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bstract

Non-classical Ni/Nb2O5 catalysts [Ni introduced by the simple (SIM) or EDTA-double impregnation (DIM) methods] were prepared by aqueous
ydrazine reduction at 353 K. Their structural and surface properties were investigated by XRD, TEM, XPS techniques, and by H2-TPR, H2-
r O2-adsorption and isopropanol decomposition measurements. The results obtained confirmed that niobia is a typical SMSI oxide. Indeed, the
ydrazine reduced the support and not the supported Ni2+ ions due to the SMSI effect. Reduction proceeded only in case of a layer of Ni2+ ions

eakly bonded to a sub-layer of Ni2+ ions strongly attached to the support. This was achieved by stepwise impregnation with the nickel precursor.
very strong nickel–niobia interaction plays a crucial role in the passivation phenomenon of nickel active sites towards hydrogen or in gas phase

ydrogenation of benzene. The SMSI effect was in parallel studied on classical catalysts prepared by the SIM or DIM method for comparison.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Supported metal catalysts find a variety of applications in
he petrochemical and environmental industries [1]. Especially
ickel catalysts are commonly used in many industrial pro-
esses including hydrogenation, hydrotreating, hydrogenolysis
f hydrocarbons, methanation and steam-reforming. The activ-
ty and selectivity of a supported metal catalyst are strongly
nfluenced by the amount of metal, the size of dispersed metal
articles, the preparation method and the support composition
1–3]. Evidence has been found that in many systems the carrier
xerts a marked influence on the properties of the metal parti-
les supported on it [2]. The application of H2Na2EDTA in the
tage of nickel catalysts preparation favored a high dispersion
f an active phase [4–6]. Nickel nanoparticles have been suc-
essfully prepared by chemical reduction in the presence of a
urfactant [7] or a support [8] which prevents from an agglom-

ration. Hydrazine was used [8,9] because it is a good reducing
gent in aqueous medium for noble and transition metals ions
9–11].

∗ Corresponding author.
E-mail address: Mohammed.Bettahar@lcah.uhp-nancy.fr (M.M. Bettahar).
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In the previous work [12] we studied nickel (1 wt.%) clas-
ical and non-classical catalysts supported on Al2O3, SiO2 and
b2O5 oxides. The metal precursor was deposited on the support
sing simple (SIM) or EDTA-double impregnation (DIM) meth-
ds. Non-classical catalysts were obtained by pretreatment of the
IM or DIM nickel precursors in aqueous hydrazine at 353 K.
he catalysts prepared exhibited various nickel species due to the
xistence of various metal–support interaction strengths. As a
onsequence, the reducibility, surface or hydrogenating proper-
ies changed as a function of the nature of the support or method
f preparation. The metal–support interactions are the highest
hen niobium oxide is used as the matrix. It was also shown

hat hydrazine formed stable complexes with nickel and was
dsorbed on the support with a strength depending on the nature
f the oxide.

In this paper we focus on nickel catalysts supported on Nb2O5
hich exhibited the strongest metal–support interactions. Spe-

ial attention is paid for non-classical catalysts. Indeed, in this
ase, SMSI prevents the reduction of supported Ni2+ ions by
queous hydrazine not only for 1% Ni content, as previously

eported, but for 5% Ni content also. The SMSI persisted even
hen EDTA was pre-adsorbed on the support and prevented

he reduction of nickel. In contrast, the hydrazine reduced the
upport and formed stable surface N–H species. We show here

mailto:Mohammed.Bettahar@lcah.uhp-nancy.fr
dx.doi.org/10.1016/j.molcata.2006.04.053


