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The present paper deals with supported nanoparticles of metallic nickel prepared by
impregnation of an organometallic colloidal precursor (NiRC complex) on y-alumina. The
obtained supported materials (NiRCS complex) were characterized by STEM, EELS, XRD
and TGA and tested in the hydrogenation reaction of benzene and styrene both in the gas
and liquid phases. EELS and STEM studies showed that the metallic nickel nanoparticles
of the NiRC precursor were well dispersed (1-3 nm) on the support, without size variation
during the impregnation step. However, particle growth in NiRCS was observed in samples
used after reaction tests. On the other hand, TGA experiments showed that the nickel phase
was inserted in an organic matrix which remained in the supported material after
impregnation. This organic matrix should be partly removed or totally decomposed by
washing with an appropriate solvent or thermal treatment above about 250°C under N5, H,
or air atmosphere respectively. The supported nickel particles were active in the gas phase
hydrogenation of benzene in the temperature range of 1560-200°C and their activity was
enhanced by partial removal of the organic matrix with an organic solvent (e.g. ethanol) or
by its total thermal decomposition. They were also found very active in the gas phase
hydrogenation of styrene at room temperature. Finally, the supported nickel particles
exhibited good hydrogen reservoir properties in organic solvent media. © 17999 Kluwer
Academic Publishers

1. Introduction refluxing organic solvent. These particles were found

Great attention has been paid in the past decade to theery active in the hydrogenation reaction of unsaturated

methods of preparation of metal nanoparticle powdersnolecules in organic solution [22—-24].

and films due to their potential applications in both Inthe present paper, we report results obtained on the

industrial and academic fields [1-9]. Among the vari- structure and catalytic properties of colloidal nanopar-

ous methods of preparation, the chemical route [10-24ficles of metallic nickel deposited on gp-alumina

has been intensively studied due to the better structurgeupport under inert atmosphere. The obtained solids

control at the microscopic level. These methods havevere characterized by Scanning Transmission Elec-

generally involved the reduction of the relevant metaltron Microscopy (STEM), Electron Energy Loss Spec-

saltinthe presence of a suitable surfactant which allow$roscopy (EELS), X-Ray Diffraction (XRD), Thermal

control of the growth of the metal particles. Gravimetry Analysis, (TGA) and tested in the hydro-
The reason for such avid research arises from thgenation of benzene (to cyclohexane) or styrene (to

drastic increase of the ratio of surface to volume toethylbenzene), both in an organic solvent medium or

such an extent that the material properties are detefn the gas phase at atmospheric pressure.

mined much more by the surface atoms than by the

lattice atoms. Then the physical and chemical proper-

ties of the particles differ considerably from those of the2. Experimental

compact solids. This behaviour is of particular interest2.1. Catalysts preparation

in heterogeneous catalysis. Caubetral.[21-24] have 2.1.1. Chemical processes

prepared metal clusters by reducing nickel salts in &or a better understanding of the preparation proce-

mixture of alcaline hydride and alcaline alcoholate indure one must keep in mind the molecular process of
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formation of the reduced nickel phase in the organicstirred for 3 h. A black suspension of the supported
medium and of their impregnation on the alumina sup-nickel complex (NiRCS) was formed. This suspension
port. was then filtered. The filtered solution contained the
(i) The chemical process of formation of the colloidal excesg-BuONa. As to the solid filtrate it was washed
reduced nickel complex (NiRC) can be summarized aseveral times with EtOH, dried and stored undemaii

follows [21]: mosphere. The raw NiRC complex was also obtained
] as a metallic powder by evaporating the black colloidal
4NaH+ 2t-BuOH + Ni(CH3COO), solution then drying under reduced pressure [21].
— (Ni° 4 2t-BuONa)+ 2CH;COONa+ 3H, (1)
(NIRC) 2.2. Catalyst characterization

