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Abstract

Nickel metal nanoparticles supported on low surface area silica were prepared by reduction of nickel acetate with hydrazine in
medium. The catalysts were characterized by atomic absorption, XRD, TEM, BET surface area, and H2 chemisorption and TPD. Their hy
drogenating properties were evaluated in the gas-phase hydrogenation of benzene. It was found that gas-phase stability and surfa
of the supported nickel particles depended on the nature and temperature of pretreatment. Small nickel particles, in an oxidized
state, were strongly resistant to reducing or oxidizing treatment, respectively. For H2-treated catalysts, H2 chemisorption and TPD resul
suggested the occurrence of hydrogen spillover between the metal nickel phase and the silica. For air and H2-treated catalysts, hydroge
spillover seemed to involve, in addition, the NiO phase. The activity of the catalysts in benzene hydrogenation also depended on t
pretreatment. Precalcined and then reduced catalysts exhibited higher TOFs than nonprecalcined catalysts, suggesting that the
the NiO phase may have influenced the hydrogenation process. A comparative study showed that a catalyst prepared by reductio
acetate by hydrazine in aqueous medium stored more hydrogen and was more active in benzene hydrogenation than a conventio
 2003 Published by Elsevier Inc.
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1. Introduction

Conventional supported metal catalysts are prepare
in situ reduction of a metal salt. The catalytic activity of t
metal particles is strongly influenced by their size and sh
[1–6]. However, it is often difficult to control the morpho
ogy of the final material, notably for impregnated cataly
[1–10]. An alternative method for obtaining supported ca
lysts with well-defined metal particles is the preparation
supported catalysts from metal colloids.

Metal nanoparticle research has recently become the
cus of intense work due to their unusual properties comp
to bulk metal. The reason for such avid research arises
the drastic increase of the surface to volume ratio to s
an extent that the material properties are determined m
more by the surface atoms than by the framework ato
with the result that the physical and chemical propertie
the particles differ considerably from those of bulk sol

* Corresponding author.
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0021-9517/$ – see front matter 2003 Published by Elsevier Inc.
doi:10.1016/j.jcat.2003.08.002
[11–16]. They hold promise for use as advanced ma
als for electronic, magnetic, optical, and thermal proper
[17,18] and have also been applied in heterogeneous c
ysis [15,19–25]. The chemical route for the preparation
such materials is of particular interest since it allows a b
ter control of the structure at the microscopic level [26–3
The chemical methods have generally involved the red
tion of the relevant metal salt in the presence of a stabil
such as linear polymers [14,39–42], ligands [42,43], s
factants [38,44–46], tetraalkylammonium salts [47,48],
heterogeneous supports [49–51] which prevent the nano
ticles from agglomerating.

Previous work of our group showed that supported nic
nanoparticles can be obtained in organic medium by re
ing nickel acetate by NaH in the presence of an alcoho
surfactant [24,25]. They were found to be active catalyst
the gas-phase hydrogenation of benzene after thermal
treatment. The stability and activity of the nanoparticles
pended on the nature of the pretreatment and nickel load

Recent works have pointed out the interest of working
aqueous medium as a practical solution for the future in
mogeneous and heterogeneous catalysis [52]. This prom

http://www.elsevier.com/locate/jcat
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us to undertake a study of nickel nanoparticles obtaine
reduction of nickel salts in aqueous medium and stabil
on a silica support of low surface area. The surface prope
of the obtained catalysts were tested in gas-phase hy
genation of benzene.

Despite of the high number of studies published in
past decades, increasing attention is paid to the hydrog
tion of aromatics because of the stringent environme
regulations governing their concentration in diesel fu
[53–56]. Benzene hydrogenation has been chosen a
model aromatic feedstock [57,58]. This reaction has
been used as a model reaction in heterogeneous cat
by metals where metal–support interactions are invo
[56–60]. Hydrazine was used because recent studies sh
that it is a good reducing agent in aqueous medium for n
and transition metals ions [51,61–63]. As to the silica s
port, it is known not to give rise to nickel mixed oxides a
to allow a better approach of the particle size effect in
behavior of supported nickel catalysts. Moreover, gener
speaking, nickel-supported catalysts have been conce
with high surface area supports and nickel loadings hig
than 5 wt%. Also the use of silica of low surface area
low nickel loading in the preparation of nickel-based ca
lysts was expected to give rise to an important contribu
to the existing corpus of literature on Ni/SiO2 systems [7].
We were also encouraged in this way because prelimi
results showed that, in aqueous medium, the nickel re
tion process was enhanced in the presence of low su
area silica, whereas silica of high surface area tended t
hibit it.