2 r Cat

t
c
r
o
o
H
T
a
i
c

2

2

t
h
t
d
r
t
c
i
o
t
fi
c
o
H
b

x
t
t

2

d
[
c
(
w
c
H
w
O
c
b
c
p
v

d
e

S
c
c
s
s
u
r

q
a

3

3
h

b
h
f

2

T
t
g
d
b
h
p
g
T
fi
i
s
o

u
I
t
b
c
g

N
[
t
e
b
s
m
o
a

26 R. Wojcieszak et al. / Journal of Molecula

hat the negative effect of the support on Ni2+ ions reduction
ould be overcome by using a stepwise impregnation. We also
eport a new insight on the structural and surface properties
f catalysts by XRD, TEM and XPS measurements not previ-
usly used. The catalysts were also investigated by H2-TPR,
2-adsorption, O2-adsorption and isopropanol decomposition.
he catalysts were prepared with 1%Ni or 5% loading using,
s previously described [12], simple (SIM) or double (DIM)
mpregnation methods and nickel acetate as a precursor. Non-
lassical catalysts were also studied for comparison.

. Experimental

.1. Catalyst preparation

Procedures for classical and non-classical catalyst prepara-
ion were the same as previously described [12]. Recall that
ydrazine reduction of the material with 1%Ni content led to
he blue [Ni(N2H4)n]2+ intermediate complex which was not
ecomposed to metallic nickel and dinitrogen [12]. The same
esults were obtained for 5 wt.% nickel content with niobia as
he support. Nevertheless, we succeeded when a stepwise pro-
edure was employed for 5 wt.%Ni content. Three successive
mpregnations of Nb2O5 with nickel acetate were carried out in
rder to obtain 1, 3, then 5 wt.% of Ni. After each impregna-
ion step, the obtained solid was filtrated and then dried. The
nal 5 wt.%Ni solid was reduced in aqueous hydrazine: the blue
olor of [Ni(N2H4)n]2+ complex was changed to the dark color
f metallic nickel whereas dinitrogen evolved in the exit gas.
ydrazine reduction of 3 wt.%Ni supported precursor, obtained
y impregnating a 1 wt.% Ni content sample, also failed.

Classical and non-classical catalysts are denoted as
Ni/Nb2O5 and xNi/Nb2O5 (HYDZ), respectively, where x is
he nickel content and HYDZ the hydrazine method of prepara-
ion.

.2. Catalyst characterization and testing

H2-TPR, H2-adsorption, O2-adsorption and isopropanol
ecomposition experiments were previously described in details
12]. We summarize the procedures. The H2-TPR study was
arried out from room temperature to 1123 K using H2/Ar
1000 ppm H2) mixture as a reductant. H2 or O2-adsorption
as performed on reduced samples (0.1 g). H2-adsorption was

arried out by flowing the sample with a mixture of 100 ppm
2/argon at room temperature. The degree of nickel reduction
as determined by O2-adsorption by injection of a mixture of
2/Ar (100 ppm O2) for 1 h at 823 or 723 K for classical and non-

lassical catalysts, respectively. The reduction was performed
y pure hydrogen for 2 h at 773 or 673 K for classical or non-
lassical catalysts respectively. Isopropanol decomposition was
erformed at 523 K using 5 �l pulses of isopropanol after acti-

ation at 673 K for 2 h.

The XRD patterns were recorded with a classical Θ/2Θ

iffractometer using Cu K� radiation (λ = 1.54056 nm). The
lectron microscopy images were obtained with a Phillips CM20

o
[
c
t
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TEM after placing a drop of the catalyst suspension on the
arbon coated copper grid. X-ray microanalysis of chemical
ompositions were determined using energy dispersive X-ray
pectroscopy mounted on the Phillips microscope. The XPS
pectra were recorded on a KRATOS AxisULTRA spectrometer
sing Al K� radiation (150 W). The samples were deposited at
oom temperature under ultra high vacuum on a copper surface.

The hydrogenation of benzene was carried out in a fixed bed
uartz reactor over 0.1 g of catalyst under atmospheric pressure
nd in the temperature range 348–498 K [12].