The nickel composition and specific area of the catalysts
When gaseous H(H,/Ni = 3) evolved the NiRC were determined on a Varian AA1275 atomic absorp-
complex was produced. This complex was composetion spectrophotometer and Carlo Erba Sorptomatic
of metallic nickel colloidal particles inserted in the 1900 equipment respectively.
t-BuONa alcoholate speciesBuONa/Ni = 2) play- The electron microscopy images were recorded with
ing the role of a stabilizing organic matrix [21, 25]. The a Phillips CM20 STEM equipped with EELS instru-
colloidal solution also contained soluble Na-acetatements. The spectra were obtained by placing a drop of
(CH3COONa/Ni= 2). the nanoparticle suspension on the carbon coated cop-
(ii) Impregnation of alumina with the NiRC complex per grid. XRD patterns(¢) were recorded at a classical
colloidal solution led to a suspension of the supported? /20 diffractometer using CKi, radiation.
reduced nickel complex (NiRCS): The TGA experiments were performed with a Sar-
torius 4102 balance. The catalyst samples (0.1 g) were
Ni®/2t-BuONa+ Al,03 — Ni°/t-BUONg/Al205 (2)  heated in the quartz scale of the balance from room tem-
(NIRC)  (support)  (NIRCS) perature to 500C (heating rate of 4C min1) under

Filtering the above suspension led to powdered NiRC&N2, Hz or air (>99.99%, Air Liquid) flow (3.6 1 T%).
composed of NiIRC entities supported on alumina.
The obtained powder is denoted “unwashed NiRCS”"2.3. Catalytic testings
Washing it with EtOH led to the partial removal of the 2.3.7. Gas phase hydrogenation
organic matrix (see Results and Discussion) and wa$he gas phase hydrogenation reactions were carried out
then denoted “washed NiRCS”. in a quartz fixed bed reactor with 0.2 g of catalyst sam-
ple. The catalytic activity experiments were done under

. atmospheric pressure and in the range of temperature
2.1.2. Materials - and tort)al ratepﬂow of 150-20@ and 3QI|_12 |t Fr)e-
Tetrahydrpfuran (THF) was distilled from b.enmphe'spectively. The reactant feed gas was obtained by flow-
none-sodium adduct and stored over sodium wiresy ) i fiquid benzene or styrene placed in a saturator
Tertiary butyl alcohol ¢BuOH) (Aldrich) was dis- aintained at 8 and 1%, respectively. The reactant
tiled from commercial sodium. Nickel acetate 5y hroguct analyses were conducted on line using a
[Ni(CH3COOY] (Fluka) was dried under vacuum (20 yo\yjett packard 5730A FID gas chromatograph. Each
torr) at 110°C during 16 h. Water content after drying o4 tion temperature was maintained constant until the

was 0.1 mol %. Sodium hydride (NaH) (65% in mineral . o500nding steady-state was reached as indicated by
oil, Fluka) was used after three Washmg_s with 2Gcm gas chromatography analysis of the exit gases.
of THF under N atmosphere. The-alumina support

Degussa) was pre-treated 12 h in air at 500and
(storgd un()jer N P 2.3.2. Hydrogenation in liquid medium

The hydrogenation reactions in ethanol solutions were
conducted at constant atmospheric pressure with a clas-
2.1.3. General procedure sical hydrogenation vessel described elsewhere [22].
The overall preparation procedure was performed undefhe reactor was first purged undes ftow before the
N, atmosphere. An excess of NaH can be used in ordesolid complex sample then the hydrocarbon ethanol so-
to ensure the complete reduction of the nickel salt prelution were introduced. The amount oftonsumed
cursor. This excess was in turn neutralized-8sONa  during the reaction was determined by measuring the
salt by adding the equivalent amountteBuOH inthe  volume variations. The hydrocarbons concentration
NiRC colloidal solution. Typical preparation was as fol- variations were determined by gas chromatography us-
lows. ing a Carlo Erba Fractovap G1 apparatus.
The NiRC colloidal complex was prepared [21] by Definitions
dropwise addition of % 10~2 mol of t-BuOH to a

mixture of 6x 102 mol of NaH and 102 mol of an-  conversion (%)
hydrous Ni(CHCOO)Y in 40 cn? of refluxing THF number of moles of reactant converted
solvent. Gaseous Hevolved and a black colloidal = humber of moles of reactant introducad

solution was formed. & 1072 mol of t-BuOH was
added to this solution. A 20 chsample was syringed, ]
dropwise added to a suspension of 2.4 @lumina _ umber of moles of produétiormed _ ,
in ethanol (EtOH) and the mixture was magnetically number of moles of reactant converted1
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specific rate [mol/h/g(Ni)}= number of moles of reac-  As to the supported NiRCS samples, they appeared

tant converted per hour per gram of nickel. less ordered and probably constituted of a mihop
andcfcstructures.This apparent disorder was attributed
to the effect of the support surface which probably inter-

