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In situ EXAFS investigations have been carried out on Ni/y-Al,O; and Cu-Ni/y-Al,O; catalysts
with different metal loadings, and prepared by different procedures. As-prepared Ni/y-ALO; on
calcination gives NiO and NiAl,O,-like phases on the surface, the proportion of the latter increasing
with the increase in calcination temperature; the proportion of the NiO-like phase, on the other
hand, increases with the metal loading. The reducibility of Ni/y-AL,O; to give metallic Ni on the
surface directly depends on the proportion of the NiO-like phase present before reduction. Co-
impregnating with Cu suppresses the formation of the surface aluminate and thereby favours the
reduction to metallic Ni. This conclusion is clearly substantiated by our studies of bimetallic
catalysts containing varying Cu/Ni ratios and also those prepared by the two-stage impregnation

procedure. © 1991 Academic Press, Inc.

INTRODUCTION

The catalytic performance of bimetallic
catalysts is known to differ significantly
from that of the individual components, of-
ten showing mutual promotion effects to-
wards reduction (I-3) and increasing the
thermal stability against sintering. Alloying
of nickel with copper, for example, modifies
the activity of the former in the hydrogena-
tion of ethylene (4), benzene (5), and butadi-
ene (6). Addition of Rh or Ru metal promot-
ers significantly improves the stability of
Ni/Al,O; catalyst toward sintering (7).
There have been several characterization
studies on monometallic Cu/y-Al,O; and
Ni/y-Al,O; catalysts. On the basis of opti-
cal, magnetic (8), ESR, EXAFS (9), and
X-ray photoelectron spectroscopic (10) and
temperature programmed reduction (/1)
measurements, it has been suggested that
at low loading levels, the metal ions form
surface aluminates (NiALO,, CuAlLO,).
With an increase in metal loading, the mon-
oxides (NiO, CuO) segregate out. It appears
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that the extent of reducibility depends on
the reducibility behaviour of the aluminates.
Characterization of silica-supported Ni—Cu
catalysts has been reported by Bernardo et
al. (12) who also review the early literature
on this bimetallic system.

An earlier ex situ EXAFS study (I3) on
Cu-Ni/y-Al,O, catalysts has indicated the
presence of Ni**, Ni’, Cu'*, and Cu® in the
reduced catalysts, the relative proportions
of the different species depending on the
composition. In this paper, we report results
of a detailed investigation of the bimetallic
Cu-Ni/y-AlLO, catalyst system in both the
calcined and reduced states by in situ
EXAFS measurements. The power of
EXAPFS in unravelling certain detailed fea-
tures of such complex catalyst systems has
been well documented (/4). In order to un-
derstand the interaction of Ni with y-AL,O;,
we have carried out measurements on the
Ni/y-AlLO,; system as a function of the
calcination temperature as well as the metal
loading. We have prepared the bimetallic
Cu—Ni/y-Al,O; catalysts by different proce-
dures in order to clearly understand the
competing behaviour of nickel and copper in
forming aluminates with the y-Al,O; support
and also to understand the mutual promo-
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Fi1G. 1. Schematic diagram of the in-situ EXAFS cell
made of quartz.

tion effects of Ni and Cu towards reduction.
The study has indeed established that cop-
per promotes the reduction of nickel,
whereas copper itself is easily reducible.

EXPERIMENTAL
Catalyst Preparation

The catalyst samples were prepared by
the pore-volume impregnation of y-AlLO;
(200 m*g) with aqueous solutions of
Ni(NOs), and Cu(NO,), in appropriate ra-
tios. We have prepared four types of cata-
lysts as discussed below.

1. 5 wt.% of Ni on y-Al,0,, calcined at
different temperatures (370, 570, 770, and
970 K) for 3h (4 samples).

2. Bimetallic Cu-Ni/y-Al,0O; catalysts
with a total metal loading of 5 wt.% with
Nito Curatios of 75:25,50:50and 25:75
along with samples containing the same
loading of Cu and Ni alone (5 samples).

3. Bimetallic Cu—~Ni/y-ALO; catalysts
with a fixed Ni concentration (2.5 wt.%)
but varying Ni to Cu ratios of 75:25,
50: 50, and 25 : 75 along with samples con-
taining Ni and Cu (each 2.5 wt.%) alone
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(5 samples).

4. Two samples with a Ni to Cu ratio of
50:50 (each 2.5 wt.%) prepared by two-
stage impregnation. In this method, the
support was impregnated by one metal
after another with an intermediate
calcination at 770 K for 3 h.