. Results and discussion

.1. Reduction of supported Ni2+ ions by aqueous
ydrazine

The attempts of reduction of SIM as well as DIM catalysts
y hydrazine failed. Indeed, in the reduction of nickel by the
ydrazine, the reaction is expected to proceed according to the
ollowing equation [8,9]:

Ni2+ + N2H4 + 4OH− → 2Ni0 + N2 + 4H2O (1)

he green color of Ni2+ ions first changes to blue, that of
he [Ni(N2H4)n]2+ complex intermediately formed, then pro-
ressively to dark, that of colloidal Ni0 particles. In addition,
initrogen evolves in the exit gas from the reduction flask. The
lue complex is formed via the substitution of water ligands by
ydrazine ligands and decomposes by heating. For Ni/Nb2O5
recursor, these changes did not occur and no gaseous dinitro-
en evolved whatever the nickel content used: 1, 3, or 5 wt.%.
his is ascribed the formation of a very stable [Ni(N2H4)n]2+,
rmly attached to the niobia support. For silica supported Ni2+

ons, it was previously shown that the reduction occurs in the
ame hydrazine media with a rate and a conversion depending
n the nickel content and reaction conditions [13].

In contrast, we remarkably succeeded in nickel reduction by
sing a stepwise procedure in case of 5%Ni content catalyst.
ndeed, after three successive impregnations (1, 3 and 5 wt.%Ni),
he final solid 5%Ni/Nb2O5 (HYDZ) was prone to the reduction
y aqueous hydrazine at 353 K. The green color of the solid was
hanged to blue then dark and nitrogen was detected in the exit
as (see Eq. (1)).

It is now well established that stepwise impregnation of
i/SiO2 catalysts leads to strongly and weakly adsorbed Ni2+

14]. Nickel in strong interaction is obtained by impregna-
ion of the nickel salt followed by water washing or by ion
xchange then calcination. Nickel in weak interaction is obtained
y impregnation to Ni2+ ions previously strongly attached to
ilica. The latter ions serves as a “chemical glue” [15] to the for-
er. Nickel in strong interaction is identified as phillosilicates

r grafted nickel depending on the preparation conditions. The
nchoring of the metal particles onto the support was found to

ccur via NiI or NiII ions located at the metal-support interface
16]. Basing on these data one can suggest that, for Ni/Nb2O5
atalysts, nickel ions are strongly anchored to the support up
o 3% content and thus cannot be reduced by the hydrazine.
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ig. 1. XRD patterns of the catalysts: (A) Nb2O5 fresh and after H2 and N2H4

reatments; (B) calcined Ni/Nb2O5 classical catalysts.

hese ions, in turn, make up an interface on which the excess
ickel introduced by the third impregnation weakly adsorbs and,
onsequently, becomes more reducible and gives rise to metal-
ic nickel phase: the reduction by hydrazine then proceeds via
eaction (1).

.2. Catalyst characterization

.2.1. XRD study
Fresh hydrated Nb2O5 is amorphous. This was confirmed

y the XRD patterns (Fig. 1A). The H2 as well as hydrazine
reatment did not change the structure of niobium pentoxide
Fig. 1A). In contrast, the XRD pattern of the calcined Nb2O5
howed a crystallized phase of niobium oxide with the hexagonal
tructure (Fig. 1B).

Impregnation of the support with 1 wt.% of nickel does not

hange the hexagonal order of the material. However, at the
igher nickel content (5 wt.%), the XRD patterns (Fig. 2) showed
wo crystallized phases after the hydrogen treatment at 773 K.
he first phase with the main reflection peaks at 22.686 and

s

e
d

ig. 2. XRD pattern of the 5% Ni/Nb2O5 catalyst after H2 treatment at 773 K.

8.585 could be ascribed to hexagonal Nb2O5 and the second
ith the main peaks at 26.132, 35.336 and 51.954 to the rutile

tructure of the NbO2 phase [17]. The hydrogen treatment of
b2O5 provided the change of the sample color from white to
ray which could confirm the partial reduction of white Nb2O5
o black NbO2.

