8 25.3 
4 33.0 30.2 39.5 42.6 44.5 
4 14.8 11.9 15.7 18.2 18.3 
di 6.6 4.9 6.4 7.8 8.4 
4 - 1.4 2.3 2.9 3.5 
d, - - - 0.7 - 

2-Methyl-2-butene a,% 0.6 0.4 0.4 0.2 0.4 
Q 43.9 30.8 33.7 30.8 27.9 
4 26.2 29.3 26.1 29.5 30. I 
4 19.6 21.5 20.0 20.8 21.1 
dq 10.2 12.8 13.7 13.0 13.5 
4 - 5.6 6.5 4.4 7.4 
d5 - - - I..( - 

Isoprene a,% 86.9 91.1 92.5 93.0 92.2 
do 95.1 94.7 94.0 94.1 94.5 
4 4.4 5.0 5.7 5.5 5.1 
dz 0.5 0.3 0.3 0.4 0.4 
d, - - - - - 
4 - - - - - 

Total conversion aT% 12.6 8.6 7.2 7.0 7.6 
K” 1.2 1.5 1.8 2.0 2.0 

carried out in the presence of gaseous hy- 
drogen. The isotopic content of the result- 
ing pentenes and the isoprene was deter- 
mined for the various successive sampIes 
(-30 pl each). Wide distributions were ob- 
served in the pentenes, and an exchange 
reaction of the isoprene led to dl molecules 
(Tables 6 and 7). For both catalysts, signifi- 
cant amounts of hydrogen were introduced 
in the pentenes. If a decrease in the do per- 
centages occurred for the last samples, a 
selective formation of d2 molecules was 
never reached because of the scrambling in- 
duced by the exchange reactions. How- 
ever, the participation of the occluded hy- 
drogen is clearly established by the average 
number of deuterium introduced in the total 
sample. This number nn, reported in the 
bottom line of Tables 6 and 7, was calcu- 
lated by using the expression 
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l Cu Al - 0.5 (75 ma) 

x cucr-l(135mg) 
H Sample Volume 

0 I 1 
100 200 

FIG. 8. Variation of & versus volume of isoprene 
injected. 

2 ni ’ @yi 
nD= ’ 

@T 
withni=Cj*dj, 

i 

where j is the number of deuterium in a 
given isotopic isomer, dj is the molar frac- 
tion of this isotopic isomer, ni and cq are the 
average number of deuteriums in the prod- 
uct i and the molar fraction of product i 
(isoprene included), and (YT is the total con- 
version. 

As shown in Fig. 8, these numbers con- 
tinuously increased and reached the theo- 
retical value of 2.0, when all the occluded 
hydrogens were substituted with deuteri- 
urns atoms. By adding the various amounts 
of hydrogen found in the successive sam- 
ples, the total amount of exchangeable oc- 
cluded hydrogen was estimated. A value of 
2.8 mmole/g was found for the cupric chro- 
mite and 0.34 mmole/g for the cupric alumi- 
nate. These values were much lower than 
those found by the hydrocarbon extraction 
method and corresponded roughly to one- 
half (Table 8). 

Hydrogen Content of Various Catalysts 

The hydrogen content of five different 
catalysts was determined by the hydrocar- 
bon extraction method in order to study the 
effect of the composition and the annealing 
temperature on the amount of occluded hy- 

TABLE 8 

Estimation of the Hydrogen Content 

Catalyst Hydrocarbon Isotopic One-half of 
consumption method hydrogen 
H* (mmole/g) Ho (mmoleig) consumption 

H- (mmole/g) 

