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Unité de Catalyse et Chimie des Matériaux Divisés, Université Catholique de Louvain, Place Croix du Sud 2/17, 1348 Louvain-la-Neuve, Belgium

Received December 5, 1996; revised September 29, 1997; accepted September 30, 1997

Supported Ni catalysts with low metal loadings prepared by im-
pregnation of α-alumina with nickel acetylacetonate (Ni(acac)2)
have been studied by temperature-programmed reduction (TPR).
The effect of the metal loading (between 0.4 and 1.7 wt%), wash-
ing and drying, and calcination temperature on the reduction pro-
file, temperature of maximum reduction (TM), and H2/Ni ratio has
been investigated. Metal–support interactions already exist at the
impregnation step. The decomposition–reduction products of the
organic moiety perturbing the TPR profiles and H2 consumptions
were suppressed when drying was done at 250◦C. Two distinct
metal species could be distinguished according to the calcination
temperature. The one with TM values ≤615◦C occurred at calcina-
tion temperatures ≤400◦C, whereas at 600◦C and above, a second
species was characterized by TM values of 900◦C and higher. The
two species existed in different proportions in the solids calcined
above 400◦C and below 600◦C. Some indication supported the for-
mation of a nickel aluminate spinel-type phase when the solid was
calcined at 600◦C and above accounting for the high temperatures
needed to reduce nickel oxide. c© 1998 Academic Press

Key Words: nickel acetylacetonate; α-alumina; TPR measure-
ments.

INTRODUCTION

The temperature-programmed reduction (TPR) tech-
nique eventually coupled with mass spectrometry has been
extensively applied to the study of supported and unsup-
ported metal catalysts, bimetallics, and alloys. Comprehen-
sive reviews on the basic concepts and applications of the
technique have been published (1, 2). Recently, Furlong
et al. (3) have shown that TPR may also provide useful
information on the removal of the organic ligands from
organo–metal precursors.

The reduction of NiO/alumina and the effect of the ex-
perimental conditions on the catalytic properties of the
reduced systems have been well documented (4–17). The
more laborious reduction of NiO on alumina supports com-
pared with bulk and silica-supported NiO has been ascribed
to metal oxide–support interactions (8, 18, 19). Nonstoi-

1 To whom correspondence should be addressed.

chiometric and stoichiometric nickel aluminate have been
identified, in amounts and with structural characteristics de-
pending on the preparation conditions (5, 8, 20). Incorpora-
tion of Al3+ into the surface layers of NiO during impregna-
tion has also been evidenced (9, 21). Most of the studies on
alumina-supported nickel oxide have been concerned with
high-surface-area supports (mainly γ -alumina) and nickel
loadings (ex nickel nitrate) higher than 5 wt%. At the oppo-
site end, low-surface-area supports (α-alumina) and metal
loadings below 5% have been much less addressed.

Supported Ni catalysts prepared with nickel acetylaceto-
nate have been scarcely investigated, the little information
available dealing mainly with catalytic reactions (22–25)
and/or metal particle size measurements (26, 27). Fragmen-
tary data on the decomposition of Ni(acac)2/alumina pre-
pared in the liquid phase were provided by van Veen et al.
(28, 29). In more recent studies, the interactions between
Ni(acac)2 adsorbed in the gas phase on γ -alumina (30) and
both γ -alumina and silica (31) have been investigated.

This study was devoted to Ni(acac)2/α-alumina catalytic
systems with Ni loadings between 0.4 and 1.7 wt% in or-
der to obtain information on the state of the catalyst at
different steps of the preparation with respect to removal
of the organic ligands from the nickel precursor, metal–
support interaction, and effect of calcination temperature
on the metal reducibility. Relations between reduction fea-
tures, physicochemical and spectroscopic characterization,
and catalytic activity will be treated in a separate article.