The catalyst samples of categories 2, 3,
and 4 were calcined at 770 K for 3 h after
drying at 370 K for 12 h. Reductions were
carried out in an all-quartz in situ EXAFS
cell at 770 K for 3 h.

Apparatus and Procedure

The in situ EXAFS cell consists of a dou-
ble-walled quartz tube having a ground joint
at the top and closed at the bottom (Fig. 1).
The sample heating element enclosed in a spi-
ral quartz tube passes from the sides of the
cell along with the gas inlet—outlet tubes. The
sample in the form of a pellet of 20 mm diame-
ter is mounted on a quartz sample holder
hanging from the ground joint at the top. The
sample holder contains a thermocouple just
below the sample, to monitor the tempera-
ture. The cell has Mylar windows for trans-
mission of X-rays and water was circulated
through the double-walled cell in order to cool
the ground joint and the Mylar windows.

The EXAFS spectra were recorded at
room temperature using an X-ray absorp-
tion spectrometer (Rigaku, Japan) with a ro-

TABLE 1

Structural Parameters of Reference Systems

System  Atom pair Interatomic Coordination
distance number

R(A) N

Cu metal Cu~Cu 2.56 12
Cuy,0 Cu-0O 1.84 2
Cu-Cu 3.02 12

CUA1204 Cu-0 1.91 4
Cu-0O 1.93 6

Ni metal Ni-Ni 2.48 12
NiO Ni-O 2.08 6
NiALO, Ni-O 1.83 4
Ni-O 1.97 6
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Fi1G. 2. Raw EXAFS data of reduced Cu-Ni/Al, O, catalysts (with 2.5 wt.% Ni).

tating anode X-ray generator (Ru-200B,
Rigaku, Japan). A Ge(220) crystal was used
as a monochromator with a 0.1 mm slit.
Spectral resolution was about 5 eV at 9 keV
incident energy. The thickness of the sam-
ples was adjusted so that the edge jump was
= 1.5. Pre-edge data were collected in steps
of 5 eV for 100 eV and data up to 700 eV
after the edge data were collected in steps
of 1 eV (counting time at each point, 5 sec;
total counts > 10°). The EXAFS data were
treated using the multiphasic model involv-
ing the additive relationship of the EXAFS
function (I14). EXAFS of the reference com-
pounds, NiO, NiAl,O,, and CuO, were re-
corded under the same conditions after mix-
ing them with appropriate quantities of y-
AlLO; to achieve the same signal-to-noise
ratio. The spectra of Ni and Cu metals were

obtained from reduced NiO and CuO. In
Table 1, we list the relevant data on the
reference materials. Fourier transforms
(FT) of the EXAFS data were carried out
with ku;, ~ 3.5 and ky,, ~ 11.0 A~ after
weighting the data by &*. In Fig. 2 we show
typical raw EXAFS data for both Cu and Ni
in the case of 2.5 wt.% Ni-variable Cu/Al,O,
reduced catalysts.

RESULTS AND DISCUSSION
Ni K-edge

We examine first the Ni EXAFS of the
Ni/y-Al,O; catalyst since the results of this
system are directly relevant to those ob-
tained with the bimetallic Cu~Ni/y-AlLQO,
catalysts. Fourier transforms of the EXAFS
data of Ni (5 wt.%)/y-Al,O; calcined at dif-
ferent temperatures showed that the first
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Ni-O (tetrahedral) in NiALO,, broken line; Ni~O (octabedral) in NiAl,O,, triangles.

TABLE 2

Structural Parameters of Unreduced and Reduced Ni(5 wt.%)/y-Al,05*

Fia. 3. Fourier deconvolution of the fitted Ni K-EXAFS data of Ni(5 wt.%)/y-Al,O; employing three
Ni-O distances, calcined at different temperatures. Experimental, crosses; NiO-like phase, full line;

Calcination Calcined systems Reduced at 770 K
temperature
(K) Ni-O Ni-O Ni-O Ni~Otet) Ni-O(oct) Ni—Ni(Ni metal)
tet(NiALOy) Oct(NiALO,) oct(NiO)
N R 4A¢? N R Ac? N R Ac? N R Ac®> N R Ac? N R Ac?
370 6.0 211 0.001 20 212 0001 9.5 248 0.00t
570 04 183 00 1.5 197 0001 4.1 208 0002 04 1.8 00 1.5 197 0.001 85 250 0.002
770 08 1.83 00 32 198 0002 30 208 00 0.8 1.83 0.0 32 198 0002 55 248 0.001
970 12 183 00 40 197 00 25 208 0003 12 1.83¢ 00 40 197 00 40 248 0.001

