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Nanoparticles (1 nm-3 nm) of metallic nickel supported on alumina (4.3% Ni-17.9% Ni w/w)
were prepared from a colloidal precursor inserted in an organic matrix. Their structural and
stability properties have been studied by X-Ray Diffraction (XRD), Electron Paramagnetic
Resonance (EPR) and Thermal Gravimetric Analysis (TGA). Benzene hydrogenation at
atmospheric pressure in the temperature range of 75°C-200°C was used as a test reaction
of their catalytic capability. The thermal stability of the particles depended on the nature of
the reactive atmosphere. Thus, a growth in size (up to around 20 nm) is observed under H,
flow at 350 °C or during benzene hydrogenation but not under air flow at 300 °C. The growth
may be due to the coalescence of the metal particles during the heating and decomposition
of the stabilizing organic matrix. Under oxidative atmosphere, stable nickel oxide particles,
firmly attached to the support, are formed. The catalysts pre-treated under H,/350 °C were
active and stable in benzene hydrogenation. The observed activities depended on the

reaction conditions and nickel composition. © 2001 Kluwer Academic Publishers

1. Introduction

The potential applications of nanoparticle powders and
films in both industrial and academic fields [1-9] have
led to a growing interest in the chemical methods of
their preparation [10-24] because of the need of better
structure control at the microscopic level. In a previous
paper [25] we reported a study on the structural and
chemical properties of nanoparticles of metallic nickel
previously inserted in an organic matrix (denoted as a
NiRC complex) [21-24] supported on y-alumina. The
results obtained showed that, in the supported mate-
rial (denoted as a NiRCS complex), the metallic nickel
phase was well dispersed on the support (1-3 nm)
and part of the organic matrix was still present [25].
These materials exhibited molecular hydrogen reser-
voir properties and were active in the hydrogenation
of styrene or benzene in liquid or gas phase media af-
ter thermal treatment [25]. The thermal treatment al-
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lowed the decomposition of the remaining organic ma-
trix which inhibited the access of the reactant molecules
to the nickel phase [25]. In the present paper we re-
port results on the effect of thermal pre-treatment and
nickel loading on (i) the stability of the nickel parti-
cles and (ii) their catalytic properties in the gas phase
hydrogenation of benzene. The structural and chemi-
cal properties were investigated by X-Ray Diffraction
(XRD), Electron Paramagnetic Resonance (EPR) and
Thermal Gravimetric Analysis (TGA). The EPR exper-
iments gave, in addition, supplementary information on
the structure of both supported and unsupported nickel
particles.

2. Experimental

2.1. Catalyst peparation

The overall procedure of preparation of the nickel
materials was previously described [25]. The nickel
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composition was varied in the range of about 5% to
20%. All the materials prepared were stored under ar-
gon atmosphere. For freshly stored catalysts, practically
no atmospheric oxidation of the metallic phase was ob-
served as showed EPR studies: the spectrum of a sample
in contact with air for a few minutes was found almost
unchanged after 2 months of storage. Oxidation was
observed for samples exposed to air for longer times.
On the other hand, the NiRC and NiRCS complexes
were sensitive to atmospheric moisture as a result of
the strong base character of the tBuONa component
(see Results and Discussion).

2.2. Catalyst characterization

XRD and TGA experiments were previously described
[25]. As to the nickel composition of the catalysts it was
determined using a Varian AA1275 atomic absorption
spectrophotometer. The EPR measurements were per-
formed at —196 °C and 20 °C on a Bruker EMX spec-
trometer. A cavity operating at a frequency of 9.5 GHz
(X-band) was used. The magnetic field was modulated
at 100 kHz. The g values were determined from precise
frequency and magnetic field values.

2.3. Catalyst testings

The catalyst testing procedure for the gas phase hydro-
genation of benzene was previously reported [25]. The
present tests were carried out with 0.1 g—0.2 g of cata-
lyst at atmospheric pressure in the temperature and total
rate flow ranges of 75 °C-200°C and 50 cm® - min~'—
130 cm® - min~! respectively. In such conditions the
reaction was under chemical process control.

3. Results and discussion

3.1. XRD experiments

The metal phase stability as a function of the nickel con-
tent under various atmospheres was studied by XRD.
The catalysts exhibited the characteristic bands of a
metallic nickel phase of classical cfc structure as shown
in Fig. 1. As to the metal particle size, as estimated us-
ing the Debye-Sherrer equation, it changed as a function
of the working conditions as shown in Table I for the
C10EW and CI11EW catalysts.

