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The effect of hydrogen reduction on the composition, structure, and catalytic activity of dichromium (III)

copper(II) tetraoxide (copper chromite), CuCr,O,, was investigated.
Cu™ was reduced into Cu! and further to Cu® by heating in hydrogen.

In this oxide, the surface and the bulk
The methanol decomposition on fresh

copper chromite proceeded in a manner similar to that on metallic copper formed as the result of strong reduction

and dispersed on chromium(III) oxide.

The contribution of Cu', Cu’, and Cu® species to catalytic activity was

examined and the similarity in the character of reaction on these two samples with different surface states was
discussed. The role of Cr,Q; interacting with zerovalent copper was postulated.

Dichromium(III) copper(II) tetraoxide (copper
chromite), CuCr;O,, having the spinel structure has
been used as a catalyst for the hydrogenation!-® of
carbonyl compounds or olefins and for the decomposi-
tion of alcohols.¥ The durability of CuCr,O, to heat
and inhibitor seems to be superior to that of metallic
copper. The catalytic activities of this oxide, however,
often vary with the method of preparation and the
conditions of pretreatment.® Especially, under reductive
conditions, surface or bulk reduction may occur, and
the catalytic activity would be influenced by these
processes. Accordingly, the study on the structural and
activity changes, occurring in reduction treatment is
considered to be important. Furthermore the study
provides useful information on the structure of the active
sites available for catalytic reactions.

Stroupe® found that Adkins’ catalyst,!:? which is
composed mainly of CuO-CuCr,O, and is active for the
hydrogenolysis of esters, was reduced to Cu and Cu,Cr,-
O, during the course of reaction. Although there are
several reports®?) on the reduction of the CuO/Cr,O,
system, few investigations about the changes of the
surface structure of copper chromite by reducing
treatments have been made.

Recently, Capece et al. reported that the structure of
“copper chromite” was elucidated by means of X-ray
photoelectron spectroscopy.®” However, the changes in
the surface structure of spinels by reduction have not been
clearly discussed because the samples measured by them
are commercial ‘“‘copper chromite’ catalysts which
contain CuO as well as CuCr,O,. Thus, in the present
study, the copper chromite catalyst was treated in
various reducing conditions and the changes of the
composition and the structure of the bulk and the surface
of the catalyst were investigated. The difference of the
catalytic activities between fresh and reduced catalysts
was also examined by using the decomposition of
methanol as a test reaction. The effect of reducing
treatments on the composition and the structure of the
simple oxides, CuO and Cr,O; was also studied in
comparison with that on CuCr,O,.

Experimental

Catalysts. CuCr,0O, was prepared by co-precipitation

with aqueous ammonia from an aqueous solution of chromium-
(III) nitrate and an excess of copper(II) nitrate in relation to
the stoichiometric amount of copper, followed by calcination
in air at 600—650 °C for 6 h. The crude product was washed
with 3M HNO,; (1 M=1moldm=3) until there was no

detectable Cu'! species in the filtrate, and then heated in air
at 400 °C for 4 h. This sample will be designated F catalyst

in this paper.

The F catalyst was heated under an initial pressure of hydro-
gen of 50 Torr (1 Torr=133.322 Pa) in a circulating system
for 2 h at various temperatures. Then, the system was evacu-
ated for a few minutes. After evacuation, the catalyst was
heated to 500 °C in a closed system, and the water produced
was collected in a trap cooled with liquid nitrogen. Finally,
the sample catalyst was evacuated at 500°C for 1h.
The temperatures chosen for the heating in hydrogen were 100,
200, 300, and 400 °C, and the catalysts obtained by these
treatments were designated R100, R200, R300, and R400,
respectively.

In order to obtain a strongly reduced copper chromite, the
F catalyst was placed in a circulating reactor with a liquid
nitrogen trap and heated in hydrogen at 500 °C until the rate
of water formation became lower than 10 pmol/h g catalyst.
Then the catalyst was evacuated for 1h at the same
temperature and was designated SR catalyst.

Commercial CuO(elemental analysis grade) was used for
the experiment after pulverization. Chromium(III) oxide
was prepared by decomposition of ammonium dichromate,
followed by heating in air at 600—650 °C for 6 h.

Characterization of the Catalysts. The X-ray powder dif-
fraction of the prepared catalysts was measured using the Cu
Ka, line as an X-ray source.