EXPERIMENTAL

Materials and Methods

A commercial α-alumina prepared by calcination of a
transition alumina (from Rhone-Poulenc) was supplied by
(former) Catalysts and Chemicals Europe. Its BET specific
surface area and total pore volume (determined from N2

sorption isotherm at 77 K with an ASAP-2000 sorptometer
from Micromeritics on a sample outgassed for 4 h at 200◦C)
were 42 m2/g and 0.21 cm3/g, respectively. Microporos-
ity was almost nonexistent. The X-ray diffraction (XRD)
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FIG. 1. X-ray diffraction pattern of the starting α-alumina. Peaks marked with (∗) correspond to untransformed γ -alumina.

pattern of the starting support (Fig. 1) (recorded with a
D-5000 Siemens instrument with copper anticathode)
showed the narrow and intense reflections of α-alumina
and a few broad and poorly defined peaks ascribed to small
amounts of the parent γ -phase. It may be that these rem-
nants contributed to the somewhat unusually high surface
area, although α-aluminas with specific surface areas of
100 m2/g and more have been mentioned in recent stud-
ies (32, 33). The surface hydroxyl density established from
the weight loss between 500 and 1000◦C was 1.28 OH nm−2.

Nickel/alumina catalysts were prepared by adding the
support (fraction<100µm precalcined at 500◦C for 16 h) to
a solution containing the required amount of nickel acety-
lacetonate (from Merck) dissolved in benzene (highest pu-
rity grade, from UCB). The solution was stirred for 15 min
prior to the addition of the support. The slurry was stirred
at room temperature for 48 h. After filtration, the solid was
washed with pure benzene, dried between room tempera-
ture (4 h under vacuum) and 250◦C (16 h), and calcined for
4 h at temperatures in the range 300–900◦C. The metal con-
tent was established by inductively coupled plasma spec-
troscopy. NiO (analytical grade, from BDH) was used as
a reference material and for the calibration of the TPR
apparatus.

XPS analysis was carried out with a Vacuum Generators
ESCA 3 MKII spectrometer equipped with a Tracor North-
ern TN1710 signal averager, and a Mg anode powered at
14 kV with a current beam of 24 mA and an Al window as
the X-ray source.

TPR Measurements and Experimental Procedure

TPR experiments were carried out with a TPD/TPR 2705
instrument, 027 Pulse Chem Sorb option, from Micromerit-
ics. The oven controller unit had a built-in circuit board
and signal conditioning device which amplified the thermal
conductivity detector (TCD) signal prior to sending it to a
PC data acquisition system provided with a lab-developed
programme. A chromel–alumel thermocouple was placed
inside the quartz reactor which was fitted with capillary tub-
ing at the outlet branch in order to increase the gas velocity
and minimize the thermal gradient effects.

The reducing gas consisted of a H2/Ar mixture [5 vol/
vol% H2 (99.99%)/95% Ar (99.996%) from Air Liquide].
Traces of oxygen and water were removed with “Oxy-trap”
and “Hydro-purge,” respectively (from Altech Associates).
Argon was preferred over nitrogen as a diluent gas in or-
der to avoid the possible formation of nitrides suspected
by several authors (2, 34, 35). Water produced during the
reduction was removed with a cold trap consisting of liquid
nitrogen and isopropyl alcohol (down to −110◦C). Dupli-
cate experiments were performed using a TPR apparatus
coupled with a mass spectrometer (TPR-MS) in order to
identify the gaseous products formed during the reduction.
In those runs, the cold trap was not used.

A weighed amount of sample was supported on a quartz
wool plug inside the reactor. In order to avoid the effect
of the operating variables on the shape of the TPR profile
and temperature of maximum reduction (TM), values of the
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characteristic K and P numbers between 55 and 140 s, and
≤20 K, respectively, were calculated according to the em-
pirical equations of Monti and Baiker (36) and Malet and
Caballero (37), namely, K= So/V∗Co and P=βK, where
So is the amount of reducible species (inµmol), V∗ is the to-
tal flow rate of the reducing gas mixture (in cm3(STP)s−1),
Co is the hydrogen concentration in the gas mixture (in
µmol cm−3, and β is the heating rate (in Ks−1).