CuCr-1 4.1 2 0.5 2.8 + 0.3 2.4 + 0.5 
CuAI-0.5 0.66 k 0.07 0.34 f 0.03 0.33 2 0.07 

drogen. The hydrogen content, as well as 
the annealing temperature, and the specific 
area are compiled in Table 9. The cupric 
chromite (Cu/Cr = 1) contained more hy- 
drogen than any other catalyst. Its higher 
hydrogen content was previously attributed 
to its high concentration in Cu(I) in octahe- 
dral sites as well as its defect structure, 
compared to that of the chromite (CuiCr = 
0.5) (9). The effect of the annealing temper- 
ature was studied on the Cu(II)CrzOA sys- 
tem because of the segregation of the (Cu/ 
Cr = 1) catalyst at high temperatures. A 
sixfold decrease was observed when the 
temperature was increased to 650°C. Simul- 
taneously, the specific area dropped from 
64 to 8 m*/g. As shown in Fig. 9, the varia- 
tion of the hydrogen content as a function 
of the specific area was not linear, which is 
consistent with the bulk location of the hy- 
drogen species. It is also significant to note 
that the cupric aluminate can potentially 
contain more hydrogen than its CuCrO ana- 
log, if it can be prepared at lower tempera- 
tures. 

TABLE 9 

Hydrogen Content of the Various Catalysts (by 
Hydrocarbon Consumption) 

Catalyst 

CuCr- 1 
CuCr-0.5 
CuCr-OS* 
CuCr-0.5** 
CuAl-0.5 

Annealing H* BET 
temperature (mmole/g) ( mZk) 

370 4.7 77 
370 3.0 64 
500 1.5 21 
650 0.5 8 
800 0.7 7 
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FIG. 9. Variation of the hydrogen content versus the 
specific area for the CuCr-0.5 catalysts. 

DISCUSSION 

The results of the catalytic activity mea- 
surement clearly indicated that the struc- 
ture of the oxide precursor is critical. Since 
the hydrogenation was previously attrib- 
uted to the existence of Cu(1) species in an 
octahedral environment (9), further consid- 
erations on the environment of the cupric 
ion in the oxide precursor and the role of 
the second cation (Cr(III), Al(II1)) must be 
done. 

Role of the G(I) Environment and of the 
Second Cation 

Table 10 summarizes the complete for- 
mulae, proposed in the literature for the cu- 
pric chromites (24). For a Cu/Cr ratio of 
0.5, the oxide crystallizes in a tetragonal 
spine1 structure as previously reported by 
Adkins et al. (25). In contrast a cubic spine1 
is obtained when the Cu/Cr ratio is equal to 
1 (14). It is noteworthy that the cupric ions 
exist in both tetrahedral and octahedral en- 
vironments, and that their distributions de- 
pend upon the Cu/Cr ratio and the anneal- 
ing temperature. The concentration of the 
Cu*+ cations in octahedral sites decreases 
when the Cu/Cr ratio decreases, and/or 
when the anneal temperature increases. 

A similar structure is obtained for the cu- 
pric aluminate. However, 40% of the cupric 

ions is located in octahedral sites and 60% 
in tetrahedral sites. This distribution, deter- 
mined by XPS (26), agrees with the values 
reported in the literature (27). 

For the cupric chromites, an extensive 
study on the characterization was reported 
by Wrobel et al. (28). During the reduction, 
most of the cupric ions in tetrahedral sites 
were reduced to metallic copper, which mi- 
grates to the surface to form particles. In 
addition, the Cr(V1) ions, when present 
(Cu/Cr = I only), are transformed in Cr(II1) 
species, and the Cu(I1) in octahedral sites 
are reduced to Cu(1) ions. Moreover, a 
large concentration of hydroxyl groups 
closely attached to the chromic ions is cre- 
ated and some hydrogen is occluded in the 
solid as demonstrated by NMR (9). Finally, 
the catalyst corresponds to a biphasic sys- 
tem composed of metallic copper particles 
supported on a cubic defect spinel. Conse- 
quently, the density of Cu(1) ions in an oc- 
tahedral environment appears directly re- 
lated to the partial inversion of the spine1 
precursor. This is especially evident in the 
high intrinsic activity of the catalyst (CuiCr 
= 1) for which the partial inversion is maxi- 
mum (Tables 10 and 1). Moreover, the in- 
trinsic activity is dependent upon the an- 
nealing temperature as observed for the set 
of cupric chromites (Cu/Cr = 0.5) (Table I). 
In addition, this effect is related to the Cu(1) 
density, since a high annealing temperature 
results in a more crystallized solid, and a 
lower extent of partial inversion, as illus- 
trated by the ionic distributions in the (Cui 
Cr = 0.5) and (CuiCr = 0.5*) samples (Ta- 
ble 10). 