XP spectra of these catalysts were recorded with a Hewlett-
Packard 5950A ESCA Spectrometer. The monochromatized
Al Ka line (1486.6 eV) was used as an X-ray source. The F
catalyst sample was used for the measurement both without
treatment and after evacuation at 500 °C in the XPS apparatus
for 45 min. R200 and R400 catalyst sample were prepared by
heating F catalyst at 200 and 400 °C, respectively in the prepa-
ration chamber of the spectrometer under 4 Torr of hydrogen
followed by evacuation at 500 °C for 45 min. The SR catalyst
was also used for the measurement after evacuation at 500 °C
for 45 min in the XPS apparatus. The binding energy values
of emitted electrons were corrected by using the carbon Cls
value, 285 eV, as an internal standard.

BET surface areas of the catalysts were measured by the
use of krypton at liquid nitrogen temperature.

Catalytic Activities. Catalytic activities were examined
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for the decomposition of methanol and the initial reaction
rates were measured in a circulating system of 470 ml in
volume. The reaction was followed by analyzing the products
with a gas chromatograph. A good reproducibility of cataly-
tic activity was obtained by evacuation at the reaction tem-
perature for one hour.

For purposes of comparison, the rates of propene hydrogena-
tion on these catalysts were measured using the circulating
system described above. To obtain reproducibility of rate
measurement, the catalysts were evacuated at 500 °C for one
hour before each experimental run of the hydrogenation.

Results

Reduction Behavior. In Fig. 1, the X-ray powder
diffraction patterns of F, R100-R400, and SR catalysts
are shown and the percentage fractions of reduction
are summerized in the column 2 of Table 1. The latter
values were estimated from the partial pressure of water
formed, by assuming that the reduction was completed
when all CuCr,0O, was turned into Cu and Cr,Oj,.

As shown in the figure, the diffraction lines assigned
to Cu,Cr,O,, which would be produced by the partial
reduction of CuCr,O,, appeared in the pattern of R200,
and the lines became more distinct on the patterns of
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Fig. 1. Changes in X-ray diffraction patterns.
*: Cu,Cr,y,0,, A Cry0O;, O: Cu.
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R300 and R400. In the pattern of SR catalyst, however,
the lines corresponding to Cu,Cr,O, completely disap-
peared and, on the contrary, only the lines assigned to
copper metal and Cr,O; appeared. As the (311)
diffraction was most intense in all the diffractions of
CuCr,0,, the values of full width at half maximum
(FWHM) of this line and the crystallite sizes® calculated
from these FWHM values are listed in column 3 and 4
of Table 1, respectively. The table shows that the
decrease in the crystallite size takes place by reduction
at temperatures between 200 and 300 °C. The degree
of reduction of R300 is also largely different from that of
R200.

It was found that simple oxides of copper, CuO and
Cu,O, were easily reduced into metallic copper by
heating at 50 Torr of hydrogen at 300 °C, while the
X-ray diffraction patterns of Cr,0O; were almost the
same before and after heating in hydrogen at 500 °C.

In Fig. 2, Cu2ps/, X-ray photoelectron spectra for
F, R200, R400, and SR catalysts are shown. In the
spectrum of F catalyst, there are two peaks at about 936
and 940—945 eV which are characteristic of the Cu”
species and are assigned to a main peak and its shake-up
satellite peak, respectively.l? A peak which was assigned
to photoelectrons from Cu' or Cu® species was also

a
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Binding Energy/eV
Fig.2. Cu2p,;, XP spectra. (a) F catalyst, (b) F cata-

lyst after heating at 500 °C, (c) R200, (d) R400, (e) SR

catalyst, (f) reoxidized R400 (heated under 4 Torr of
oxygen at 400 °C).

TaBLE 1. REDUCTION PERCENTAGE,FWHM OF 311 LINE, CRYSTALLITE SIZE, AND SURFACE AREA OF
F, R100—R400, SR, AND REOXIDIZED R400 CATALYSTS
. o Specific surface
Sample Reduction/% FWHM/ Dy, /A Rfrea fmt g1
F 0 0.24 347 5.7
R100 2 0.24 347 5.6
R200 4 0.24 347 5.9
R300 11 0.30 278 8.4
R400 20 0.42 199 9.9
SR 73 — — 16.3
Reox. — 0.42 199 6.4
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observed at about 932 eV in all the spectra in the figure.
For F, R400, and SR catalysts, peaks were observed at
about 917.6, 916.8, and 919.1 eV of kinetic energies,
respectively, and assigned to the LM, M, Auger
electrons from Cu", Cu', and Cu®, respectively.'t’ The
intensity ratio was estimated at 2 : 1 : 5.