The fresh catalyst exhibited a large main band at
260 =44.5° (Fig. 1a), attributed to nickel nanophase
(1 nm-3 nm), in good accordance with previous studies
[25,26]. After treatment at 300 °C in air the nickel phase

TABLE 1 Particle size as determined by XRD

Cl1 EW C10 EW
Catalyst %Ni 7.6% 13.1%
Treatment none 1 nm-3 nm. 1 nm-3 nm
air/350°C n.d. 1 nm-3 nm
air/300°C n.d. 17 nm
then H/350°C
H,/350°C n.d. 18 nm
H,/350°C
then C¢Hg/H, 23 nm 21 nm
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Figure 1 XRD spectra of the CIOEW NiRCS catalyst (after subtrac-
tion of the spectrum of the support): (a) untreated; (b) treated under
air/300 °C; (c) treated under air/300 °C then H,/350 °C; (d) treated un-
der H»/350 °C; (e) used in the gas phase hydrogenation of benzene.
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Figure 2 EPR spectra of C11EW recorded at —196°C: (a) before and
(b) after the catalytic reaction.

was oxidized into the simple oxide NiO with character-
istic 26 bands at 37.2°, 43.3° and 62.9° (Fig. 1b). The
metal particle size did not increase significantly during
calcination (<5 nm). In contrast, it increased in the case
of the thermal treatment under H, at 350°C (Fig. 1d),
even when the sample was previously pretreated under
air/300 °C (Fig. 1c) : particles as large as 17 nm—18 nm
in diameter are obtained in these conditions (Table I).
Particle size growth (up to about 21 nm-25 nm) also
occurs during the reaction test (Fig. 2e, Table I).

It is worth noting that small particles were still
present in the catalysts after the reductive thermal treat-
ment or the reaction test. Indeed, close inspection of the
XRD spectra (Fig. 1), shows an enlargement of the XRD
signal at the foot of the band at 26 =44.5 °. This large
signal may be ascribed to smaller particles (<5 nm) not
coalesced. One may speculate that such particles are in
strong interaction with the support which then plays the
role of a stabilizing matrix. In other words, the nickel
phase would be preserved from sintering when it is
in close contact with the support, probably on specific
sites. In this way it is interesting to report the modeling
study of Nig nickel clusters (one or two layers) sup-
ported on alumina [27] : using CO as a probe molecule,
the theoritical calculations showed a strong interaction



between the nickel atoms and support for the first but
not the second layer. Further investigations are needed
to understand the nickel phase stability as a function
of the metal content in the case of reduced particles
deposited on alumina.

4. EPR Spectroscopy

Figs 2 and 3 show the EPR spectra recorded at —196°C
and 20°C of NiRC/alumina before and after the cat-
alytic test. All the spectra obtained manifest broad
signals. Generally, the g factor and the peak-to-peak
linewidth (A Hp,,) values depend on the temperature and
the nickel content (Table II). Similar signals were ob-
tained in organometallic compounds [28, 29] and quartz
[30] and were attributed to Ni™ species (d%). The pres-
ence of Nit ions in NiRC/alumina can be due to an
incomplete reduction of a nickel acetate (Ni** is in
the low spin state: S =0) used as precursor during the
preparation step. Indeed, blank experiments showed
that the alumina support and the nickel acetate solid
precursor did not give EPR signals whereas the NiRC
prepared gave one which was similar to that obtained on
NiRCS (Table II). Therefore, the environmental sym-
metry of Ni*t ions ought be similar to that correspond-
ing to Ni’, the expected species in the catalyst. Conse-
quently, the first species would be an indicator of the
presence and size of Ni’ entities in the solid.

TABLE II EPR Parameter values (X-band) of spectra obtained on
Ni-precursor, support, NiRC, NiRCS (fresh and used samples)

g AH (G) AH (G)

Sample (T=20°C) (T'=20°C) (T=-196°C)
Al,O3 — — —
Ni(OAc), — — —
NiRC (11.7%)* 2.204 690 2630
NiRCS (5.4%) 2.236 910 1580

unwashed, untreated
NiRCS (7.6%) 2.24 824 2500

washed, untreated
NiRCS H,/350°C

then CgHg/H; 2.33 1360 2259

*nickel composition of the catalyst.
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Figure 3 EPR spectra of CIIEW recorded at 20°C: (a) before and

(b) after the catalytic reaction.