TABLE 10 

Ionic Distribution of the Cupric Chromites (23) 

cuicr Annealing Formula” 
temperature 

0.5 370 c~~,c~;,rcu:;,cr~;,Cr:',o, do:- 
0.5 500 cu:'wcd;"rcu::~cr:',lo:- 
1.0 370 cu::,cr~;,rcu~;,cr~:,cr~~~n" 3a10:- 

” The cations inside the brackets are in an octahedral envi- 
ronment, the other cations being in a tetrahedral environment. 
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For the cupric aluminate, a similar situa- 
tion exists as a result of the spine1 struc- 
ture. However, there are some significant 
differences. The important partial inversion 
of the aluminate (40% of the copper ions in 
octahedral sites) results in a high density of 
Cu(1) active sites, and in a high intrinsic 
activity. The similar intrinsic activities ob- 
tained for the cupric chromite (Cu/Cr = 1) 
and the aluminate suggests that the turn- 
over frequency of the Cu(1) site in the alu- 
minate is lower. This clearly indicates that 
the second cation (Cr(III), Al(II1) plays a 
significant role in the properties of the cata- 
lytic site. The higher temperature (300°C 
compared to 150°C for the chromites), re- 
quired for the reduction of the aluminate, 
suggests that a more important stabilization 
of the copper ion in an octahedral environ- 
ment occurs in the presence of the alumi- 
num ions. This higher stabilization is also 
responsible for the higher partial inversion 
of the spinel. There are two possible expla- 
nations for the lower turnover frequency. 
First, the higher stabilization will decrease 
the ability of the site to form coordination 
vacancies. These coordination vacancies 
are generally considered to be the primary 
site for the adsorption of the organic mole- 
cule (29, 30). The higher the stabilization, 
the smaller the number of vacancies. Sec- 
ond, the reduction of the copper ions in oc- 
tahedral sites to Cu(I) will be less effective 
when the stabilization is high. The apparent 
activation energy shows that the well- 
known synergism is more important for the 
aluminum ions; this supports the second 
explanation. Note that similar results were 
obtained by Berg et al. (32) and Meijden 
(32) for the CO oxidation on supported or 
unsupported copper oxides. The lower acti- 
vation energy (33.4 kJ/mole on CuCrO,/ 
SiOZ compared to 64 + 1 kJ/mole on CuO 
and CuO/SiOz) was attributed to the forma- 
tion of particular sites where the copper 
and the chromium were both involved. 

the delafossite structure (33). The cuprous 
ions exist in a very distorted cubic environ- 
ment, and two Cu-0 bond lengths are ob- 
served: 2.05 and 3.98 A. Therefore, a linear 
environment, similar to that of CuZO, 
should be considered (Scheme 1). The lack 
of activity of the cuprous chromite clearly 
shows that the quasi-linear environment of 
the Cu(1) ion in the delafossite structure is 
not adequate. This catalyst behaves like cu- 
prous oxide (CuzO) which is known for its 
poor activity (18). When reduced at 2OO”C, 
cuprous chromite no longer exists. The cat- 
alyst corresponds to metallic copper on 
chromia and its activity is comparable to 
that of copper metal (19). These two results 
show that the octahedral environment of 
the cuprous ion is essential for the catalytic 
activity. 