The present study reports the results obtained over n
(1–5 wt%) supported on silica of low area (15 m2 g−1)

prepared by reduction of nickel acetate with hydrazine
aqueous medium. The stability and surface properties o
nickel particles were examined under hydrogen or air
mosphere and correlated to their catalytic activity in benz
hydrogenation. The catalysts were characterized by X
TEM, and hydrogen chemisorption and TPD. For comp
son, a classical catalyst, prepared by impregnating the s
silica support with nickel acetate, was also studied.

2. Experimental

2.1. Catalyst preparation

Doubly distilled water was used as a solvent. Nickel
etate tetrahydrate (�99.0%, Fluka) and aqueous hydrazi
24–26% (�99.0%, Fluka) were used as received. The s
ca support (Chempur, 99.99%, 15 m2 g−1 and grains of
325 mesh) was pretreated in air at 500◦C for 10 h with a
heating rate of 10◦C min−1 and stored under argon.

The silica support (3.0–4.0 g) was impregnated w
25 mL of aqueous solution of nickel acetate. The nickel
etate concentration in the solution was calculated to ob
the nominal composition of 1.0–5.0 wt% Ni. The suspens
-

-

e

is

d

d

l

e

Table 1
Ni content and particle size of the catalysts

Catalyst Ni (%) Treatment Particle size (nm)

XRD TEM H2 chem

AB11 0.86 None 5.5 − −
H2/300◦C/2 h − ∼4 5.5

AB12 1.40 None 5.7 − −
H2/300◦C/2 h − − 14.8

AB32 2.73 None 11.8 − −
H2/300◦C/2 h 16.6 ∼14 30.0
Air/250 ◦C/2 h 8.3 − −
Air/250 ◦C/2 h − − 28.4

then H2/300◦C/2 h

AB53 4.30 None 13.8 − −
H2/300◦C/2 h 24.7 ∼15 32.8

AC30 4.50 H2/300◦C/2 h − − 28.9

was stirred for 16 h at room temperature. The solvent
then evaporated at 80◦C under vacuum, and the obtain
solid was dried for 16 h at 100◦C.

The preparation of the supported reduced nickel parti
was performed under argon atmosphere in a 3-necked
tion flask of 500 mL dipping in an oil bath. The reacti
flask was fitted with a reflux condenser and a thermoco
for the control of the reaction temperature. The suppo
nickel acetate precursor was introduced in the reaction
filled with 120 mL of bidistilled water. The suspension w
stirred for 20 min at room temperature and then 10 mL
hydrazine solution (in excess) was added. The pH of the
lution was 10–12 and remained almost constant during
reduction process. The reaction mixture was slowly he
from room temperature to 80◦C. The suspension becam
translucent as the reaction temperature was raised and t
to a black color at 80◦C. The black suspension was ma
tained at this temperature for 30 min and cooled at ro
temperature. It was filtered and washed several times
water until neutral pH was obtained. The filtrate was dr
at 60◦C under vacuum. The resulting solid was stored un
argon. The catalysts were denoted as AB11, AB12, AB
and AB53 (for corresponding nickel content, see Table 1

The classical supported catalyst, denoted as AC30,
prepared by calcinating the supported nickel acetate in a
300◦C for 2 h. The nickel oxide obtained was pretreated
der hydrogen at 300 or 400◦C for 1 h before the chemisorp
tion or testing studies.

2.2. Equipment

The nickel content and specific surface area of the c
lysts were determined on a Varian AA1275 atomic
sorption spectrophotometer and Carlo Erba Sorptom
1900 equipment, respectively. The electron microscopy
ages were obtained with a Phillips CM20 STEM after pl
ing a drop of the nanoparticle suspension on the car
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coated copper grid. XRD patterns were recorded wit
classicalθ/2θ diffractometer using Cu-Kα radiation.

Chemisorption and thermal treatments experiments w
carried out in a pulse chromatographic microreactor. The
actor was equipped with the catharometric detector of a
crochromatograph (AT M200, Hewlett Packard) fitted w
molecular sieve columns and MTI software.

The gas-phase hydrogenation reaction was carried o
a fixed-bed quartz reactor. The reactant and product an
ses were conducted on line in a Hewlett Packard 57
FID gas chromatograph. Benzene, cyclohexane, cyclo
ene, and methylcyclopentane were analyzed with TC
(2 m, 1/8 inch) and Sterling (3 m, 1/8 inch) columns, re-
spectively. A Kontron software was utilized for data proce
ing.

2.3. Chemisorption and thermal treatments

The chemisorption, thermodesorption, and hydrotr
ment were carried out over 0.1 g samples. The gases
purchased from Air Liquide. Oxygen traces were elim
nated from argon (99.995%) and hydrogen (99.995%)
using a manganese oxytrap (Engelhardt) whereas he
(99.999%), air, and oxygen diluted in argon were used
received.