Prior to the TPR run, the sample was pretreated in flow-
ing Ar for 1.5 h at the designated drying temperature and
cooled to room temperature under Ar. The carrier gas was
then switched to the reducing gas mixture while cooling the
trap down. After stabilization of the TC detector, the tem-
perature was linearly increased at a rate (β) of 0.17 Ks−1.
All the experiments were carried out with a constant flow
rate V∗ = 0.79 cm3(STP)s−1, and hydrogen concentration
Co= 2.05 µmol cm−3. TPR runs with the support (blank)
and the support exposed to the same amount of solvent
and drying conditions as those used at the impregnation
step showed no H2 uptake. Calibration of the equipment
was done from the integrated area of the reduction profiles
and the amounts of bulk NiO, a procedure which has proven
to be more reliable and reproducible than the injection of
hydrogen pulses in the carrier gas (34, 38). H2 consumption
was obtained from the integrated peak area relative to the
calibration curve. The TPR profiles were normalized to the
amount of nickel present. For a set of 15 measurements,
the temperatures of maximum reduction (TM) fluctuated

FIG. 2. TPR profiles of (a) Ni(acac)2, (b) H(acac)/α-Al2O3, and (c) TPD of Ni(acac)2/α-Al2O3.

between 370 and 390◦C, with a standard deviation of 6.5◦C
(±1.7%) and average TM of 382◦C. H2 consumptions were
reproducible within ±2.6%. In establishing the calibration
curve, complete reduction of nickel was assumed.

Absence of mass and heat transfer limitations (which
may affect the reduction profile) was controlled with bulk
NiO and Ni(acac)2/alumina following the approaches of
Monti and Baiker (36) and Fierro et al. (39) (mass trans-
fer effects), and of Bosch et al. (35) (heat transfer limita-
tions). In separate experiments, the Ni content of a same
sample was analyzed before and after the TPR run, and af-
ter drying at 150◦C and calcination at 900◦C. No difference
in the Ni content was observed, ruling out possible loss of
metal by sublimation, another source of perturbation of the
reduction profile (39).

RESULTS AND DISCUSSION

TPR of the Precursor

Before examining the reduction behavior of the
Ni(acac)2/a-Al2O3 systems, it is useful to look first at un-
supported Ni(acac)2 and Hacac/Al2O3 systems. The TPR
profile of the dried precursor is often used as a signature
to evaluate the degree of precursor–support interaction
(21). Ni(acac)2 showed a rather complex profile (Fig. 2a)
attributable to reduction/decomposition processes of the
organic moiety, the chemistry of which has been partly
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clarified. In TPR-MS experiments, masses corresponding
to H2O+, CO+, CO+2 , CH3COCH+, and acac+ were iden-
tified in the outlet gases. When both TPR and TPR-MS
were completed, the solid residue was totally black and a
mirror of metallic nickel and yellowish green rings were de-
posited on the exit branch outside the heated zone. Thus,
the complex signal probably represented the modifications
of the gas-phase composition resulting from H2 consump-
tion/desorption and decomposition of the organic moiety to
the different compounds mentioned. CH4, which is formed
by the reduction of acetone in the presence of a metallic
phase (40), was not found in the reaction products.

The TPR of Hacac/α-Al2O3 (dried at 150◦C overnight)
showed no peak (Fig. 2b), but carbonaceous residues were
noticed in the reactor at the end of the run. Mass spectro-
scopic analysis in a duplicate run indicated the presence
of H2O+, C3H+5 , CO2, acetone, and traces of unidentified
compounds with masses of 91 and 105. As there was no
H2 consumption during the TPR, the small amount of wa-
ter produced must come from the decomposition of acac.
Similar compounds were also detected by van Veen et al.
(28) in the case of Hacac/γ -alumina. The mass at 105 was
attributed by these authors to a possible aromatic-derived
compound. At the difference with our observation, no car-
bonaceous residue was found. On the basis of a multitech-
nique analysis, the authors proposed the following decom-
position pathway:

|Al(acac)2|s
1T−−−→

H,OH
2 CH3–CO–CH3 + |Al(OAc)2|s

|Al(OAc)2|s
1T−−−→CH3–CO–CH3 + CO2 + |Al–O|s.