From the spectrum a in Fig. 2, the Cu'/(Cu'+Cu")
intensity ratio was determined as about 0.15. By
assuming that the cross sections of photoionization for
Cu' and Cu" species were equal, it was estimated that
159, of the Cu species existed as Cu’ in the surface layer
of the F catalyst.

Since photoelectrons from Cu™ species are scarcely
observed in the spectrum of R200, the amount of Cu"
species existing in the surface layer of R200 is negligible.

In order to see the changes in the ratio of copper to
chromium atoms existing in the surface layer, the
intensity ratio of Cu2ps,, to Cr2pg,, in the XP spectra
were determined. The results are shown in Table 2;
the Cu/Cr ratios of R200 and R400 were significantly
lower than that of F catalyst. This indicated that the
Cr'" species was exposed preferentially to the surface
of the catalyst when F was reduced into R200 or R400.
The Cu/Cr ratio of SR was the highest all over the
catalysts, so that it is concluded that the metallic copper
produced by strong reduction is enriched in the surface
layer. Therefore, it seems that the SR catalyst has the
structure of dispersed metallic copper on Cr,Oj.

In the bottom of the figure, the spectrum of an R400
sample heated at 400 °C in 4 Torr of oxygen for a further
45 min is shown. The observed main peak at about
936 eV and the satellites at 940—945 eV indicate clearly
that the sample surface was partly reoxidized.

TaBLE 2. XPS INTENsITY RATIO OF Cu(2p,/;) TO Cr(2p;/2)

Sample Cu(2ps/s)/Cr(2ps/s)
F 1.6
R200 0.2
R400 0.2
SR 1.7
Reoxidized R400 0.6
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Fig. 3. Relationship between reduction conditions and
initial rates of the reactions.
a: Decomposition of methanol at 200 °C, po(CH;OH) =~
20 Torr. b: Hydrogenation of propene at 0°C,
$o(CyHg) = po(H,) =17 Torr.
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In the spectrum of copper(II) oxide, CuO, no
characteristic peaks of the Cu' species were observed.

Catalytic Activities. In Fig. 3, the initial rates
of methanol decomposition and propene hydrogenation
on F, R100—R400, and SR catalysts are shown. In the
case of methanol decomposition, the initial pressure of
methanol and reaction temperature were fixed at 20
Torr and 200 °C, respectively. The rates were evaluated
from the initial decreases in the partial pressure of
methanol. As shown in the plot a of the figure, the
catalytic activity decreased abruptly on increasing the
degree of reduction to 2% (F—R100), and the decom-
position did not occur on R200, R300, and R400
catalysts. However, on SR catalyst which was the
highest in the extent of reduction, the catalytic activity
was observed. The hydrogenation of propene was
examined at 0 °C using a equimolar mixture of H, and
C,H,, 35 Torr in total pressure. The product of the
hydrogenation was found to be propane only. The
reaction rate was evaluated by the initial decrease in
the total pressure of the reactant. The plot b of the
figure shows that the rates of propene hydrogenation
were relatively low on F, R100, and R200, whereas the
rate became higher on R300 and attained the highest
point on the SR catalyst.

Typical runs of methanol decomposition on F and SR
catalysts are shown in Fig. 4. The reaction products
consisted of methyl formate, hydrogen, and carbon
monoxide and there was no obvious difference between
the courses of reaction on these catalysts. The changes
in the composition of the gaseous product during the
course of reaction on F and SR catalysts are appreciably
different from that for the reaction on copper wire
reported by Miyazaki and Yasumori;'? the decay of
methyl formate as the intermediate was faster than that
in the reaction on copper wire.