XRD patterns for both 1 and 5 wt.% Ni catalysts did not
how peaks which could originate from metallic nickel. How-
ver, one should remember that XRD technique is not sensitive
f the amount of phase is too low (less than 5 wt.%). Moreover,
f the particle size of nickel is very small, XRD patterns cannot
etect them.

.2.2. TEM study
The TEM micrographs of the classical 5%Ni/Nb2O5 and non-

lassical 5% Ni/Nb2O5 (HYDZ) catalysts are shown in Fig. 3.
or the former catalyst, the TEM image showed well dispersed
ickel particles with the average particle size of 30 nm (Fig. 3A).
he TEM image of the non-classical catalyst differs from that
f classical one. Indeed, the nickel particles are not visible
Fig. 3B). However, the X-ray microanalysis carried out on this
ample showed the presence of the reduced nickel species. Very
mall nickel particles (∼1 nm) are formed and not detected by
he TEM technique used in this study. The method of preparation
trongly influences the final metal particle size.

.2.3. XPS study

.2.3.1. Niobium oxide. The XPS Nb 3d5/2 spectra of the pure
b2O5 and Nb2O5 (HYDZ) samples (Fig. 4A) show two well
efined peaks at 207.1 and 209.5 eV which correspond well to
he reported binding energies of Nb2O5 [18]. The O 1s (Fig. 4C)
pectra of both samples are also nearly the same. There is one
redominant peak at 529.8 eV which originates from the skele-
on oxygen from Nb2O5. A second peak at 532.7 eV could be
ttributed to the formation of hydroxyls groups on the catalyst

urface.

Interestingly, the spectra of the Nb2O5 (HYDZ) sample,
xhibit a N 1s peak (Fig. 4B) at a binding energy BE = 400 eV
ue to N2H4 adsorbed on the surface [18].
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Fig. 3. TEM images of classical 5% Ni/Nb2O5 (A) and 5% Ni/Nb2O5 (HYDZ)
catalysts (B).

3
5
w

a
i
t
o
c
2
N
(
d
m
w
(
a
d
s
T
fi

o
a
T
b
5
o
c
o
p

e
N
c
w
n
d
s
n
p
d
l
c
l

o
p
a
o

3

i
h
w
D

alysis A: Chemical 256 (2006) 225–233

.2.3.2. Ni/Nb2O5 catalysts. The XPS spectra of classical
%Ni/Nb2O5 and non-classical 5%Ni/Nb2O5 (HYDZ) catalysts
ere recorded before and after hydrogen reduction at 773 K.
The XPS Nb3d5/2 spectra of the calcined classical catalyst

nd fresh hydrazine treated catalysts (Fig. 4A) are very sim-
lar and show the same peaks from niobium oxide. It means
hat the reduction with hydrazine does not change the structure
f the niobium species. Contrary to that, the XPS spectra of
atalysts reduced by hydrogen show four peaks at 209.5, 208,
07.1, and 205.5 eV. The peaks at 208 and 205.5 originate from
bO2 oxide [18]. It is known that the high temperature reduction

1073–1573 K) of Nb2O5 with hydrogen gives the bluish–black
ioxide NbO2 that has a distorted rutile structure and is dia-
agnetic. This reduction is reversible [19]. In the case of this
ork, the temperature of the hydrogen treatment is much lower

773 K) and nevertheless the reduction occurred, although prob-
bly for a few superficial oxide layers (gray color instead of
ark). This could be ascribed to the presence of nickel in the
urface layers which promoted the niobium partial reduction.
his reduction is in a good agreement with the XRD study
ndings.