For the non calcined catalysts, the fresh sample
heated under a stream of pure H2 (50 mL min−1) at 300,
400, and 500◦C with a heating rate of 10◦C min−1. The
sample was maintained at each of these temperature
2 h and purged under an argon flow (100 mL min−1) at the
same temperature for 2 h. After this purging time no hyd
gen (<1 ppm v/v) was detected in the exit gases. For
chemisorption studies, the pretreated catalyst was cool
room temperature under argon atmosphere and the rea
gas (100 ppm H2/argon or 150 ppm O2/helium) was injected
in the reactor every 2 min. The subsequent hydrogen T
was conducted after purging the sample under argon
flowing the same gas (50 mL min−1) in programmed tem
perature mode up to 700◦C using a ramp of 7.5◦C min−1.

For the calcined catalysts, the fresh sample was tre
under a stream of 50 mL min−1 of air with a heating rate
7.5◦C min−1 up to 250 or 300◦C. The sample was main
tained at this temperature for 2 h, rapidly cooled at ro
temperature under flowing argon, and purged for 2 h.
calcined catalyst obtained was subsequently reduced u
pure H2 and chemisorption and TPD studies were conduc
as described above for the noncalcined catalyst.

Assuming spherical metal particles, the mean size
calculated from the following relation [3]:d = 971/D,
whereD is the metal dispersion.

2.4. Catalyst testing

The catalytic experiments were carried out over 0.0
of catalyst under a total flow of 50 cm3 min−1 under at-
mospheric pressure and in the temperature range 75–22◦C.
r

t
t

r

The reaction temperature was varied by the crossing me
as follows: 75, 100, 150, 200, 225, 175, 125, and 75◦C.
Each reaction temperature was maintained constant unt
steady state was reached, as indicated by gas chroma
phy analysis of the exit gases.

The reactant feed gas was obtained by flowing H2 in ben-
zene (Merck, 99.5%) placed in a saturator maintaine
5.3◦C in order to obtain a mixture of 1% benzene dilut
in hydrogen.

3. Results and discussion

The results of the reduction of supported nickel ace
by aqueous hydrazine showed that the surface and cata
properties of the nickel nanoparticles depended on sev
factors: concentration of the nickel salt and hydrazine, pH
the solution, temperature and time of reduction, and na
of the support. In the case of silica support, it was found
the reduction process was enhanced by a low surface
material, and inhibited by a high surface area material
the present study, results obtained over catalysts with var
metal loadings prepared at 80◦C using a low surface are
silica as support (15 m2 g−1) are reported. For compariso
a conventional catalyst prepared with the same precurso
support was also studied. Results on the factors gover
the reducibility of nickel acetate by aqueous hydrazine
be reported in a separate publication.

3.1. Characterization

The XRD spectrum showed crystallized silica. That
the fresh catalysts exhibited a main and large reflectio
44.5◦ 2θ characteristic of metallic nickel with acfc structure.
A typical spectrum is illustrated in Fig. 1. However, samp
AB32 and AB53 also presented the reflection of Ni(OH2
at 38.5◦ 2θ with a hcp structure. This result is in agreeme
with recent literature data showing that, in alkaline mediu

Fig. 1. XRD pattern of AB32 catalyst. Effect of the pretreatment: (a) no
(b) H2/300◦C/2 h; (c) air/250◦C/2 h.
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nickel sulfate formed the [Ni(N2H4)3]2+ complex with hy-
drazine at room temperature, which decomposed to pure0

or a mixture of Ni0 and Ni(OH)2 according to the tempera
ture and pH of the reaction medium [62].

The mean size of the fresh particles, estimated using
Debye–Scherrer equation, was dependent on the nickel
ing. The higher the nickel loading, the higher the particle s
(Table 1): for nickel contents increasing from 1 to 5%,
mean particle size increased from about 5 to 14 nm. At h
nickel loading, part of the precursor would not directly,
less directly, interact with the support and probably mig
more easily, accounting for the bigger average particle
during the aqueous hydrazine reduction process. In con
at lower nickel contents, the metal particles being stabili
by the support would be less prone to coalescence.

After treatment under hydrogen at 300◦C, the catalysts
only exhibited the characteristic reflection of metallic nick
as shown in Fig. 1. The AB32 and AB53 catalysts were s
sitive to the thermal treatment under H2, which increased
the nickel particle size from 11.8 to 16.6 nm, and from 1
to 24.7 nm, respectively. Under such conditions, the m
nickel particles coalesced through diffusion at the sup
surface. Such a mechanism probably holds for those p
cles in weaker interaction with the support.