Before the catalytic test (Fig. 2), the EPR sig-
nal of NiRC/alumina is centered at g =2.24 with
AHp, =824 G and A H,, =2500 G when the sample
is recorded at 25 °C and —196 °C respectively. The in-
crease in the linewidth when the temperature decreased
can be explained by the fact that the Nit species are
present in the alumina support in the form of agglom-
erates and not isolated and/or cluster forms. In order to
confirm this hypothesis, the sample was recorded in the
EPR spectrometer at —196°C with a Q-band frequency
(35 GHz) instead of an X-band frequency (9.5 GHz).
Since the linewidth increased from 2500 to 3300 G with
the higher frequency, this means that the Ni™ species
are in the form of agglomerates and not isolated. Iso-
lated paramagnetic species generally give signals with
a decrease in the linewidth [31, 32].

Fig. 3 shows the EPR spectra of NiRCS obtained af-
ter the catalytic reaction. The intensity of the Ni* signal
was drastically increased particularly that recorded for
the catalyst previously treated under hydrogen. In addi-
tion the signals were broader and this phenomenon can
be due to ferromagnetic properties of the nickel phase
formed. The increase in the Ni't ion concentration and
therefore in the Ni° species, can be explained by the par-
tial decomposition of the organic matrix (see below).
These results are in agreement with the present X-ray
diffraction results and previous electron microscopy
studies [25].

5. TGA experiments

The thermograms involved two main domains, one at
low temperature, around 100°C and the other at a higher
temperature in the range of 200°C—400°C. In the latter
domain, the shape and temperature of the peaks both
changed as a function of the nickel loading as illustrated
inFig. 4 in the case of the CSEW (4.3% Ni) and C10EW
(13.1% Ni) catalysts. The former exhibits a narrow peak
at 380 °C wheras the latter is composed of a broad peak
at 340 °C and a shoulder around 380 °C.

The first domain of the thermogram is attributed to
the desorption of physisorbed water and/or tBuOH [25].
The presence of physisorbed H,O molecules was due to
exposure of the samples to atmospheric moisture during
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Figure 4 TGA profiles under N, for the (a) C8EW (4.3% Ni) and
(b) C10EW (13.1% Ni) catalysts.
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handling. As to that of the tBuOH molecules it probably
resulted from the interaction of atmospheric moisture
with the residual strong base tBuONa component of
the NiRCS complex [25]. The high temperature peaks
(200°C-400°C) are due to the decomposition of two
or more carbonaceous species interacting with the solid
surface with a strength depending on the nickel content.

On the other hand, the XRD (Table I, Fig. 1) and EPR
experiments (Table II, Figs 2 and 3) clearly show an in-
crease of the particle size after thermal treatment under
H, or after C¢Hg + H, reaction but almost not under
air. It can be conjectured that the particle size growth is
related to the thermal decomposition of the organic ma-
trix in reductive but not oxidative conditions. Indeed,
under reductive atmosphere, surface diffusion and co-
alescence of the bare metal nickel particles occurred.
Such a mechanism probably holds for those particles
not in interaction with the support. These particles ex-
hibit the characteristic XRD band at 26 = 44.5° (Fig. 1).
In contrast, for the fraction of particles in stronger inter-
action with alumina a stabilizing effect of the support
is expected and no size growth can be observed (see
above). They give rise to the enlargement of the XRD
signal at the foot of the Ni° characteristic band (Fig. 1).
In contrast, in oxidative conditions, the decomposition
of the organic matrix led to more stable nickel oxide
particles. In addition, these oxide particles were prob-
ably attached to the support by strong Ni’>*- O bonds,
and thus less prone to sintering.

6. Catalytic activity in the hydrogenation
reaction of benzene
6.1. Stability of the NiRCS materials under
the reaction conditions

The catalysts were pre-treated under H, flow at 350 °C
before testing in order to remove the organic fragment
still remaining on the surface (see TGA results) and
which inhibited the reaction [25]. All catalysts were
100% selective to cyclohexane. Steady-state activity
was rapidly reached and the catalysts remained stable
with time on stream for several hours (up to about 30 h)
as illustrated in Fig. 5 for the CIOEW catalyst. The
figure shows that, indeed, a quasi-stable activity is ob-
tained at each reaction temperature. In addition, the cat-
alyst can be regenerated by a thermal treatment under
H,: the activity is then almost totally recovered (Fig. 6).