The O 1s region was also investigated (Fig. 4C). The analysis
f the corresponding spectra showed the presence of two peaks
t 529.7 and 532.7 eV for classical catalysts calcined or reduced.
he main peak at 529.7 eV is related to the oxygen anions, O2−,
ound to the metal cations in the lattice [18]. The second peak at
32.7 eV could be attributed to the formation of hydroxyl groups
n the catalyst surface. Non-classical 5% Ni/Nb2O5 (HYDZ)
atalyst also showed one well defined peak at 529.7 eV which
riginates from the O2− anions. However, the hydroxyl group
eak at 532.7 is much less intense.

The Ni 2p3/2 spectrum of the calcined classical catalyst
xhibits a peak at 856.1 eV, characteristic of the presence of
i2O3. The spectrum (not shown here) of H2 reduced classical

atalyst shows one very small but detectable peak at 852.5 eV
hich corresponds to Ni0 [18]. The spectra of fresh and reduced
on-classical catalysts show the presence of the Ni2O3 only,
etectable by the peak at 856.1 eV. The absence of Ni0 on the
urface of the catalyst can be explained by the reoxidation of the
ickel particles by air during the drying. Note that small nickel
articles of the hydrazine treated catalyst are more rapidly oxi-
ized than the larger ones for classical catalyst. Moreover, the
ow concentration of surface nickel species detected by XPS
ould confirm the passivation of nickel by niobium. The cata-
ysts were not activated in hydrogen before the XPS study.

The N 1s spectra of the hydrazine catalyst (Fig. 4B) shows
ne peak at 400 eV due to the N2H4 adsorbed on the surface. The
osition of the peak, identical to that found for Nb2O5 (HYDZ)
lone (Fig. 4B) shows that hydrazine is probably adsorbed only
n the niobium oxide support.

.2.4. Isopropanol decomposition
The acidity of the support plays a crucial role in the chem-
stry of the supported nickel catalysts [12]. The acidity of the
ydrated niobia used as the support and the classical catalysts
as estimated on the basis of isopropanol dehydration (Fig. 5).
ehydration towards propene formation as well as reaction pro-
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Fig. 4. XPS profiles of Nb 3d5/2

ucing diisopropyl ether occurs with the participation of acidic
enters on the catalyst surface. For all catalysts tested, propene
as the main reaction product indicating acidity of the materi-

ls. Moreover, the high conversion of alcohol (>15%) confirmed

he high acidity of the niobia oxide materials. Remarkably, in
he presence of nickel, the conversion increased. Moreover, the
esults showed that the impregnation with EDTA salt decreases
he acidity of the final material.

b
I
d
o

N 1s (B) and O 1s (C) regions.

Because of the high acidity of the support one can expect the
trong interaction of Nb2O5 with the nickel salt. In fact, acidic
ydrated niobia oxide reacted chemically with Ni-acetate during
he impregnation followed by calcination. This was evidenced

y IR spectroscopy measurements as previously reported [12].
R bands in the skeletal region for hydrated Nb2O5 and that
etected for Ni-impregnated samples were compared. In case
f both impregnated methods the final materials exhibit well
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Fig. 5. Isopropanol decomposition at 523 K.

esolved bands in the 500–1000 cm−1 region not characteristic
or the initial support. It indicates the chemical reaction between
ickel species and niobia support leading to the change in the
R spectra.

.2.5. H2-TPR study
Previous work showed the influence of the method of prepara-

ion on the H2-TPR profiles of 1%Ni catalysts [12]. Comparing
hese results with the H2-TPR profiles of both 5%Ni catalyst
nd bare support gives more insight on the metal-support inter-
ctions involved.

.2.5.1. Support. The pristine Nb2O5 support, previously cal-
ined, is reduced under hydrogen flow (100 ppm/Ar) at 723 K as
hown in Fig. 6A. The main step of reduction occurs at 1023 K
nd is ascribed to the reduction of bulk niobium oxide, in a good
greement with the XRD and XPS studies presented above. A
econd peak is also observed from 523 K. It could be due to
he reduction of NbOx superficial species. The reduction of the
uperficial oxide species reduction could also account for the
houlder arising at 750 K. The partial reduction of the support
ould be confirmed also by the change of the sample color after
PR test from white to gray.