The growth of the particle size can also be related to
thermal decomposition of the organic matrix under hydro
atmosphere at 300◦C. Indeed, for all the catalysts, the tre
ment under H2 in temperature-programmed mode led to
formation of methane and, to some extent, of carbon mo
ide. In addition, molecular hydrogen was formed when
fresh samples were treated under a flow of argon instea
hydrogen. These molecules resulted from the decompos
of the acetate fragment of the catalyst precursor. The p
ence of organic fragments in the reduced final materia
dicated that they were still attached—at least partly—to
nickel phase, playing the role of a stabilizing agent [24,2

The fresh samples calcined in air at 250◦C, strikingly, did
not exhibit the characteristic reflection of NiO but of met
lic nickel (Fig. 1). Moreover, the mean particle size of t
metallic phase decreased to 8.0 nm. The persistence o
Ni0 diffraction peak was ascribed to the presence of sm
metal aggregates in the fresh particles which were resi
to oxidation under air at 250◦C, presumably because of th
existence of chemical interactions with the support or o
low rate of nucleation during the oxidation process. Lar
particles were more easily oxidized to NiO. The absenc
the characteristic reflection of this phase suggests a high
persion on the silica support: the oxide particles formed w
probably attached to the support by strong Ni2+–O bonds,
and thus less prone to sintering during the thermal oxidiz
treatment. The influence of an oxygen thermal treatmen
the dispersion of metallic nickel has been reported [64].

The TEM study indicated that after hydrogen treatm
at 300◦C, the metal nanoparticles were homogeneously
persed on the support (Fig. 2). The average particle size
about 4, 14, and 15 nm for AB11, AB32, and AB53,
-

,

f

-

e

t

-

Fig. 2. TEM of fresh AB11 catalyst after H2/300◦C treatment.

spectively, in fairly good agreement with the XRD resu
(Table 1). However, a close inspection of the microgra
showed that subnanoparticles were also present. In add
particles with different geometrical shapes were found,
cluding triangular and hexagonal particles. HRTEM stud
are necessary to obtain more information on the morpho
of these nickel catalysts.

3.2. Chemisorption studies

The behavior of the silica support under hydrogen fl
was first studied. It was previously treated with aque
hydrazine and dried under the same conditions as the
ported nickel catalysts. Adsorption at room temperature
H2-TPD were performed after pretreatment under H2 at 300
or 400◦C, using the same procedure as for the suppo
nickel catalysts.

The results showed that hydrazine-treated silica did
adsorb hydrogen at room temperature. However, more s
ingly, the H2-TPD study showed that some hydrogen d
orbed in amounts of 4.0–6.7 µmol g−1

supp. The temperatur
profile (Fig. 3) consisted of a main peak at 598◦C, with
shoulders at 431, 502, and about 650◦C. The desorbed
gas was attributed to hydrogen retained in the silica s
port during the thermal treatment under H2. Earlier work
showed that silica dissolved H2 at high temperature (aroun
1000◦C) and the phenomenon was found to be due
the hydroxylation of silica by reduction of Si4+ into Si3+
ions resulting in the formation of a defected silica [6
Both adsorption and desorption of hydrogen were diffus
controlled [65]. Dissolution of hydrogen in refractory su
port at relatively low temperature (<500◦C) was observed
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Fig. 3. H2-TPD after treatment at H2/400◦C/1 h followed by chemisorption
of hydrogen at room temperature: (a) AB32 catalyst; (b) support; (c)
traction.

only in the presence of a metal phase and is known as hy
gen spillover [66,67]. In the present study, the crystalliz
silica support may contain defects. Aqueous hydrazin
H2 treatment at 400◦C may have activated these defects
created new ones on which hydrogen molecules or at
strongly adsorbed. The presence of traces of metal impur
in the support may also have activated the support hydro
adsorption.

When the support was submitted to a H2 treatment in
temperature-programmed mode, it consumed 4.0 µmol g−1

supp
of hydrogen from about 400◦C and mainly at around
600◦C. This result confirmed the hydrogen storage ca
bility of the hydrazine-treated silica. It was also shown t
a small amount of hydrogen desorbed at around 400◦C, as a
result of adsorption–desorption equilibrium [68].

Classical supported nickel catalysts reduced by gas
hydrogen give rise to H2-TPD profiles comprising two o
more reduction peaks as a result of the formation of sev
active sites [68]. These catalysts, as other transition-m
catalysts, are also good H2 reservoirs, capable of adsorptio
and storage of large amounts of H2 [24,64,69–72]. A similar
behavior was observed for our nickel catalysts after hyd
gen thermal treatment. No adsorption was observed wit
this treatment.