Köhler et al. (41) found the same reaction products as in this
study and proposed that metal acetylacetonates are partly
decomposed by the catalytic action of the acidic and basic
sites of the alumina surface involving the splitting of the
acetylacetonate ligands and, possibly, the further transfor-
mation to acetone and acetic acid which strongly adsorb on
Al+3 sites. In consecutive reactions, carbon oxides originat-
ing from the decomposition would form surface carbonates.

A TPD experiment with Ni(acac)2/α-Al2O3 (1% Ni, dried
at 150◦C) done under conditions similar to those for TPR
but in flowing pure argon showed a negative peak (Fig. 2c)
at about the same temperature as that corresponding to the
TPR signal. TPD-MS run over the same sample showed
H2O+, mainly CO+ and CO+2 , and acac+. As under TPD
conditions no reduction is expected (absence of H2 and
metallic species), H2O+ probably originates from the de-
composition of acac rather than from reduction of the
system.

Effect of Washing

Obtainment of efficient catalysts requires one to re-
late their physicochemical and catalytic properties with the

preparation conditions (26). In the dipping method (as in
this work), mainly applied when the precursor interacts
with the support, the metal loading is governed by the con-
centration of the adsorption sites at the support surface
(42, 43), and washing with the pure solvent not only removes
the excess of unreacted complex but also shifts the equilib-
rium toward the formation of surface species (44, 45). The
following general reaction scheme for metal acetylaceto-
nates adsorbing on alumina has been proposed by Van Der
Voort et al. (46),

M(acac)x + |Al|s → |Al|s–M+ x|Al|s–acac,

where |Al|s stands for the alumina surface, without pre-
cisely defining the nature of the adsorption sites. For van
Veen et al. (29), the reaction would occur via a ligand ex-
change mechanism, Hacac being adsorbed on the alumina
surface. The adsorption sites may be acidic OH and ba-
sic groups, and coordinately unsaturated Al species, these
latter ones constituting, according to these authors, the
sites whereupon metal acetylacetonates exclusively react.
Suntola (30) proposed a mechanism implying a reaction
of Ni(acac)2 with Al–O–H groups with the formation of
==Al–O–Ni(acac), and H(acac) released in the gas phase,
whereas Babich et al. (31) concluded that the nickel precur-
sor is covalently bound to the support (γ -Al2O3 and SiO2) as
one acetylacetonate ligand of the precursor molecule sub-
stitutes with the oxygen atom of a surface hydroxyl group.
The same authors proposed that acetylacetone evolving
during the reaction reacts with coordinatively unsatured
Al3+ ions of the support surface, resulting in the appearence
of aluminium acetylacetonate surface species.

The possible adsorption sites of the alumina used in this
study were investigated by infrared spectroscopy of ad-
sorbed pyridine, ammonia, and CO2. Both acid and ba-
sic sites were evidenced. In addition, 27Al NMR spectra of
the support revealed that about 17% of the aluminum was
in fourfold coordination (signal at 63 ppm). In particular,
diffuse reflectance IR spectroscopy (DRIFT) showed the
suppression of the band at 3690 cm−1 of the support (OH
groups) upon impregnation, suggesting their intervention
in the interaction mechanism. These results will be detailed
elsewhere.

Samples impregnated with Ni(acac)2 were washed using
25 and 250 ml benzene/g. The Ni contents were not modi-
fied even after an exhaustive washing, which suggests that
nickel–support interactions occurred right at the impregna-
tion step and this is consistent with reported work on other
metal acetylacetonates (46). Due to these interactions, the
final distribution of the active phase is mainly determined
at the impregnation step (42).