It is worth noting that the H2-TPR of pure Nb2O5 calcined in
ir at 773 K for 5 h has been reported [20] and did not show any
eduction peaks up to 773 K. This may originate from the oxide
recursor which was supplied from another commercial source.

The H2-TPR profile of Nb2O5 somewhat changed after a
reatment in aqueous hydrazine (Fig. 6A). Pure Nb2O5 sup-
ort, previously treated in aqueous hydrazine, consumed very
mall amount of hydrogen which gave rise to a peak at around
050 K, ascribed to the reduction of bulk niobium oxide. In con-
rast, the peak at 523 K and a shoulder at 750 K were absent
nd, in addition, the oxide released gaseous nitrogen at 440 K

Fig. 6D). In the basic aqueous media, the fresh oxide reacted
ith hydrazine and formed stable NH-surface species. These

pecies were evidenced by the XPS study. They decomposed by
he heating under hydrogen during the TPR experiments. Super-

c
b
p
c
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cial reduction of the support by hydrazine may explain the
bsence of the reduction peak at 523 K and the shoulder at 750 K.
he low consumption of hydrogen during the TPR experiments
ay be ascribed to the previous reduction of Nb2O5 in hydrazine
edia. It could also be explained by the formation of superfi-

ial Nbn+ species which would prevent a high reduction of the
xide.

.2.5.2. Classical catalysts. The TPR profiles of the calcined
lassical catalysts comprise two peaks (Fig. 6B). The high tem-
erature peak (900–1050 K) may be ascribed to niobium reduc-
ion whereas the lower temperature peak (700–850 K) may be
ue to the reduction of nickel species strongly interacted with the
upport [20]. Very strong Ni–niobium oxide interactions are very
ell known [20–24]. It causes a mutual influence on the reduc-

ion of the two components. Thus the temperature of the peak of
he support reduction decreases to 978 K for the 1%Ni catalysts
hereas it is not changed after the incorporation of 5%Ni nickel

see Fig. 6A and B). Simultaneously, the peak of reduction of
ickel is more intensive for the 1%Ni catalysts (783–838 K) as
ompared to that of the 5%Ni catalyst (695 K) (Fig. 6B). For the
%Ni catalysts, the DIM preparation gives rise to a higher reduc-
ion temperature of nickel as compared to the SIM preparation
12].

These results reflect the various strengths of metal–support
nteractions in the catalysts. Let us first consider nickel reduc-
ion. At a low nickel loading, a great part of nickel atoms is in
close contact with the support, also the high temperature peak
revails for nickel reduction. In contrast, at a higher loading, a
art of the Ni precursor not directly or less attached to the support
ill probably more easily form NiO species, which are reduced

t lower temperatures. If one consider the support, its tempera-
ure of reduction is lowered by the strong interaction with nickel
n the presence of 1% metal loading. At the higher loading of 5%
he weakness of metal-interaction does not change the reduction
emperature of Nb2O5.

The H2-TPR study of 2–15%Ni/Nb2O5 catalysts was
eported [20]. Examination of the profiles showed that the
eak of reduction occurred at temperatures depending on the
ickel loading. This was ascribed to the existence of a strong
etal–support interaction.

.2.5.3. Non-classical catalysts. The non-classical catalysts
xhibit H2-TPR profiles due to presence of unreduced nickel
pecies. These species may arise from an incomplete reduc-
ion of the supported Ni2+ ions by hydrazine [13] or from
eoxidation of Ni0 species due to moisture contamination. The
PR profiles of the Ni niobia supported catalysts prepared
ith hydrazine treatment (Fig. 6C) differ from that of clas-

ical catalysts (Fig. 6B). There is only a more or less well-
efined peak with the maximum at 780–790 K (1 wt.%Ni) or
23 K (5 wt.%Ni) which originates from the reduction of nickel
pecies. Stronger interactions are expected to occur in 1 wt.%Ni

atalyst. The small peak at 450 K in case of 5%Ni content can
e attributed to isolated NiO particles more easily reduced. The
artial reduction of this catalyst is attested by a change of the
olor from green to gray. The peak of support reduction is not
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reoxidation gives rise to Nb2O5. Taking into account this reac-
tion, the degree of reduction after H2 treatment at 773 K was
calculated as 54.4% for calcined Nb2O5 and 27% for Nb2O5
treated with aqueous hydrazine (Table 1).