2 The tet and oct stand for tetrahedrally and octahedrally coordinated Ni, respectively. N, R, and Ac? stand for the coordination number, the

interatomic distance, and the disorder term of the nearest neighbours.
b Pure NiO-like phase.
¢ NiAl,0, phase.
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Fi1G. 4. (a) Variation of the fractions of NiO and NiALO, in Ni (5 wt.%)/y-ALO, with calcination
temperature. (b) Variation of the fraction of metallic Ni produced on reduction with calcination

temperature of Ni(5 wt.%)/v-Al,O;.

peak in the Fourter transform shifts towards
lower r-values with increasing calcination
temperature. Accordingly, the sample dried
at 370 K shows the first peak at 1.64 A
whereas that calcined at 970 K shows the
peak maximum at 1.56 A, indicating that Ni
exists in a multiphasic environment in the
calcined samples. Multiphasic curve-fitting
analysis (/4) was carried out on the inverse-
transformed data (r-window, 1.2-2.0 A) us-
ing the phase and amplitude parameters of
Ni-O in NiO. The best fit was obtained
when three Ni~O distances were used. Fou-
rier deconvolution of the fitted data are
shown in Fig. 3 and the results of the curve-
fitting analysis are listed in Table 2. The
sample dried at 370 K shows only the
NiO-like octahedral environment for Ni.
Peaks due to Ni with the tetrahedral and
octahedral coordinations of NiAl,O, de-
velop progressively with increasing temper-
ature of calcination (Table 2).

The compositions of the Ni/y-Al,O; sam-
ples calcined at different temperatures were
calculated using the additive EXAFS re-
lation,

Xotat(K) = 2 XiCi X m(K),

where x; is the fraction of the absorbing ele-
ment in the ith phase (2, x; = 1) and ¢, , is

Ni-Ni

Ni-Ni

370K
o 570K
=
=
770K
Ni-Ni
970K
L | 1 [
0 z P 6
R(A)

F16G. 5. Fourier transforms of Ni K-EXAFS of differ-
ent samples of reduced Ni(5 wt.%)/y-ALO; catalysts.
Calcination temperatures of the different samples are
shown.
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Fi1G. 6. Fourier transforms of Ni K-EXAFS of re-
duced Cu~-Ni/y-Al, O, catalysts (with a total metal load-
ing of 5 wt.%) with different Ni: Cu ratios.

the fraction of the absorbing element in the
mth coordination of the ith phase (2, ¢; ,, =
1). The above equation can be written in a
more specific form as

Xeowl(K) = XxioXnio(K) + xNiA12O4(ctetXtet(k)

+ Cocthct(k )) .

Making use of the reference coordinations
listed in Table 1 and the EXAFS results
listed in Table 2, we have estimated the val-
ues of Xnio s XniaL0y s Cret @0 Cor - The ratio
of ¢, to ¢, has been found to be roughly
1:4, as expected of a mixed spinel. Interest-
ingly xy;o decreases from 1.0 to 0.25 as the
calcination temperature increases from 370
to 970 K accompanied by an increase in
Xnialo, from 0.0 to 0.75. These results are
shown in Fig. 4a to clearly demonstrate how
the NiO content decreases with increase in
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FiG. 7. Variation of the fraction of the Ni metal in
the reduced Cu—Ni/y-Al, O catalysts (with a total metal
loading of 5 wt.%) with Cu/Ni ratio.

the NiALLO, phase as the calcination temper-
ature increases.

In Fig. 5 we show the Fourier transforms
of the reduced samples of Ni/y-Al,O,.
Multiphasic analysis of the data was carried
out with a ~window of 1.2-2.5 A, employing
the phase and amplitude parameters of
Ni—O in NiO and Ni-Ni in Ni metal. The
sample dried at 370 K becomes completely
reduced to Ni (Table 2), whereas the sample
calcined at 970 K shows little reduction.
Employing the additive EXAFS relation,

IFTI

Ni(5wt®,)

Ni{25wt®,)
Lt L | 1
0 2 4 6
R(A)

FiG. 8. Fourier transforms of Ni K-EXAFS of re-
duced Ni/y-AlO; catalyst with different Ni loading.
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FiG. 9. Fourier deconvolution of the fitted Ni K-EXAFS data of Cu~Ni/y-AL,O; (fixed Ni loading of
2.5 wt.%) with different Cu loadings, employing three Ni-O distances. Symbols are same as in Fig. 2.