3. Results and discussion acted to some extentwith the nickel particles. Investiga-
3.1. Nickel composition and BET tions have been undertaken for a better determination of
surface area of the catalysts the morphology of the supported metal nickel clusters

The nickel composition and the BET specific areas ofip the fresh NiRCS solid.

the solids are reported in Table 1. Chemical analysis No diffraction pattern was observed for either NiRC
by atomic absorption showed that no notable loss obr NiRCS samples when using the XRD technique,
nickel occurred during the impregnation step. The TGAjn good accordance of the amorphous character of the
experiments (see below) roughly confirmed this resultnjckel phase. However, NIRCS samples used in the gas
The surface area of the support (78 dgn*) was sig-  phase hydrogenation of benzene contained particles of

nificantly decreased after impregnation with the NiRC|arger size ﬁlo nm) after reaction. STEM and EELS
complex as compared to that of the washed NiRCS catstydies confirmed these results.

alyst (61.0 g 1).

3.3. Thermal gravimetry analysis
3.2. STEM, EELS and XRD studies of the catalysts
Fig. 1 shows the dark field STEM micrographs of pow- The stability of the catalysts undesNH, or air during
dered samples of the NiRC and NiRCS complexesredox cycles was studied by TGA. The obtained re-
Amorphous and homogeneously dispersed nickel parsults are reported in Table | and Figs 2-5. In all experi-
ticles on the organic matrix or support can be observednents, the TGA peaks appearing at temperatures lower
for allsamples. These particles were also similarly sizedhan 100°C were attributed to the presence of residual
andthe mean particle size was about 1-3 nm. The EELSolvent molecules in the analyzed sample. Blank ex-
technique confirmed this estimation and also th& Ni periments allowed us to identify the temperature peaks
oxidation state of nickel. It thus appears that the parti-of t-BuONa and CHCOONa species. No temperature
cle size was not changed during the impregnation stepeak was observed for the alumina support.
nor when washing the supported complex with ethanol.
On the other hand, close inspection of the micrographs .
showed that the nickel particles were highly ordereg3-3-1- NiRC complex _
for the NiRC sample and the corresponding microcrys—'” the temperature range studied, thethermogram.of the
talline units seemed to have mainly a hcp structure ang®lid raw NiRC complex under Natmosphere exhib-
not the expected stable cfc structure [25]. In addition/t€d @ main temperature peak at 3&with a shoulder
it appeared that the observed structures were size d&t about 270C (Fig. 2). These peaks were attributed
pendent and changed by varying the concentration of© the thermal decomposition of theBuONa compo-

the nickel salts or hydride and the time or temperaturd’ent of the complex more or less attached to the nickel
of reaction [25]. phase; in good agreement, the weight loss was about

35%.

TABLE | Nickel composition and BET surface area of the used

3.3.2. NiRCS complex

samples

The thermogram underdtmosphere of the unwashed

(%) Ni COL (%) Ni BETarea  NjRCS complex exhibited two peaks at 255 and 385
Catalyst (calculated) ~(atomic abs.) (TGAexper) *@™) g the weight loss was about 10% (Fig. 3). These peaks
NIRC 117 115 106 _ were also attributed to the decomposition of the organic
NiRCS 55 5.4 7.7 — t-BuONa fragment. Weight loss calculations confirmed
(unwashed) this assumption.