The amount of hydrogen adsorbed sharply decrea
when the nickel content increased from 0.86% (AB11)
4.3% (AB53), passing from 1506 to 252 µmol g−1

Ni (Ta-
ble 2). The metal particle sizes deduced from these va
(5.5–32.8 nm) were in fair accordance with those de
mined by XRD and TEM (Table 1): the metallic surfa
increased when the nickel content decreased, as a res
an increase of metal–support interaction.

The results of Table 3 show that the amount of H2 ad-
sorbed by AB32 passed through a maximum pretreatm
temperature of 400◦C (663 µmol g−1

Ni ). The lower amount o
hydrogen adsorbed after treatment at 500◦C (271 µmol g−1

Ni )
was attributed to the sintering of the nickel phase. As
the lower amount of hydrogen adsorbed after a treatme
-

l

f

Table 2
Effect nickel content on chemisorption and TPD of hydrogen after pretr
ment of the catalysts under H2/400◦C/1 h

Catalyst H2 uptake H2 desorption (µmol g−1
Ni )

(µmol g−1
Ni ) Total Ata Ata

T < TH2-pretreat T > TH2-pretreat

AB11 1506 2337 1256 1081
(85◦C, 185◦C)b (510◦C)

AB12 558 1507 450 1057
(85◦C, 185◦C) (540◦C)

AB32 663 729 326 403
(85◦C, 185◦C) (530◦C)

AB53 252 656 165 492
(85◦C, 185◦C) (520◦C)

AC30 286 435 183 252
(85◦C, 185◦C) (550◦C)

a Desorption in the domain of temperature below or above the H2 pre-
treatment temperature.

b Peaks of temperature at 85 and 185◦C for all catalysts. Peak of tem
perature.

Table 3
Chemisorption and TPD experiments on AB32 catalyst: Effect of ther
pretreatment

Pretreatment H2 uptake H2 desorption (µmol g−1
Ni )

(µmol g−1
Ni ) Total Ata Ata

T < TH2-pretreat T > TH2-pretreat

Noncalcined
H2/300◦C/1 h 344 414 187 227

(85◦C, 185◦C)b (380◦C)
H2/300◦C/2 h 275 527 146 381

(85◦C, 185◦C) (400◦C)
H2/400◦C/1 h 663 729 326 403

(85◦C, 185◦C) (530◦C)
H2/400◦C/2 h 553 1278 384 894

(85◦C, 185◦C) (560◦C)
H2/500◦C/1 h 271 707 216 491

(85◦C, 185◦C) (650◦C)

Calcined (air/250◦C)
H2/300◦C/2 h 231 − − −
H2/400◦C/1 h 392 714 227 487

(85◦C, 185◦C) (580◦C)
H2/400◦C/2 h 333 − − −

Calcined (air/300◦C)
H2/400◦C/1 h 410 733 231 502

(85◦C, 185◦C) (570◦C)

a,b See Table 2.

300◦C (344 µmol g−1
Ni ), it was ascribed to the presence

the organic acetate fragment of the nickel precursor unc
pletely decomposed at 300◦C [25]. The amount of hydroge
adsorbed also decreased a little (275 or 553 µmol g−1

Ni ) when
the treatment time increased from 1 to 2 h. The decrease
ascribed to sintering of the metal phase with increasing t
of hydrogen treatment.

The H2-TPD profiles (Figs. 3 and 4) showed that hyd
gen desorption comprised two domains of temperature
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Fig. 4. H2-TPD for the supported catalysts after H2/400◦C/1 h treatment
and chemisorption of hydrogen at room temperature.

the first domain, two large peaks more or less defined w
observed with a maximum at 85 and 185◦C, respectively, for
the all the catalysts. These peaks, denoted type I and I′, were
ascribed to hydrogen weakly and more strongly linked
nickel active sites, respectively. In the second domain, a
peak (denoted as type II) appeared in the range 510–55◦C
(Table 2) and was followed by a shoulder at higher tem
atures. It was ascribed to hydrogen much more bounde
the catalyst surface. The temperature of this peak sharp
creased with the temperature and of pretreatment as s
for AB32 catalysts (profile not shown). It arised at 380, 5
or 650◦C for the pretreatment temperatures of 300, 400
500◦C, respectively (Table 3). It slightly varied (<30◦C)
with the time of hydrogen treatment (Table 3). Moreover,
broadness of both type I–I′ and II peaks suggested the pre
ence of small metal particles, in agreement with the X
and TEM results (see above).

The amount of hydrogen desorbed increased from 65
2337 µmol g−1

Ni when the nickel content diminished from 4
to 0.86% (Table 2) as a result of the increase of nickel dis
sion. The small change in the amount of hydrogen deso
between 2.73 and 4.3% Ni can be attributed to limitati
in metal–support interactions as the nickel content was
creased.