The initial rates, 7, of the decomposition on these
catalysts were both expressed in the form as

ro = kKp/(1+Kp),

where p is the partial pressure of methanol, £ and K are
the rate constant and the adsorption constant, respec-
tively: the linear relationships between 1/ry and 1/p hold
as shown in Fig. 5. From the dependence of In & against
1/T, the true activation energies of the reactions on F
and SR were evaluated as 624-5 and 6044 k] mol-?,

Partial Pressure/Torr

0 10 20 30 4o
Reaction Time/min
Courses of methanol decomposition on F and SR
catalyst.
Catalyst amount: 1.5 X 10—2 mol.
at 200°C. @AMV : SR catalyst at 180 °C.

Fig. 4.

OAOV: F catalyst
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Fig. 5. Relationship between 1/p and 1/r,.
OA: F catalyst, @ A: SR catalyst.

respectively.

The reactions of methanol on CuO and Cu,O were
examined at 200 °C. In these cases, the formation of
CO,, H,0, and H, was observed in the initial stage of
the reaction and methyl formate was produced later.
This result shows that the reduction of the oxides
proceeded simultaneously with the methanol decomposi-
tion, and, the reaction became similar to that on copper
wire after the completion of reduction.

The decomposition of methanol on Cr,0, was not
observed up to 250 °C.

Discussion

Reduction-Reoxidation Behavior. The present work
revealed the details of the effect of reduction conditions
upon the composition and structure of copper chromite,
CuCr,O,. Namely;

i) When the catalyst was heated in hydrogen below
200 °C, the bulk composition remained unchanged (Fig.
1 and Table 1), while Cu" ions in surface layer were
reduced to the state of Cu' as revealed by the XPS data.

iil) The data shown in Table 1 indicated that the
effects of hydrogen reduction began to penetrate deeper
at about 300 °C. Under such conditions, the reaction,

H
2CuCr,0, —» Cu,Cr,0, + Cr,0, + H,0, (1)
was considered to occur even in the bulk, and the
crystallites of starting material, CuCr,O,, would became
smaller. Absence of the Cr,O; lines on the X-ray
diffraction chart indicated that the Cr,O; produced by
Reaction 1 did not crystallize.

iii) On heating at 500 °C, the catalyst was further
reduced to Cu and Cr,O,. This suggested that Cu,Cr,O,
produced in the Reaction 1 was converted to metallic
copper and Cr,O,,

H,
Cu,Cr,0, —>» 2Cu + Cr,0, + H,0. @)
The X-ray data showed that Cr,O; began to crystallize
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under this condition. On SR catalyst, therefore, the
fine crystals of metallic copper were considered to be
dispersed over Cr,O,.

The reoxidation of the reduced sample provides us
with additional information about the structure of the
catalyst. When R400 was heated in 25 Torr of oxygen
at 400 °C for 1 h, the bluish green sample changed to
black in color. The X-ray diffraction pattern of this
reoxidized sample was similar to the pattern of R400;
the positions, the widths, and the intensity ratios of the
diffraction lines of the former sample were almost
identical with the corresponding values of the latter
sample. This result suggests that reoxidation scarcely
occurred in the bulk of R400 under the conditions
described above. However, as shown in Fig: 2, reoxida-
tion occurred in the sample surface even under milder
conditions. In addition, Table 1 shows that the surface
area of the R400 sample decreased appreciably on
heating at 400 °C in oxygen. On the basis of these
findings, the reduction-reoxidation processes of the
present copper chromite catalyst are indicated as
follows;

i) The starting material F: The catalyst is the
aggregates of polycrystalline particles of CuCr,O,.
Since a small amount of Cu' species is contained in
the surface layer of the particles, Cu,Cr,O, and amor-
phous Cr,O; coexists with CuCr,O,.

ii) Reduction to R100-R200: Oxygen atoms are
removed from the catalyst surface by reduction with
hydrogen and Cu" ions are converted into Cu' ions
on the surface. The Cr,O4 produced covers most of the
catalyst surface.

iii) Reduction to R300-R400: Oxygen atoms at the
grain boundaries in the polycrystalline particles are also
removed ; the surface area of the catalyst increases since
the original polycrystalline particles are divided into
smaller ones.

iv) Reoxidation: When the reduced catalyst to the
stage (iii) is heated in oxygen, Cu' ions are oxidized to
Cu" ions in the surface layer, and the polycrystalline
particles are sintered, so that the surface area of the
catalyst decreases again. The crystallite size of CuCr,O,
in the catalyst particle which is covered with Cu,Cr,0O,
does not change because the reoxidation occurs only
in a few layers of Cu,Cr,O, near the surface. These
processes are illustrated by Fig. 6.