In a previous study, we reported that the 
cupric chromite (Cu/Cr = 1) behaves like a 
reversible hydrogen reservoir (22, 23). Our 
results clearly show that similar behavior is 
obtained for different Cu/Cr ratios, as well 
as for the cupric aluminate. However, some 
comments on the hydrogen extraction 
mechanism must be made before consider- 
ing the role of the catalyst morphology on 
the hydrogen storage properties. The oc- 
cluded hydrogen can be extracted by using 
two different methods: hydrogenation of 
isoprene in the absence of gaseous hydro- 

l C”’ in the plane 

0 oz. 2.05 A in front 

0 02- 2.05 A In back 

Q oz. .68 A in front 

@ 02- .68 A in back 

- 1 w 2.05 A 

- I q 3.98A 

SCHEME 1. Environment of the Cu cation in the 

Finally, the cuprous chromite is an iso- 
morph of CuFeOz and crystallizes in a 
rhombohedral structure. sometimes called - cuprous chromite. 
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gen, and deuteration of isoprene on a hy- 
drogen-containing catalyst. Although these 
two methods result in an apparent contra- 
diction, in terms of the amounts of oc- 
cluded hydrogen, an explanation can be 
found in the mechanisms involved in both 
reactions. By using isoprene and 1,3-penta- 
dienes as model compounds, the hydroge- 
nation mechanism was previously de- 
scribed in terms of a nucleophilic attack of 
the diene, which leads to the formation of 
anionic intermediates (11). Consequently, a 
hydridic nature of the first hydrogen intro- 
duced in the molecule and a heterolytic 
splitting of the hydrogen were deduced. As 
represented in Scheme 2, the formation of 
the corresponding olefin can be obtained by 
two different routes. The first step is the 
addition of the hydride. Route 1, in which 
the proton is provided the hydroxyl groups 
of the catalyst, corresponds to the hydroge- 
nation in the absence of gaseous hydrogen. 
Route 2 involves the regeneration of the 
catalytic site by the activation of molecular 
hydrogen or deuterium and corresponds to 
a hydrogenation in the presence of hydro- 
gen or deuterium. It clearly appears that 
one-half of the hydrogen reservoir consists 
of hydride ions and that the other half is 

protons, provided by the hydroxyl groups. 
In the isotopic method, route 1 is a minor 
process and only the hydride concentration 
is measured. The proton is provided by the 
gas phase. This mechanism is supported 
strongly by the fact that initially the aver- 
age number of deuterium introduced in the 
products is close to 1 (Fig. 8). The amount 
of occluded hydrogen extracted by isotopic 
exchange should then be roughly equal to 
one-half of the concentration extracted in 
the absence of gaseous hydrogen. From the 
comparison reported in Table 8, a good cor- 
relation is observed. The slightly higher 
value, obtained on the cupric chromite with 
the isotopic exchange, suggests a small par- 
ticipation of the hydroxyl groups, present 
in large concentrations in this particular 
catalyst. 

Another interesting effect concerns the 
hydrogen capacity of these defect spine1 
phases. Our results show that the hydrogen 
concentration decreases significantly when 
the annealing temperature is increased. 
Therefore, the primary effect on the hydro- 
gen storage is associated with the disorder 
of the material, i.e., the existence of coordi- 
nation vacancies. As a result of the hydridic 
nature of one-half of the occluded hydrogen 

+diens - 

site CH 

0 

OX% + diene 

I ‘n 

O’n 

SCHEME 2. Diene hydrogenation mechanism. 
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species, one must assume that such hydro- 
gen species will be located in anionic va- 
cancies. There is further support for this 
assumption in the comparable size of H-, 
O-, and 02- (1.54, 1.76, and 1.32 A, respec- 
tively) (34). The ability to form anionic va- 
cancies appears then to be critical for the 
hydrogen storage. In that sense, the cupric 
chromite is very particular since two differ- 
ent effects increase its capacity. One obvi- 
ously is related to its low temperature syn- 
thesis (37O”C), and the second is related to 
its specific area increase during the reduc- 
ing treatment. In effect, the reduction of the 
oxide precursor leads to the formation of 
metallic copper particles on the surface, by 
extracting most of the tetrahedral cupric 
ions, which increases the disorder and the 
number of ionic vacancies. In contrast, sig- 
nificant amounts of the tetrahedral sites in 
the aluminate are occupied by aluminum 
ions, which cannot be extracted. Conse- 
quently no significant increase in the dis- 
order can be obtained by the reduction. 
This points out another important role 
of the second cation, consisting in the 
stabilization of the defect spine1 phase: 
the more defects, the more hydrogen 
storage. 