The different profiles of unsupported and supported
Ni(acac)2, the results obtained after exhaustive washing,
and, as shown below, the products identified by mass spec-
trometry indicate that the precursor is modified when
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TABLE 1

Effect of Ni Loadings and Drying Temperature

Drying
temperature Ni So K TM

(◦C) (wt%) (µmol Ni) (s) (◦C) H2/Ni

150 1.7 139.7 89.4 469 1.8
150 1.0 151.8 94.0 478 1.7
150 0.8 113.0 69.9 502 2.3
150 0.4 103.3 63.9 542 2.0

200 1.7 144.4 89.4 534 1.1
200 1.0 172.2 106.6 550 1.1
200 0.8 125.9 78.0 563 0.8
200 0.4 91.8 57.0 505 0.7

250 1.7 101.4 62.8 537 0.9
250 1.0 151.8 94.0 571 1.1
250 0.8 126.1 78.1 592 0.7
250 0.4 90.6 56.1 662 0.4

supported on α-Al2O3, probably due to an interaction of
the nickel precursor with the support. These observations
could hardly be interpreted in terms of a simple precipita-
tion of Ni(acac)2 on the support (28, 29).

Influence of Ni(acac)2 Loading

The experimental conditions, H2/Ni molar ratios, and TM

values obtained from the reduction profiles of supported
Ni(acac)2 catalysts with various Ni loadings and dried at dif-
ferent temperatures are given in Table 1. Both parameters
had an influence on the temperature of maximum reduction
(TM). For the samples dried at 150◦C, the amount of hydro-
gen consumed during TPR corresponded to a H2 : Ni stoi-
chiometry higher than 1 : 1 which, as proposed by Furlong
et al. (3) in the case of Pd(acac)2/γ -alumina, would be due
to a consumption of hydrogen for the reduction of the or-
ganic ligands. In addition, the gas-phase analysis in a du-
plicate TPR-MS run showed the presence of CH4, CO,
CO2, and H2O. Coq et al. (47) found CH4 and CO2 (and
CH3CO+ at lower drying temperatures) under similar con-
ditions and suggested as their probable origin the reduc-
tion of a carbonaceous compound present on the catalyst.
Arnoldy and Moulijn (38) showed that reduction of ace-
tone (identified in our TPR-MS runs with systems dried
at lower temperatures) required H2 consumption and re-
sulted in the production of CH4. The existence of a metal-
lic phase (in the occurrence, Co) was a prerequisite for
CH4 formation. Our results are thus consistent as CH4 was
found for the Ni(acac)2/α-Al2O3 systems but not for unsup-
ported Ni(acac)2 and Hacac/Al2O3, nor in the TPD experi-
ment over Ni(acac)2/a-Al2O3. In addition, the formation of
H2O at this temperature indicated that reduction of nickel
species also occurred.

For the samples dried at 200 and 250◦C, H2/Ni ratios were
close to 1 at the higher metal loadings (1.0 and 1.7% Ni)

and <1 for 0.4 and 0.8 wt% Ni, indicating incomplete re-
duction, and the tendency to lower stoichiometries at the
low metal contents was more pronounced for the samples
dried at 250◦C. Uemura et al. (48) reported that low nickel-
containing catalysts had a relatively large proportion of
unreduced nickel which, upon migration, was stabilized at
the vacancies of γ -alumina with defective spinel structure.
Perhaps this interpretation could account for the H2/Ni< 1
observed for the samples with low metal loadings. Mass
spectroscopic analysis in a duplicate experiment with the
sample containing 1% Ni dried at 250◦C showed mostly
water and only trace amounts of CH4 and CO2, pointing to
the nearly complete removal at this temperature of the or-
ganic moiety adsorbed on the support surface. As suggested
by several authors (46, 49, 50), the metal would be in its ox-
idized state, the oxygen probably being supplied by the sur-
rounding air atmosphere, through a mechanism which still
needs clarification. For Suntola (30), water vapor would
be needed for the transformation of ==Al–O–Ni(acac) to
surface ==Ni–O–H and removal of H(acac). At all drying
temperatures, the reduction profiles broadened and the TM

values shifted to higher temperatures with decreasing metal
content. This, together with the lower H/M ratios, stems
from an increasing difficulty to reduce the metal species as
illustrated in Fig. 3, where the TM values have been plotted
against the Ni loading at different drying temperatures. Re-
duction of Ni required increasing temperatures as the metal
loading decreased, independent of the drying temperature.
Similar trends reported for different systems have been in-
terpreted in terms of stronger metal–support interactions
(6, 34, 38, 51).