Table 3 shows that the amount of desorbed hydroge
AB32 increased from 400 to about 700 µmol g−1

Ni when the
temperature of the treatment under hydrogen increased
300 to 400–500◦C. Part of this hydrogen may have aris
from the support (Fig. 3). In addition, the increase of the
drogen storage was mainly due to the contribution of typ
hydrogen: this contribution represented 70% for the tr
ment at 500◦C and only 55% for the treatment at 300
400◦C. Since the nickel phase seemed to collapse to a
tain extent at 500◦C (Table 3), the increase of the stora
capacity would be ascribed to the intervention of the s
port, i.e., spillover hydrogen [66,67]. It is worth noting th
the bare support adsorbed and desorbed hydrogen at
temperatures (Fig. 3). It was speculated that the hydro
n

-

h

transfer between nickel and silica and its storage were
vored at high temperatures because both the support re
ity toward hydrogen and the hydrogen diffusion rate in
silica were enhanced.

The results obtained for AB32 also show (Table 3) th
after increasing the duration of the H2 treatment from 1 to
2 h, the amount of hydrogen desorbed increased (from
to 1278 µmol g−1

Ni at 400◦C). The adsorption was mainly du
to the adsorption on type II sites (70%). This is in contr
with H2 adsorption which decreased with the time of
treatment, as a result of nickel sintering. Thus, increa
the time of hydrogen treatment also tended to sinter the
tive phase and enhance the hydrogen storage capacity
catalyst, most probably through hydrogen spillover.

Submitting nickel particles inserted in an organic m
trix to a previous heating in an oxidizing atmosphere
fore treating with hydrogen ensured a better decompos
of the organic moieties and had a beneficial effect on
surface properties of the metal phase [24,56]. In this w
fresh AB32 samples were first calcined at 250 or 300◦C,
and subsequently reduced under flowing hydrogen at 30
400◦C. The effect of this treatment on the catalyst hydro
chemisorption was studied.

The temperature profiles of both calcined and non
cined catalysts were similar. Type I and type II deso
tion peaks were observed in both cases, suggesting
ilar mechanisms of the adsorption/desorption proces
However, differences appeared in the amounts of hydro
chemisorbed according to the nature and conditions o
pretreatment, partly due to the presence of unreduced n
particles.

The degree of reduction of the precalcined and t
hydrogen-reduced catalysts was determined by chemis
tion of O2 at 400◦C [73]. They were incompletely reduce
and the degree of reduction increased when the temp
ture or time of the hydrogen treatment increased (Table
These results show that the oxidized metal nanopart
were resistant to the subsequent reducing H2 thermal treat-
ment, even at 400◦C. A similar behavior has been report
for classical nickel catalysts in their oxidized state, irresp
tive of the type of support [2–6,74]. It was accounted
by the existence of chemical interaction with the suppor
has also been established that small NiO particle are les
ducible than bulkier NiO, a result which has been ascribe
the low rate of nucleation in the smaller particles [6,75,7

Furthermore, the oxygen chemisorption study show
that the fresh AB32 catalyst treated under air at 250◦C was
oxidized up to 81% only (degree of reduction of 19.0%) (
ble 4), in accordance with the XRD study: the small meta
particles were resistant to the oxidative treatment.

As a consequence of the presence of unreduced ni
the calcined catalysts adsorbed less hydrogen than the
calcined ones. Indeed, after the pretreatment with H2/400◦C
for 1 or 2 h, the calcined AB32 sample adsorbed ab
40% less hydrogen than the noncalcined sample (Tabl
A second important difference between calcined and n
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Table 4
Reduction degree, TOF, and activation energy for calcined and noncalcined catalysts submitted to thermal treatment under hydrogen

Catalyst Pretreatment Degree of reduction Activity (175◦C) TOF (75◦C) molec. benz. Ea

(%) (mol min−1 g−1
Ni ) (s−1 site−1) (kJ mol−1)

AB11 H2/300◦C/2 h – 0.0362 0.030 46.3
AB12 H2/300◦C/2 h – 0.0210 0.031 44.9
AB32 Air 250◦C/2 h 19.0 – – –

Noncalcined, H2/300◦C/2 h – 0.0123 0.033 46.7
Noncalcined, H2/400◦C/2 h – 0.0109 0.011 46.5
Calcined, H2/300◦C/2 h 79.5 0.0146 0.041 45.2
Calcined, H2/400◦C/2 h 87.8 0.0114 0.013 51.3
Calcined, H2/400◦C/1 h 63.4 – – –