TABLE 3

Structural Parameters from Ni K-EXAFS of Unreduced and Reduced Cu-Ni/y-ALO; Catalysts
(with Fixed 2.5 wt.% Ni Loading)

Catalyst Calcined at 770 K Reduced at 770 K
with
Ni:Cu Ni-O Ni-O Ni-O Ni-O Ni-O Ni-Ni
tet(NiAL;Op) oct(NiAL,Oy) oct(NiO) tet(NiAL,O,) oct(NiAL Oy (Ni metal}

N R Ac? N R A N R A N R A2 N R A¢® N R Ag?

100:0 1.0 1.84 0.0 40 197 00005 1.0 2.08 00005 10 1.84 0.0 40 197 0.001 27 25 0.0005
75:25 0.8 1.84 0.002 35 198 0.001 2.5 2.08 0.001 0.8 1.84 0001 35 198 0.601 40 251 0.0003
50:50 0.8 184 0.0 2.5 1.97 0.001 32 208 00 08 184 00 25 1.97 0001 75 254 0.0001
25:75 0.5 1.83  0.001 20 197 0.002 3.5 208 0.004 05 1.83 0.0 20 197 0.002 90 253 0.001
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Fi1G. 10. (a) Variation of the fractions of NiO and NiALO, of calcined Cu-Ni/y-Al, 05 catalysts (fixed
Ni loading of 2.5 wt.%) with Cu/Ni ratio. (b) Variation of the fraction of metallic Ni produced on
reduction of Cu-Ni/y-ALO; (fixed Ni loading of 2.5 wt.%) with Cu/Ni ratio.

Xeotallk) = XniXni(k) + XnioXwio(k)
+ xNiA1204(ctetXtet(k) + cocthct(k)),

we have obtained xy; in the reduced sam-
ples. The results are presented in Fig. 4b.
Assuming no reduction in Ni-Ni coordina-
tion of the reduced phase due to particle size
effects, we find the amount of Ni metal in
the reduced sample to be roughly propor-
tional to that of the NiO-like phase in the
calcined sample; NiAlLO, is obviously not
reduced readily at 770 K. We conclude that
the reducibility of Ni in the Ni/y-AlO, cata-
Iyst depends on the concentration of the
NiO-like phase in the calcined sample.

We now examine the promotion effect of
Cu towards the reduction of nickel in the
bimetallic Cu-Ni/y-ALO, catalysts. While
studying bimetallic catalysts as a function
of the relative concentration of the metals, it
is customary to keep the total metal loading
constant, and vary the ratio of the two met-
als. Type 2 catalysts (see Experimental sec-
tion) discussed in this paper belong to this
category. Fourier transforms of the Ni
K-EXAFS of the Type 2 Cu-Ni/y-Al,O4
catalysts with a total metal loading of §
wt.%, reduced at 770 K for 3 h are shown
in Fig. 6. We see that catalysts containing
Cu undergo greater reduction of Ni than the
pure Ni/y-Al,O, catalyst. The extent of re-

CU/Ni

0.0

IFTI

R(A)

F16. 11. Fourier transforms of Ni K-EXAFS of re-
duced Cu-Ni/y-Al,O; catalysts (fixed Ni loading of 2.5
wt.%) with different Cu loadings.
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FiG. 12. Fourier deconvolution of the fitted Ni K-EXAFS data of two-stage impregnated Cu-Ni/y-
ALO; (Cu/Ni = 0.5, each 2.5 wt.%). Fourier transforms of Ni K-EXAFS of these catalysts onreduction

are also shown.

duction of Ni was estimated by multiphasic
curve-fitting analysis and the results are pre-
sented in Fig. 7 as a function of the relative
proportion of Cu in the catalyst. The cata-
lyst with a Ni: Cu ratio of 50: 50 seems to
show the maximum reduction. This obser-
vation can be understood if one takes into
account the variation in the reducibility of
Ni/y-Al,O; with Ni-metal loading. In Fig. 8
we show the Fourier transforms of reduced
Ni/y-ALO, with 2.5 wt.% and 5 wt.% load-
ing. One readily sees that the catalyst with
5 wt.% metal loading undergoes greater re-
duction.