Influence of Calcination Temperature

The effect of calcination temperature on the reduc-
tion profile has been studied with 1.7% Ni catalysts dried
at 250◦C for 16 h under the following conditions: So=
144.4 µmol; K= 89 s; P= 15 K; calcination time= 4 h. The
experimental results are given in Table 2 and the reduction

TABLE 2

Effect of Calcination Temperature (1.7% Ni/α-Al2O3)

T TM species I TM species II Catalyst
(◦C) (◦C) (◦C) H2/Ni color

300 582 (839) 1.0 Light grey
350 604 (837) 1.0 Light grey
400 615 (836) 0.9 Light grey
450 671 835 1.1 Light grey-greenish
500 733 837 1.0 Pale greenish
600 905 0.8 Light blue
700 928 1.0 Light blue
900 990 <0.7 Greenish-light blue

Note. Conditions: So= 144.4 µmol; K= 89 s; P= 15 K; calcination
time= 4 h; ( ), weak signals.
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FIG. 3. Variation of TM with nickel loading and drying temperature. (a) 150, (b) 200, and (c) 250◦C.

profiles obtained after calcination between 300 and 900◦C
are shown in Fig. 4. Increasing calcination temperatures
made the reduction increasingly more difficult as inferred
from the continuous shift of the main reduction peak to-
ward higher temperatures. Since Ni2+ is reduced to Ni0

without going through intermediate oxides, the hydrogen
consumption peaks appearing in different temperature re-
gions are assigned to the reduction of different species
(52, 53). The TPR profiles of the samples calcined at 450
and 500◦C clearly show the simultaneous presence of two
nickel species. In the following, species I will refer to the Ni
species with TM values lower than 750◦C (calcination tem-
peratures between 300 and 500◦C), and species II will refer
to a Ni species reduced above that temperature. In the sam-
ples calcined at 600◦C and above, all the reducible nickel
was of type II, a species which as well was increasingly more
resistant to reduction (TM values between 905 and 990◦C
depending on the calcination treatment). The relative pro-
portions of the two species in the samples calcined at 450
and 500◦C were estimated to be 72–28% (species I and II
after calcination at 450◦C) and 66–34% after calcination
at 500◦C, indicative of the progressive transformation of
species I into species II. Sintering of Ni during reduction
was observed by Bolt et al. (54) in the same range of temp-
eratures. The TM values of species I and II plotted, in Fig. 5,
as a function of calcination temperature clearly show that
the two species were differently affected (slope) by calci-
nation temperature.

As indicated in Table 2, calcination at increasing temper-
atures was also accompanied by color changes of the solids.
The samples calcined up to 500◦C (corresponding to species
I) were light grey to beige, whereas those calcined at 600◦C
and above (species II) clearly showed greenish to light blue
coloration. A well-crystallized bulk NiAl2O4 prepared by
calcining at 1200◦C a stoichiometric mixture of the corre-
sponding nitrates had a pronounced blue coloration and a
TM value slightly above 1100◦C.

Increasing resistance to reduction with calcination tem-
perature as found in this work has been reported by other
authors, irrespective of the type of support (silica, alu-
mina). Zielinski (8) found that NiO (ex-nitrate) was more
difficult to reduce when supported over γ -alumina than
over α-alumina. The opposite observation was reported
by Medina et al. (55). If major differences in the reduc-
tion process result from the interactions between nickel
oxide and high-surface-area supports (56, 57), decreased
reducibility of nickel in NiO/Al2O3 catalysts with increas-
ing calcination temperature has been accounted for by re-
inforced chemical interaction with the support, changes
of the NiO crystallites size, and incorporation of mobile
Al3+ (dissolved at the impregnation step) into NiO crys-
tallites (9, 21), as well as by the formation of nonstoichio-
metric or stoichiometric nickel aluminate, in amounts and
with structural organization (amorphous, crystalline) de-
pending on the preparation conditions (6, 8, 15, 20, 38, 48,
58, 59).
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FIG. 4. Influence of the calcination temperature on the reduction profiles (1.7 wt% Ni). (a) 300, (b) 350, (c) 400, (d) 450, (e) 500, (f) 600, (g) 700,
and (h) 900◦C.
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FIG. 5. Variation of TM of species I and II with calcination temperature.