As described in the preceding section, the simple
oxides of copper, CuO and Cu,O, were more sensitive
to hydrogen treatments than F catalyst, and metallic
copper readily formed by heating in hydrogen at 200
°C. Thus it is possible to consider than Cu" ions are
somewhat stabilized in the bulk of the spinel structure
of CuCr,0O,. The Cu'ions in Cu,Cr,O, are also stable
up to 400 °C in 50 Torr of hydrogen, whereas Cu,O

CuCry0y,, CuxCry0,,Cr03

CuCryQy, Cu2Cr204,CranG pam’éuuzo‘,
H H 02
2 & >5020°c @@ 400°C

(i) (ii) (iii) (iv)
Fig. 6. Reduction-reoxidation process of CuCr,O,.
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is reduced into metallic copper at 200 °C in the same
pressure of hydrogen.

Cr,0, formed on the catalyst surface was stable
against reduction in the hydrogen treatment under
conditions of the present study.

Catalytic Activities. For the decomposition of
methanol, high activities were observed only on F and
SR catalysts. Cu™ species exists only on the F catalyst.
On R200—R400, the surface concentration of Cu'
species became quite small and methanol decomposition
did not occur. These results indicate that Cu' and/or
Cu” species are responsible for the methanol decomposi-
tion on F catalyst.

From the data of XPS intensity in Table 2, it is
considered that the surfaces of R200—R400 catalysts are
almost covered with amorphous Cr,O,;. Therefore,
their poor activities may be attributed to the low degree
of exposure of Cu’ species or the absence of Cu" species.

In SR catalyst, the main surface component is metallic
copper; the Auger spectrum of SR catalyst indicates
that the Cu’ species were rarely exposed on the surface.
It is well known!? that metallic copper has an activity
for methanol decomposition, so it is possible to consider
that metallic copper is the active component in the SR
catalyst.

It has been reported by several authors that olefin
hydrogenation proceeds on dehydrated chromium oxide
gel,® and metallic copper:'* The high activity of SR
catalyst for propene hydrogenation reflects the formation
of the dehydrated Cr,O4 and Cu® species on the surface.

The rate equation applied to the decomposition on
these catalysts indicates that the rate determining step
of the reaction is a unimolecular process on the catalyst
surface. Wachs and Madix!® reported that, in the
reaction of methanol over oxygen preadsorbed Cu(110),
a stable surface intermediate, CH3O, existed on the
catalyst below room temperature. By taking their
results into consideration, it can be suggested that the
O-H bond in methanol adsorbed on F and SR catalysts
is weakened to some extent. Accordingly, the sequence
of reaction on these catalysts can be represented as
follows:

CH,OH(g) 2 CH,0---H(a),
CH,0---H(a) /A» H,CO(a) + 2H(a),
2H,CO(a) 2 HCOOCH;(g),

2H(a) 2= Ha(g)-

The results obtained for methanol decomposition
show that the characteristics of the reaction on F and
SR catalysts are very similar to each other, although
the surface compositions and the valence states of copper
are greatly different between these catalysts. The view
that chromium ions act as the main active sites is
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excluded since the reaction was not observed on Cr,O;.
Thus these similarities in the catalytic activities have to
be attributed to the similarity in the nature of Cu® on
Cr,O,4 and that of Cu' or Cu" in F catalyst. Although
the characteristics of methanol decomposition of F and
SR catalysts (the rate equation and the value of real
activation energy) are similar to those for the reactions
on copper wire reported by Miyazaki and Yasumori,'?
the changes in the composition of the gas phase product
during the course of the reaction are appreciably
different. Wachs and Madix!® reported that the ability
of the copper surface to chemisorb methanol was greatly
enhanced by surface oxygen. It is expected that Cu®
on SR catalyst shows characteristics similar to that of
Cu' or Cu" species if the oxygen atoms of Cr,O,
interact strongly with metallic copper under the present
reaction conditions.

In order to reveal clearly the reason for the poor
activities of R100-R400 as well as the mechanisms of
catalyses by F and SR, it is necessary to analyze precisely
the adsorbed state of reactant molecule and its behavior
on the catalyst surfaces.

This study was supported by Grant-in-Aid for Special
Project Research No. 56119004 from the Ministry of
Education, Science and Culture.
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