In order to understand more fully the re-
ducibility of Ni with Cu loading, we have

studied Cu-Ni/y-Al,O, catalysts with a fixed
Ni loading of 2.5 wt.%, but with varying
Ni/Cu ratios (Type 3 preparation, see Ex-
perimental section). Multiphasic curve-fit-
ting analysis employing three Ni-O dis-
tances was carried out on the inverse
Fourier-transformed data; Fourier decon-
volutions of the fitted data are shown in Fig.
9. We find that with increasing Cu loading,
the proportion of the NiO-like phase in-
creases and is accompanied by a decrease
in the NiALO,like phase (see Table 3 and
Fig. 10a). The Fourier transforms of these
catalysts after reduction show that the ex-
tent of reduction to metallic Ni increases
from ~25% (in the absence of any Cu in Ni/
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Fi6. 13. Fourier transforms of Cu K-EXAFS of some
Cu catalysts after reduction.

Al,0,) to nearly 75% when the Cu/Ni ratio
is 75/25 (Fig. 11). In Fig. 10b we depict the
variation of metallic Ni obtained on reduc-
tion with Cu/Ni ratio. This is also reflected
in the decrease in the white-line intensity
with increasing Cu content in the raw
EXAFS data (Fig. 2).

Comparing Figs. 10(a) and (b), we see that
the proportion of reduced Ni formed is di-
rectly proportional to the NiO-like phase
present before reduction. This would imply
that if one can, by some means, prevent
the Ni?* ions from interacting with y-Al, O,
during calcination, thereby preferentially
promoting the formation of the NiO-like
phase (instead of the NiAl,O,-like phase),
there would be greater proportion of metal-
lic Ni on reduction. We would confirm this
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conjecture by two-stage impregnations of
the bimetallic catalysts (Type 4, see Experi-
mental section). In Fig. 12 we show the Fou-
rier transforms of the Ni K-EXAFS of the
two-stage impregnated samples before and
after reduction. The coordination number of
Ni in the NiO-like phase is low (2.7) after
calcination in the sample where Ni was first
impregnated compared to that (3.6) where
Cuwas first impregnated. The Fourier trans-
forms of the reduced catalysts show that
the reduction to metallic Ni is significantly
higher in the case where Cu was first impreg-
nated. Accordingly, the Ni—Ni coordination
is 8.3 in this case compared to that when
Ni was first impregnated (4.0). These obser-
vations establish that the promotion effect
of Cu on Ni is through enhancing the form-
ation of the NiO-like phase during
calcination.

Cu K-EXAFS

Copper in all copper-containing systems
undergoes almost complete reduction, as
also indicated by the absence of the white-
line in the EXAFS (Fig. 2). In Fig. 13 the
Fourier transforms of some of the copper
systems after reduction are illustrated. The
Cu-Cu distance in the reduced samples
does not differ much from that of the Cu
metal bulk; there is about 25% reduction
in the Cu~Cu coordination which accounts
for the dispersion of metallic Cu on -
Al,O,.

CONCLUSIONS

From our study of Ni/y-AlL,O; calcined
at different temperatures, we find that Ni
interacts with y-Al,O; during calcination, Ni
being present mainly in the highly dispersed
NiO-like phase at low calcination tempera-
tures. With an increase in the calcination
temperature, Ni ions form NiAl,O, by inter-
action with the support. The higher the
calcination temperature, the greater is the
proportion of the aluminate phase. The me-
tallic Ni formed after reduction is almost
entirely due to the reduction of the NiO-like
phase (Fig. 4a and b). The NiO phase in the
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calcined samples and the Ni metal in the
reduced samples vary similarly with the
calcination temperature.

At low metal loadings, Ni tends to form
the aluminate (/1). When surface saturation
is reached, NiO segregates out. The per-
centage reduction of Ni, therefore, in-
creases with the metal loading. Coimpreg-
nating with Cu results in partially covering
the y-ALO,; surface with a CuO-like or
CuAlLO,-like phase, thereby decreasing the
formation of the NiALO, phase. We, there-
fore, see that with increasing Cu-content (at
fixed Ni loading), the proportion of the NiO-
like phase in the calcined state as well as
the formation of metallic Ni on reduction
increase. It is to be noted that Cu in the form
of dispersed CuO or CuAlL,O, is more easily
reducible than the surface Ni aluminate. The
idea that in bimetallic Cu-Ni catalysts Cu
acts as a barrier for Ni to interact with -
Al,O4, is further confirmed by two-stage im-
pregnation experiments. When the support
is first impregnated with Cu, it covers the y-
Al,O; surface and Ni subsequently intro-
duced remains in the dispersed NiO-like
phase which then becomes reduced readily
to Ni metal.
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