AB53 Noncalcined, H2/300◦C/2 h – 0.0070 0.013 46.3
AC30 H2/300◦C/2 h 96.8 0.0050 0.010 43.5
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calcined catalysts seems to reside in their behavior tow
hydrogen storage: although uncompletely reduced (63.4
the former desorbed almost the same amount of hydro
as the noncalcined sample (714 against 729 µmol g−1

Ni ). In
addition, it desorbed higher amount of hydrogen than it
sorbed (392 µmol g−1

Ni ) whereas the latter desorbed nea
the same amount of hydrogen as it adsorbed (729 ag
633 µmol g−1

Ni ). Further, hydrogen of type II was more im
portant in amount (70%) for the former than for the lat
(55%) (Table 3). It may be concluded that the presence o
idized nickel particles enhanced the hydrogen reservoir
pacity of AB32 catalyst. Further, as far as hydrogen spillo
was concerned (see above), the NiO particles were pr
bly involved in the internal transfer of atomic or molecu
hydrogen [66,67,77]. The previous oxidizing treatment m
have induced specific metal–support interactions, thro
the formation of Ni–O–Si species, which favored the hyd
gen storage [64]. Nickel in both reduced and oxidized st
was found as a good hydrogen reservoir [64].

3.3. Catalytic activity

After a H2 thermal treatment, the catalysts became
tive and selective in the gas-phase hydrogenation of ben
to cyclohexane. No activity was observed without this tre
ment. Only traces of cyclohexene and methylcyclopen
were detected. The bare silica support, previously treate
aqueous hydrazine, was inactive.

The catalysts exhibited a maximum of activity as a fu
tion of the reaction temperature (Figs. 5 and 6, Table 4). T
maximum was reached around 175◦C and attributed to the
competitive adsorption of the benzene and H2 reactant mole-
cules [24,55,56].

The catalyst with the lowest nickel content and smal
average particle size was the most efficient (Fig. 5). On
contrary, higher nickel contents (and higher average p
cle size) led to lower activity. These results are consis
with those of hydrogen chemisorption: the metallic surf
increased with decreasing nickel content, as a result o
increasing metal–support interaction.

The effect of the H2 pretreatment in the temperature ran
200–400◦C for 1–3 h on the activity was studied in the ca
t

-

e

Fig. 5. Effect of nickel content on the catalytic activity. Pretreatme
H2/300◦C/2 h.

Fig. 6. Effect of hydrogen treatment time at 300◦C on the catalytic activity
for the AB32-supported catalyst: (a) 1 h; (b) 2 h; (c) 3 h.

of AB32 catalyst (Table 4, Fig. 6). The best activity was o
tained for the treatment temperature and time of 300◦C and
2 h, respectively: at the maximum of conversion, the spe
activity was 12.3× 10−3 mol min−1 g−1

Ni . These conditions
as suggested for the chemisorption results (Table 3), a
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Fig. 7. Conversion versus time on stream at 175◦C.

good compromise between the removal of the organic
trix and the sintering of the metal particles.

The stability of the catalysts was tested by crossing the
action temperature (see Experimental). The obtained cu
(see Figs. 5 and 6) showed almost no deactivation. Not
the initial activity at 75◦C was almost totally recovered
the end of each run. However, for longer working time, so
deactivation was observed in the high conversion reg
(>80%) for high nickel contents only (Fig. 7). It was co
cluded that the lower the nickel content, the smaller
nickel particle size and the better the stability of the ca
lyst.

The turnover frequencies (TOFs) for the reaction tem
ature of 75◦C (<10% of conversion) are given in Table
The results obtained (0.011–0.033 s−1) are in fair agree
ment with the reported values obtained at 80◦C over clas-
sical Ni/SiO2 catalysts (0.005–0.025 s−1) [74]. On the other
hand, benzene hydrogenation appeared as structure in
tive under our conditions. Indeed, it is generally accep
that reactions are structure sensitive when TOF varia
vs particle size is much higher than 3 for metal part
size below 3–5 nm [58–60,74]. In the present case, e.g.
TOF was divided by 3.0 (Table 4) when the chemisor
hydrogen amount was multiplied by 2.0 (Table 3). The v
ues of both the TOF gap (�3) and metal particle size use
(around 10 nm) are not in the range of that required
structure-sensitive reactions. Structure sensitivity of benz
hydrogenation on nickel catalysts is still an open ques
[56–59,76,78,79].

The activation energy, of about 47.0 kJ mol−1 in the tem-
perature range 75–150◦C, is in good agreement with th
reported in the literature for classical nickel catalysts (50
58.0 kJ mol−1) [56,58].