Structures of the Catalytic Sites in the 
Defect Spine1 Phase 

Because the reduction of the oxide per- 
cursor leads to the formation of fairly crys- 
talline phases, the defect spine1 phase pro- 
vides a good model to improve our 
understanding of the structure of the cata- 
lytic sites and the synergism. In the litera- 
ture, the catalytic activity of numerous ox- 
ides or mixed oxides is generally associated 
with the existence of coordination vacan- 
cies surrounding the metallic ion (29, 30). 
By analogy with some homogeneous transi- 
tion metal complexes, six different struc- 
tures were proposed by Siegel (Scheme 3) 
(30). Such structures can be characterized 
by the reactions they induced. For exam- 
ple, C and CH sites were found to be spe- 
cific for hydrogenation reactions. For the 
copper chromite, the hydrogenation is re- 
lated to the cuprous species and is consis- 
tent with this model (Scheme 2) (9, IO). 
However, a rapid observation of the spine1 
structure clearly indicates that isolated oc- 
tahedral sites are unlikely, and that the C 
and CH structures give a poor description 
of the catalyst surface by neglecting the cat- 
ionic nearest neighbors (Cr(III), Al(III), 

X X I 

I 

I 
/ , I ’ 

/ 
, /’ . I ,/’ 

X-M-X X-M’----- X-M----- 

X ‘I X ‘I X ‘I 
X X X 
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i I/ 

Ii t-l 
X 

I I 
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/’ 
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I 
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X X X 
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SCHEME 3. Structures of catalytic sites (29). 
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0 Cations : Black in the Plane, White in the Sublayer 

0 : . Amons Strrpped in the Plane, White in the Sublayer, Gray in 
the Overlayer 

SCHEME 4. Environment of octahedral cations in the (110) plane. 

Cu(I)). A surface differential neutron dif- 
fraction study by Beaufils and Barbaux (35, 
36), has shown that the (111) and (110) 
planes for Co304 and the (110) and (100) 
planes for MgA1204 and y-A1203 are the 
most common on high surface area spinels 
(40 to 70 m2/g). This suggests that a careful 
analysis of the octahedral cation arrange- 
ments should be done for those planes. 

For the (110) plane, linear chains are in- 
terconnected by a tetrahedral cation lo- 
cated in this plane, and an octahedral cation 
in the sublayer, as represented in Scheme 

4. For any given position of a cuprous ion in 
an octahedral environment, the minimum 
arrangement describing the geometry of the 
site corresponds to the section highlighted 
by the dotted line in Scheme 4. It appears 
that four oxygen atoms, that can be re- 
moved to form anionic vacancies, are 
shared between the central cuprous ion and 
another octahedral cation located in the 
plane or in the sublayer. Therefore, a C or 
CH structure (a) for the (110) plane can be 
represented by Scheme 5. On the (100) 
plane, similar linear chains of octahedral 

0 Octahedral Cation : Black = M” or Cu in the Plane, Gray = Cu’in 
the Plane, White MS or Cu in the Sublayer 

0 Anions : Stripped in the Plane, White in the Sublayer 

/-J Vacancy 

SCHEME 5. Structure of (Y sites. 
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cations are observed, but are intercon- 
nected by tetrahedral and octahedral cat- 
ions located in the sublayer (Scheme 6). As 
for the (110) plane, a linear arrangement of 
three cations should be considered as high- 
lighted in Scheme 6. However, five oxy- 
gens can be removed to form a vacancy on 
the surface. One of these, located in the 
overlayer, is only bounded to the cuprous 
ion and will probably always be removed 
because of its lower stability. Among the 
four other oxygens located in the plane, 
two are shared between the central atom 
and another octahedral cation, and two are 
shared with the Cu(1) ion and two octahe- 
dral cations. Consequently, three different 
C and CH structures (p) can be obtained 
and are described in Scheme 7. Finally, in 
the (111) plane, a bidimensional arrange- 
ment of octahedral cations is observed as 
described in Scheme 8. All the oxygens, 
which form a close-packed system, are lo- 
cated in the overlayer and are shared by 
either two or three cations as shown by the 
minimum arrangement highlighted in 
Scheme 8. The corresponding C and CH 
structures (y) are described in Scheme 9. 