Table 1
Degree of reduction of the Ni/Nb2O5 catalysts

Catalyst Amounts of O2

consumed
(mol gcat

−1) × 10−5

Degree of reduction
calculated (%)

1% Ni/Nb2O5 24.28 78
1% Ni/EDTA/Nb2O5 25.22 89
5% Ni/Nb2O5 70.11 123
Nb2O5 17.63 56
1% Ni/Nb O (HYDZ) 17.59 87
ig. 6. H2-TPR profiles: (A) Nb2O5 fresh and after N2H4 treatment; (B) classic

bserved in the temperature range examined. One may speculate
hat the support was reduced in the aqueous hydrazine media due
o the presence of nickel.

The N2 desorption, due to the decomposition of hydrazine
pecies adsorbed on the surface, was previously observed for the
atalyst with 1 wt.% Ni loading [12]. This is shown in Fig. 6D
or DIM catalysts, still not reported. A main peak arises at 440 K
with a shoulder) and a smaller one at 830 K. These peaks are
scribed to different adsorption sites of hydrazine on the nio-
ia support. N2 desorption was not observed for 5% Ni/Nb2O5
HYDZ) catalyst. Excess nickel ions prevented the reaction of
ydrazine with the niobia support.

.2.6. Degree of reduction
The amount of reduced nickel atoms was measured by oxygen

dsorption at 723 or 823 K after a treatment under pure hydrogen
or 2 h at 673 and 773 K. The obtained results are reported in

able 1.

It is known that the high temperature reduction of Nb2O5
ith hydrogen gives the bluish-black dioxide NbO2 that has a
istorted rutile structure [19]. The presence of the NbO2 phase

1
5
N

P

talysts; (C) non-classical catalysts; (D) N2 desorption during H2-TPR study.

ith a rutile structure was well confirmed by the results of XPS
nd XRD studies. This reduction is reversible and the NbO2
2 5

% Ni/EDTA/Nb2O5 (HYDZ) 19.26 104
% Ni/Nb2O5 (HYDZ) 47.29 89
b2O5 (HYDZ) 10.23 27

re-treatment: H2/673 K:2 h.
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This reaction was also taken into account for the calculation
f the reduction degree of the nickel–niobia catalysts, supposing
he same degree of support reduction. This is an approximation
ince, in the presence of nickel, the reduction of Nb2O5 was
acilitated according to the TPR study. The values obtained are
n fact maximums degree of reduction. From Table 1 it can be
een that the degree of reduction changes with the nickel content
nd method of preparation.

The classical 1% Ni/EDTA/Nb2O5 catalysts showed a higher
egree of reduction than that of the SIM catalyst (89.3% against
8.2%). This is also the case of 1%Ni non-classical catalysts
104% against 87%). One can suppose that EDTA ions could
acilitate the reduction of nickel species formed on the sur-
ace when Nb2O5 support is applied. These results also show
n improvement in nickel reduction for hydrazine treated cata-
ysts. This may be due to the existence of smaller nickel particles
s showed from the XRD and TEM studies.