The effect of previous oxidizing treatment on the cataly
properties of the nickel nanoparticles was examined. Th
sults reported in Table 4 show that, as for the noncalc
catalyst, the activity of the calcined catalyst was not co
lated to the metal surface area: e.g., the TOF was div
,

i-

by 3.1 (Table 4) when that of chemisorbed hydrogen am
was multiplied by 1.4 (Table 3). However, the calcined
talyst appeared to be more active than the noncalcined
talyst since, for the same temperature of hydrogen tr
ment, the TOF was higher:+24% (H2/300◦C/2 h) or+18%
(H2/400◦C/2 h) (Table 4). Such a change in the behavio
the nickel nanoparticles may be related to the presenc
unreduced nickel in the calcined catalyst [56,64,80,81].
previous oxidizing treatment may also have induced spe
Ni–O–Si interactions which enhanced the activation of
reactant molecules [56,64,80]. Certain authors believe
unreduced nickel decreased the size of the nickel part
required for the adsorption of benzene in a planar mode

The activation energy was 45.2 or 51.3 kJ mol−1, a value
in good agreement with those observed for the noncalc
catalysts. The similar activation energy for both types of
talysts indicates that the presence of unreduced nicke
not change the reaction mechanism of the gas-phase h
genation of benzene.

3.4. Conventional catalyst properties

The results obtained for the classical AC30 catalyst
reported in Tables 1, 2, and 4 and Figs. 4 and 5. They w
compared to that of the AB53 catalyst which had a sim
nickel content (around 4.5%).

The conventional catalyst adsorbed almost the s
amount (286 µmol g−1

Ni ) of hydrogen as the AB53 cataly
(252 µmol g−1

Ni ) (Table 2), and had a similar metal partic
size (Table 1). On the other hand, both catalysts ex
ited similar TPD profiles (Fig. 4): type I and II peaks we
observed for both solids at nearly the same temperat
However, the conventional catalyst stored about 30%
hydrogen than the nonclassical catalyst (Table 2). In a
tion, the contribution of type II sites to the hydrogen stora
was less important (57.9%) for AC30 than for AB53 (75.0
(Table 2). These sites seemed to have been favored b
hydrazine reductor during the preparation step.

The AC30 catalyst was active and selective in benz
hydrogenation. It behaved similarly as the nonclassical
talyst in this reaction: a maximum of activity was observ
at 175◦C and the activation energy was 43.5 kJ mol−1 (Ta-
ble 4). However, it was less active than the AB53 catal
the maximum of conversion reached 85% only against 9
for AB53. The TOFs were also less important: 0.010−1

against 0.013 s−1 for AB53, that is 1.3 time lower. The hy
drazine reduction method seemed to be more efficient in
preparation of active supported nickel catalyst.

4. Conclusions

Nickel metallic nanoparticles obtained by reduction
nickel acetate by hydrazine in aqueous medium and
ported on a low surface area silica have been investig
The support was involved in the reduction process.
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XRD, TEM, and hydrogen adsorption studies showed
the mean size of the fresh particles increased under2
flow, and all the more as the temperature and treatm
time increased. Small metal particles were resistant to
idative thermal treatment which, in addition, decreased t
mean size. Conversely, previously calcined particles
der air/250◦C were resistant to reduction under H2 flow at
300–500◦C.

The TPD profiles of hydrogen exhibited two domains
temperature. The first domain consisted of two desorp
peaks at 85 and 180◦C (denoted type I and I′) ascribed to
hydrogen weakly and strongly linked to active nickel sit
respectively. This domain did not depend on the tempera
of pretreatment. In the second domain, a large peak (den
type II) appeared at a temperature and with an area inc
ing with the temperature and time of pretreatment. This p
was ascribed to hydrogen much more strongly bounde
the catalyst surface. The bare support also adsorbed a
negligible amount of hydrogen and exhibited a desorp
peak at a temperature similar to the type II peak. The T
results strongly suggested the occurrence of spillover hy
gen from the nickel phase onto the silica support. Unredu
nickel also seemed to be involved in hydrogen spillove
the case of the precalcined catalysts.

The supported nickel nanoparticles exhibited high ac
ity in benzene hydrogenation provided the organic fragm
of the metal precursor was decomposed under hydroge
air at moderate temperature. High temperature and lo
time of reduction depressed the catalyst efficiency as a
sult of the nickel sintering. The TOFs for the calcined c
alyst were 18–24% higher than for the noncalcined c
lyst, and correlated with the presence of unreduced ni
phase.

A comparative study showed that the supported nic
catalyst prepared by reduction with aqueous hydra
stored more hydrogen and was more active in benzene
drogenation than a conventional Ni catalyst. The TOFs w
1.3 times higher.
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