For the copper-chromium systems, and 
the copper aluminate, the relative concen- 
tration of copper ions (Cu(1) or Cu(I1)) in 
octahedral sites is always lower than 0.25. 

Therefore, one should expect that most of 
the anionic vacancies associated to the cen- 
tral cuprous ion will be shared between the 
Cu(1) and the Cr(II1) or Al(II1) ions. The 
probability for the existence of those bime- 
tallic shared vacancies (BMV) can be esti- 
mated by considering a simple statistical 
distribution of copper and M(II1) cations 
around the central Cu(1) atom (see Appen- 
dix). The probabilities for the various struc- 
tures (o;, pi, and n) corresponding to the 
(1 lo), (loo), and (111) planes are compiled 
in Table 11 for the catalysts we have stud- 
ied. In this table, i represents the number of 
BMV involved in the catalytic sites. Note 
that for any catalyst, the probability of hav- 
ing one BMV per site is higher than 97.5% 
and higher than 72.7% for two BMV. In 
addition, at least 44% of the C sites in the 
(100) and (111) planes will be constituted 
only of BMV. It is important to note that 
these probabilities are almost independent 
of the crystallographic plane. Conse- 
quently, the crystal size and shape will 
have very little influence on the catalytic 
properties with the exception of surface 
areas. 

The hydride ions involved in the hydro- 
genation reaction are likely to be located in 
a BMV, rather than in a vacancy associated 
to a single cuprous ion. Therefore, these 

0 Cations : Black in the Plane, White in the Sublayer 

0 : Anions Stripped in the Plane, White in the Sublayer, 
Gray in the Overlayer 

SCHEME 6. Environment of octahedral cations in the (100) plane. 
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P 
,rr 

0 Cations : Black = M3+ or Cu in the Plane, Gay = 01 in the Plane 
White = F#+ or Cu in the Sublayer 

0 Anions : Gray in the Overlayer, Stripped in the Plane, White in 
the Sublayer 

0 Vacancy 

SCHEME 7. Structures of 0 sites. 

hydrides are shared between the cuprous by replacing one of the BMV with a hydride 
ion and the Cr(II1) or Al(U) ions. The CH ion. Such structures are consistent with the 
structures are derived from the C structures synergism generally reported for Cu-Cr 
(Y, p, y represented in Schemes 5, 7, and 9 and Cu-Al mixed oxides as well as with the 

0 Cations : Black in the Plane, 

0 Anions : Gray in the Overlayer, White in the Sublayer 

SCHEME 8. Environment of octahedral cations in the (I II) plane. 
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TABLE 11 

Sites Concentration C&r-OS* C&r-0.5 C&r- 1 &AI-0.5 
xa = 0.05 x = 0.075 x = 0.24 x = 0.20 

a3 (1 - x)3 0.857 
a2 3x(1 - x)2 0.135 
aI 3x2(1 - x) 0.007 
Qa X3 <O.OOl 

P2 j[(l - x)2(x2 + 3x + 3)l 0.948 
PI &x(1 - x)(2x2 + 4x + 311 0.051 
PO !Jx* + x3 + x4] <O.OOl 

Y3 (1 - x)3(1 + x) 0.900 
Y2 x( 1 - x)2(3x + 2) 0.097 
YI x2(1 - x)(1 + 3x) 0.003 
YO X4 <O.OOl 

0.791 
0.193 
0.016 

<O.OOl 

0.921 
0.077 
0.002 

0.851 
0.143 
0.006 

<O.OOl 

0.439 0.512 
0.416 0.384 
0.131 0.096 
0.014 0.008 

0.727 0.777 
0.248 0.207 
0.025 0.017 

0.544 0.614 
0.377 0.333 
0.075 0.051 
0.003 0.002 

a x = relative concentration of copper atoms in octahedral sites. 