NiRCS - 7.2 - 61.0 After washing the NiRCS complex with ethanol the
y_g’l‘ija;?ne;) B B B 60 peaks areas of temperature strikingly decreased, no-

tably the peak appearing at 255. Constant peak areas

TABLE |l Gasphase hydrogenation of benzene. Catalyst: 200 mg, total flow rate: 50 m}nﬂ@GHe =42 mbar, GHg/H2 =5.5%, T =200°C

Benzene Cyclohexane Rate
Catalyst Pre-treatment conversion (%) selectivity (%) (mol/h/g(Ni))
NiRC None 5 100 %.1072
NiRCS unwashed None 5 100 431072
NiRCS washed None 28.1 100 241072
NiRCS washed b/350°C/72 h 429 100 231072
NiRCS washed air/300C/4 h 50.5 100 2411072

+ H/350°C/72 h
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(b)

Figure 1 Dark field TEM micrograph of the NiRC (a) and unwashed (b) and washed (c) NiRCS complexes.

4484



—TTT T T T T ——
100
] 0
90
3
(]
= £y
g 5
= 80f 5
=)
2
L -2
70
-3
- a1 L M L M 1 2 L L L 1 1 L M 1 1 M
100 200 300 400
temperature (°C)
Figure 2 TGA profile under N for the NiRC complex.
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Figure 3 TGA profile under N for the washed and unwashed NiRCS complex.

were observed after 3 washings (Fig. 3, washed-BuONa species by the ethanol solvent. Furthermore,
NiRCS). The washing solutions were composed ofthe remaining species, less easily removed by the sol-
t-BuONa entities. We thus conclude that the decreaseent, were probably those more tightly attached to the
in the peaks areas is due to the removal of part of thaickel particles and/or the support. Studies have been
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Figure 5 TGA profile under air for the unwashed NiRCS complex.

4486



undertaken in order to obtain supplementary informatemperature, partial pressures, rate flow). All samples
tions on these entities. were 100% selective to cyclohexane. The results ob-
tained at 200C and atmospheric pressure are reported
in Table I1.
phase under raactive atmosphere Theseresults sho_wed that the supported NiR_CS cata-
The thermal stability experiments under different at-IySt was more reactive than the unsupported NiRC cat-
; X . alyst: the specific rate of the latter was about 2.5 times
mospheres (.N Hz or air) of the mckel particles were 4{ﬂgherthan that of the former. This result was attributed
conducted with the unwashed NiRCS complex (Figs 0 a better dispersion of the active phase on the support
and 5). for the NiRCS catalyst in which the number of surface
sites was then higher.

The activity of the NiRCS catalyst was improved af-
fer washing it several times with ethanol (the specific
rate was multiplied by 4.2). An additional improvement
was also observed when the washed NiRCS complex

as thermally pre-treated undeg How or air then B

low (the specific rate was multiplied by 6.0 and 7.1 re-
8pectively). This enhancement in catalytic activity was
Sprobably due to the removal of the organic matrix. In-
deed, washing the NiIRCS complex with the ethanol
solvent removed the excess of organic matrix from the
Yurface, as the TGA experiments showed (Fig. 3); then,
robably, the access of the benzene molecule to the ac-
ive nickel sites was improved and, as a consequence,
€the catalytic activity was enhanced (Table II). In the
same way, a better access to the nickel phase was also
robably achieved by the total decomposition of the
rganic matrix by thermal pre-treatment of NiRCS un-
er H, or air then H atmosphere (Figs 4 and 5), thus
explaining the enhanced activity obtained (Table II).

3.3.3. Thermal stability of the organo-nickel

(i) Under H, atmosphere the thermogram of the
NiRCS complex showed two peaks appearing at lowe
temperatures (225 and 346, Fig. 4) than under N
atmosphere (255 and 386 respectively, Fig. 3). Then
the thermal treatment under Hlow seemed to accel-
erate the removal of the organic matrix. The observe
peaks were also attributed to the thermal decompositio
oft-BuONa species in good accordance with weigt los
calculations.

On the other hand, when,Hreatment was followed

lations showed it corresponded to the oxidation of th
nickel metal phase. The obtained value for the nicke
composition (7.7%) was in good agreement with th
atomic absorption measurements (Table I).