Zielinski (8) distinguished “free” NiO (not bound to alu-
mina) with TM near 230◦C, and “fixed” NiO (as nickel alu-
minate) with TM at 450◦C. Scheffer et al. (52), investigat-
ing 2.0, 3.9, and 9.2% NiO/γ -Al2O3 catalysts, attributed the
TPR peaks with TM near 490 and 800◦C of samples cal-
cined at 400◦C to highly dispersed, amorphous, surface Ni2+

species differing in reducibility due to the different num-
ber of Al3+ ions surrounding the Ni2+ ions (i.e., aluminium
ions of the support inhibit the propagation of nucleation).
For these authors, this calcination temperature (400◦C) was
too low for nickel ions to diffuse into γ -Al2O3, therefore
excluding the formation of a spinel phase. A single peak
with TM at 850◦C appearing in samples calcined at higher
temperatures was assigned to a diluted NiAl2O4-like phase.
Gavalas et al. (16) showed that NiO supported on α-Al2O3

(2.2% Ni) was not modified by a calcination below 500◦C
whereas above 850◦C, a nickel aluminate precursor, insol-
uble in acid and hard to reduce, was formed. Lambert and
Schulz-Ekloff (60) found evidence for NiO and NiAl2O4,
with epitaxial growth of NiO crystallites for γ -alumina but
not for α-alumina. Reduction between 500 and 700◦C pro-
duced roughly spherical nickel crystallites surrounded by
shells of nickel aluminate-type material. After reduction
at 800◦C, an increase of the lattice parameters of Ni on
α-Al2O3 was noticed, suggesting incorporation of alumi-
nium atoms into the structure.

Due to the small amounts of nickel used in this study
and possibly also to its amorphous state, attempts to pro-

vide direct evidence for the formation of a spinel-like phase
(possibly associated to the color changes) in the peripheral
region of the support particles have failed. Detection of
eventual modifications of the metal dispersion (or surface)
with calcination temperature by XRD and room tempera-
ture hydrogen chemisorption (pulse and flow methods) was
unsuccessful. The small hydrogen uptakes measured could
be anticipated from the work of Bartholomew and Pannell
(13), considering the low Ni loading (<3%) and the exis-
tence of strong metal–support interactions.

The TPR sequence presented in Fig. 4 shows qualitative
similarities with that reported by Rynkowski et al. (6) for a
5 wt% NiO/γ -Al2O3 (ex nickel nitrate) with respect to the
variation of the peak profiles, shift of TM to higher values,
and color changes of the solids with increasing calcination
temperature, the main difference being that higher TM val-
ues were found in this study. This is not surprising in view
of the different nature of the nickel compound and support
and in view of the fact that ample evidence exists in the
literature that the properties of supported metal catalysts
are not uniquely determined by the metal/support combina-
tion, but also depend on their preparation method and pre-
treatment conditions (5, 8, 13, 58). In the article referred to
(6), reduction of Ni2+ species forming an amorphous phase
(dominant in samples calcined between 300 and 550◦C) oc-
curred in the temperature range 575–660◦C, whereas the
spinel phase (formed at calcination temperatures higher
than 550◦C) was reduced above 690◦C, with TM values
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FIG. 6. XPS results: variation of surface Ni/Al ratio versus calcination temperature.

between 775 (calcination at 750◦C) and 830◦C (calcina-
tion at 900◦C). No stoichiometric NiAl2O4 was identified by
XRD, but merely a spinel in which Ni2+ ions were present
in a diluted form.