support effect observed on alumina-sup- 
ported catalysts (20, 37). In addition, one 
can speculate that similar conclusions will 
be obtained with any copper catalyst in 
which the second cation is known to form a 
bond with hydridic species. Since the Cu(1) 
species are reported by numerous authors 
as the active species in the methanol syn- 
thesis, the existence of these cuprous hy- 
dride species is likely to occur in the cop- 
per-zinc system because of the well-known 
formation of Zn2+, H- pairs in reduced zinc 
oxides. Further support can be found in 
two recent studies where the activity of 
copper chromites for the methanol synthe- 

0 Octahedral Cations : Black = w or Cu in the Plane 
Gray = Cu+ in the Plane 

0 Anions : Gray in the Overlayer, White in the Sublayer 

0 Vacancy 

SCHEME 9. Structure of y sites. 

sis correlates with the Cu(1) concentration 
(26), and where the Cu-Zn-0 exhibits 
some hydrogen storage properties (38). 

CONCLUSION 

An analysis of various copper-based cat- 
alysts demonstrates the critical importance 
of cuprous ions in an octahedral environ- 
ment for the hydrogenation. Tetrahedral 
cupric cations are generally unstable and 
are reduced to metallic copper. Cuprous 
ions in a linear-like environment (Cu20 or 
Cu(I)CrOJ are totally inactive. In addition, 
the amount of occluded hydrogen, which 
depends upon the synthesis temperature, is 
associated with the disorder of the solid, 
and the ability of the Cr(II1) and Al(II1) cat- 
ions to stabilize a defect spine1 framework. 
The second cation is also involved in the 
structure of the catalytic site, by sharing 
hydride species and anionic vacancies 
(BMV) with the cuprous ion. In view of the 
spine1 unit cell, new structures of the cata- 
lytic site are proposed for the most com- 
mon crystallographic planes. The probabil- 
ity of BMV is high for all of these structures 
and is almost independent of the crystal 
shape and size. Finally, these structures ex- 
plain the well-known synergism between 
chromium or aluminum and copper. 
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APPENDIX the chromium or aluminum ions (BMV). 
For the (1 lo), all the possible vacancies are 

The various structures of the catalytic shared by two octahedral cations. The dis- 
sites in one given crystallographic plane tribution of the various structures (Y~, where 
can be described by the number of vacan- i is the number of BMV, follows a binomial 
ties shared by the central cuprous ion and distribution (Scheme 5): 

O-M 

I+ 
M-o-cu-0-M 

a3 = (l- xf 

o-cu 

‘+ 
M-0-Cu-O-M 

a2 = 3x(1-q2 

o-cu o-cu 

I+ I 
M-o-cu-o-cu cu-o-cu+-o-cu 

= 3x2 (l-x) 3 
al 

a0 =x 

where x and (1 - x) are the relative concen- Therefore, the probability of having at least 
trations of the copper ions (Cu(1) + Cu(I1)) one chromium or aluminum involved is (1 
and the chromium or aluminum ions in oc- - x2) instead of (1 - x) for a BMV. 
tahedral sites. For the y 

In the ,!3 and y structures, some possible (Scheme 9) 
vacancies are shared by three cations. 

Cu or M \ +/ 
O-M 
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Mf ‘O-M 
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392 JALOWIECKI ET AL. 

For the /3 structures, one vacancy will 
not be shared at all, and two vacancies 
must be chosen out of four oxygen atoms. 
Among these four possible vacancies, two 
are shared by two cations and the two 
others are shared by three cations. There- 
fore, three different structures are possible 
and correspond to the p’, p”, p” structures 
represented in Scheme 7. For simplicity, 
we assumed that these three structures 
have the same probability of existence, and 
an average distribution was calculated, ac- 
cording to the preceding section: 

p* = a[( 1 - X)*(x* + 3x + 3)] 

p, = Q[x(l - x)(2x2 + 4x + 3)] 

po = gx* + x3 + x4]. 
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