6.2. Effect of the reaction conditions

The catalysts exhibited a maximum of conversion as
a function of the reaction temperature, notably at low
nickel content (Fig. 6), in good agreement with the lit-
erature data [33—40]. The maximum of activity with
temperature is attribuable to the competitive adsorption
of the benzene and H, reactant molecules [33—40]. Ata
low reaction temperature, the benzene molecule should
be strongly adsorbed on the nickel phase and thus in-
hibit the adsorption of the H, molecule; consequently,
the catalytic activity is low. At a higher reaction temper-
ature the adsorption of the reactant molecules is lower
and the hydrogenation activity of the catalyst is also
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Figure 5 Benzene hydrogenation over the C10EW catalyst. Variat-
ion of the conversion as a function of time on stream. Flow rate =
50 mL - min~!; Pcgns/ Paz = 0.05; m = 150 mg.
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Figure 6 Regeneration of the NiRCS catalysts used in benzene hy-
drogenation. Procedure: (i) increase of the reaction temperature from
100 °C (point 1) to 200 °C (point 5); (ii) treatment under H2/350 °C/2 h;
(iii) cooling down to 75°C; (d) increase of the reaction temperature
from 75°C (point 6) to 200°C (point 11). Variation of the conver-
sion as a function of time on stream and reaction temperature. Flow
rate =50 mL - min~!; Pcgne/ Pz = 0.05; m = 150 mg.
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Figure 7 Benzene hydrogenation over the NiRCS catalysts. Conversion
as a function of the nickel composition and reaction temperature. Flow
rate =50 mL - min~!; Pcens/ Paz =0.05; m = 150 mg.

TABLE 111 Effectof the C¢Hg/H; ratio on the conversion of benzene.
Temperature = 100°C; Flow rate = 50 mL - min~!; m = 150 mg

CeHg/Ho Benzene conversion
ratio %

0.05 45.5

0.06 43.0

0.07 38.0

0.09 34.0

low. At medium temperatures a maximum of activity is
observed (Fig. 7).

The study of the relative partial pressure of the reac-
tants on the conversion confirmed the role of adsorption
phenomena in the determination of the activity of the
catalysts. The results obtained showed that the conver-
sion decreased from 45.5% to 35% as the C¢Hg/H, ratio
was increased from 0.050 to 0.085 (Table III). Thus, the
higher the benzene partial pressure the lower the con-
version. This is the consequence of the greater extent
of the aromatic molecule adsorption on the catalyst sur-
face at the expense of that of the H, molecule, in good
accordance with published kinetic studies [35, 36].

6.3. Effect of the nickel loading

Conversion of benzene increased with the nickel load-
ing as shown in Fig. 7. At 150 °C for example, the con-
version increased from 25% to 90% when the nickel
composition increased from 4.3% Ni to 17.9% Ni. The
increase of activity is related to the increase of the con-
centration of the surface metal active sites with the
nickel content. Another effect of the nickel composi-

tion on the reaction is the change in the temperature
of the maximum of benzene conversion (Fig. 7). For
low nickel compositions (4.3% and 7.6%) a definite
maximum is observed around 175°C. At higher nickel
loading, the conversion reached a flat maximum around
150 °C. The shift of the maximum in the lower range of
the reaction temperature clearly indicates that the activ-
ity of the nickel phase increased with the nickel loading.
Changes in the strucure of the active site have proba-
bly been induced by the increase of the nickel com-
position. Further investigation are needed for a better
understanding of these changes.

7. Conclusions

In the present paper we report the results obtained on
the structure and stability of nanoparticles of metallic
nickel inserted in an organic matrix and supported on
alumina. XRD and EPR studies confirmed the nanomet-
ric size of the fresh particles. Part of the organic matrix
remained on the final material and two or more or-
ganic species according to the nickel composition were
shown by the TGA technique. The size of the particles
increased (up to about 20 nm) after thermal treatment
under H; flow at 350 °C or during benzene hydrogena-
tion but not after thermal treatment under air flow at
300°C. TGA and reaction test experiments suggested
that the metal particle coalescence was related to the
thermal decomposition of the organic matrix. In con-
trast, thermal treatment under air flow rather induced
stable nickel oxide particles, firmly bonded to the sup-
port and less prone to growth. The catalysts pre-treated
under H,/350 °C exhibited good activity and stability in
the benzene hydrogenation reaction in the temperature
range of 75°C-200°C. The activity depended on the
reaction conditions and increased with the nickel com-
position. To sum up, the thermal stability or catalytic
activity in gas phase media of the studied metallic nickel
particles deposited on an alumina support depends on
both the chemical nature of the treatment atmosphere
and the nickel phase content.
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