Preliminary XPS results obtained on the calcined sam-
ples are shown in Fig. 6, where the surface Ni/Al ratios
have been plotted against calcination temperature. Several
interpretations may equally account for the decreasing rela-
tionship: sintering of NiO particles, migration (surface with-
drawal) of Ni species into the support, surrounding of NiO
crystallites by aluminium atoms (aluminium was found in
the washing solvent). From the results of Figs. 4 to 6 on the
one hand, and the similarity to the results of Rynkowski
et al. (6) on the other hand, species I could be assigned to
NiO interacting with (but not “chemically bound” to) the
support. Indeed, the relatively high TM values (in the range
of 535 to 730◦C for calcination temperatures between 300
and 500◦C) compared with those found in the literature and
the values obtained for unsupported NiO (TM= 382◦C) and
for a 0.56 wt% Ni/α-alumina sample prepared by impregna-
tion with nickel nitrate (TM= 380◦C) strongly point to the
existence of interaction between the Ni species and the alu-
mina support. Some sintering of nickel oxide in the samples
calcined at 450 and 500◦C may account for the shift of the
TM values of species I. Species II could be associated with
the formation of a “nickel aluminate-type phase” (as sug-
gested by the color changes of the calcined samples), more
resistant to reduction (with TM between 835 and 990◦C),
which would be in agreement with Rynkowski et al. (6).

It has been well established that small NiO particles are
less reducible than bulkier NiO, a result which has been as-
cribed to the low rate of nucleation in the smaller particles
(61–63). This may partly explain the higher temperatures
needed for the reduction of the Ni(acac)2 systems compared
with similar catalysts prepared from nickel nitrate, espe-
cially for the Ni species I in which particles of the order of
50 Å were observed by transmission electron microscopy
(sample with 1.7% Ni calcined at 300◦C). The same sam-
ple calcined at 900◦C showed NiO particles with estimated
diameter of 500 Å, which goes in the opposite way if this pa-
rameter was playing a role on the reducibility. It seems thus
that the first explanation, supported by a recent work of Li
and Chen (63), is the most reasonable one. Finally, a pos-
sible limited migration of Al in or onto the NiO particles
(9, 21) cannot be excluded. Small amounts of aluminum
were found in the benzene collected at the washing step.
It may be assumed that some mobile Al could exist on the
support surface and migrate as calcination temperature in-
creased, which would as well make the reduction increas-
ingly more difficult (52). Further refined analysis and de-
convolution of the XPS Ni 1s signals are in progress in order
to establish whether the Ni species I and II can be discrim-
inated (64).

CONCLUSION

Supported nickel catalysts have been prepared by impre-
gnation of α-alumina with Ni(acac)2. Interaction between
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support and metal precursor occurred at the impregna-
tion step. Low drying temperatures were found to affect
the TPR profile and hydrogen consumption, mainly due
to the contribution of decomposition/reduction products
of the organic moiety superimposing with the reduction of
the metal species. This interference was suppressed after
drying at 250◦C and above. Reduction of nickel in catalysts
with low metal loadings (<1 wt%) needed higher temper-
ature than those with higher metal contents (1.7 wt%), re-
gardless of the temperature of the drying step, and the ten-
dency for incomplete reduction increased with decreasing
metal loadings. An enhancement of the calcination tem-
perature shifted the TM values to higher temperatures. Two
types of metal species could be distinguished. The first one,
with TM values increasing from 534 to 733◦C, was observed
for catalysts calcined between 300 and 400◦C. In samples
calcined at 600◦C and above, all the nickel was transformed
into another species with TM values going from 835 to
990◦C, reflecting an increasing resistance to reduction. At
calcination temperatures between 450 and 500◦C, the two
Ni species coexisted in different proportions. The similarity
to literature data (high TM values, color changes with calci-
nation temperature) and the decreasing Ni/Al XPS surface
ratios with increasing calcination temperature suggested
the progressive formation of a “nickel aluminate spinel-
type” phase. However, a possible limited insertion of mo-
bile surface Al species into the nickel oxide particles could
account to some extent for the results.
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