Remarkably, 5%Ni/Nb2O5 classical catalyst exhibits a
egree of reduction (123%) which exceeds the stoichiometric
atio. This high maximum value may reflect excess reduction of
iobium oxide (>56%) in the presence of nickel, not taken into
ccount in our calculations. In contrast, for hydrazine treated
aterials, increasing nickel content to 5 wt.% does not increase

he degree of reduction, although the metal phase became
ore reducible according to the TPR study (Fig. 6). Recall

hat 5%Ni/Nb2O5 (HYDZ) comes from a stepwise preparation
ethod which included the intermediate formation of nickel

pecies firmly attached to the support. These species were less
rone to reduction.

The method of preparation influences on the interaction of
he catalyst surface with hydrogen.

.2.7. H2 adsorption study
After a H2 thermal treatment, SIM and DIM classical as well

s non-classical catalysts did not adsorb hydrogen at room tem-
erature. This is true for 1 or 5 wt.%Ni contents. It could be
ttributed to a very strong interaction of nickel particles with
he matrix [19,22]. As evidenced from the IR spectra, the nickel
ons react with the niobium oxide providing the blockage of the
ydrogen adsorption capacity of nickel.

Hydrogen adsorption on Nb2O5 supported nickel catalysts
as been already reported for higher nickel contents (2–15%)
20]. Very low metal surface areas (≤1 m2 g−1) were found
fter a reduction with hydrogen at the temperature of 673 K,
.e. nickel atoms are not easily accessible for hydrogen. SMSI
ould be responsible for the suppression of hydrogen adsorp-

ion. However, it was suggested that, during the reduction and
ooling down the sample in flowing hydrogen, the nickel surface
emained covered with hydrogen atoms [20,22,23].

.3. Catalytic activity in benzene hydrogenation

After a H2 thermal treatment, the niobia supported catalysts

re not active in the gas phase hydrogenation of benzene to cyclo-
exane. Only the classical 5%Ni exhibits some activity (1.1%
f conversion at 448 K). The absence of activity is ascribed to
trong metal–support interactions, which hides the access of

[

talysis A: Chemical 256 (2006) 225–233

ickel to the reactant molecules [25]. Nickel particles on the nio-
ia surface did not present catalytic activity and are randomly
istributed at the surface, and then the catalytic activity decay is
xpected to be of the same order of magnitude as surface cover-
ge. Another reason of inactivity may reside on the mechanism
f benzene hydrogenation. It is admitted that the support can fur-
ish the adsorption sites for the aromatic molecule, in the form
f carbonium ions, and in the vicinity of the metal particles,
he adsorbed molecule can react with the spilt-over hydrogen
rom the metal [26–28]. In the case of this work, niobium oxide
s acidic and probably strongly adsorbs the benzene molecules
nd may suppress the catalytic activity. It is worth noting that
i/Nb2O5 catalysts were found active in hydrogenation of car-
on monoxide [22,23]. In this case, the adsorption strength of
O on the support is much weaker than that of benzene and also
O is more easily converted.

. Conclusion

The results obtained in this work confirmed that niobia is
typical SMSI oxide. The SMSI effect is manifested in the

reparation of non-classical catalysts. Indeed, in this case, it
revents the supported Ni2+ ions from the reduction by aqueous
ydrazine for 1, 3 or 5 wt.% Ni content. The prevention in nickel
eduction is also observed when the support is pre-adsorbed
ith EDTA. Only when stepwise procedure is performed the

eduction could proceed: superficial Ni2+ ions weakly attached
re formed and reduced on a layer of nickel species strongly
onded to the support. In contrast, hydrazine reduced the support
nd formed stable surface N–H species.

The very strong interaction between niobia surface and metal
ctive phase not always is favorable for the catalytic processes.
he interaction of nickel with Nb2O5 caused a high suppression
f nickel activity in the hydrogenation reaction. Moreover, it
as shown that Ni supported on hydrated niobia was not active

owards hydrogen.
It could be proposed that preferential deposition on nickel

ccurred on the niobia monolayer which is more difficult to
educe and which could favor the formation of nickel niobate
ompounds. The very strong nickel–niobia interaction could
lay a crucial role in the passivation phenomenon of nickel active
ites.
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