(i) When the NIRCS solid was directly flowed un-
der air the main temperature peak was observed
305°C (Fig. 5). This peak and the other smaller ones
(210 and 410C) were attributed the decomposition
of the t-BuONa organic matrix. Calculations showed
that the obser\{ed weight Iosg _corresponded to both th§.4_1'2_ Styrene hydrogenatioAs expected [23]
t-BuONa species decomposition and nickel phase oXipjgher activities were observed for styrene hydrogena-
dation. tion than for benzene hydrogenation. Thus, the NiRCS

When air treatment was followed by,Hreatment,  .mpjex was very active in the gas phase hydrogenation
a weight loss was observed and calculations showeg; styrene from room temperature. Indeed, when 0.2 g
it corresponded to the reduction of the oxidized nickel ¢ 5 "5qjid NiRC sample were flowed (200 ml mi)

phase. In this experiment also the value obtained oL 1oqm temperature and atmospheric pressure with a

nlckelcor_nposnlon_(?.O%) was ingood accordance withy iv+re of hydrogen and styrenéd,, = 4 mbar) it

the atomic absorption measurements (Table I). was completely converted into ethylbenzene with a se-
lectivity of 100%. This activity was constant for several

3.4. Catalytic activity hours. In the same conditions, benzene was not active

The NiRC and NiRCS complexes were used as catalystt all and began to be transformed only above about

in the hydrogenation reaction of styrene or benzend 00°C.

in the liquid or gas phase. These reactions served as

selectivity [23] and activity [26—28] tests respectively.

The obtained results are summarizedin Tables Il and III3' 4.2. Liquid phase hydrogenation

In ethanol solution no benzene conversion to cyclohex-

ane was observed at room temperature in the presence
3.4.1. Gas phase hydrogenation of NiRC or NiRCS. As for styrene hydrogenation in the
3.4.1.1. Benzene hydrogenatiofhe observed per- same solvent the activity depended on the nature of the
formances in the gas phase hydrogenation of bereatalyst (Table Ill). Thus, styrene was hydrogenated to-
zene depended on the nature of the catalyst, its preally (100% conversion) and very fastly (about 12 min)
treatmentand, also, on the reaction conditions (reactioin the presence of the NiRC complex [23]. In contrast,

TABLE Il Hydrogenation of styrene in ethanol solutiongf€] = 10 mmol/15 cr EtOH, Ph, =1 bar, T =25°C

Ni amount Time of H Styrene Ethylbenzene
Catalyst molx 10° reaction consumption (%) conversion (%) selectivity (%)
NiRC 0.25 12 min 100 100 100
NiRCS 1.0 45h 176 100 100

0.9 77h 116 100 100
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the unwashed NiRCS complex was almost inactive and
total conversion to ethylbenzene was reached only af-
ter several tens of hours (up to 77 h), although the*
Ni content was four times higher (Table Ill). In addi- -
tion, the experiments were not easily reproducible. 4.
The excess bl consumption (116-176%) for the
NiRCS complex during the hydrogenation of styrene 7.
but not for NiRC (100%) should be noted. We attributed &
this excess of Bl consumption to the adsorption of
part of the introduced gaseous By the supported g
nickel particles. Separate experiments showed indeed
that a suspension of NiRCS in THF adsorbegl b
to Hyo/Ni=6 at room temperature. These results are
in agreement with solid/gas interactions studies show-

ing that nickel [29] and other transition metal [29-33] 12

are good H reservoirs, capable of large amounts of
H, adsorption and storage §HNi > 10). Other exper-
iments are planned for a better understanding of the

drogenation in our catalytic conditions.

4. Conclusions

The present work shows that supported nanoparticle®-

of metallic nickel can be obtained from an organic col-
loidal precursor. The nickel particle size in the organic

precursor was not changed during the deposition step of .

the preparation. Part of the organic matrix of the precur-

sor remained irreversibly attached to the final material22:

probably as structural moiety of the supported nickel
: . . 3
particles, even after several washings with the ethandi

solvent. Nevertheless, this organic matrix should be des4.
25.

composed by thermal treatment above about’Z50n-
der N\p, Hy or air atmosphere.

The supported nickel particles were active in the gag®

phase hydrogenation of benzene. The organic matrix,
seemed to inhibit the reaction since the activity was en-

hanced by its removal by washing with an appropriatezs.
solvent or its decomposition by thermal treatment un-29.

der H, or air+ H,. In addition, these supported nickel

totally and selectively into ethyl-benzene at room tem-

perature. Finally, they appeared to be good hydrogef?2-

reservoir in organic liquid media.

33.
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