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bstract

The MgO supported amorphous Ni-B catalyst was synthesized by a modified electroless plating method and its deactivation behavior in
he hydrogenation of sulfolene and acetophenone (AP) was studied. The fresh and used catalysts were characterized by inductively coupled
lasma atomic emission spectrometry (ICP-AES), X-ray powder diffraction (XRD), transmission electron microscopy (TEM), X-ray photoelectron
pectroscopy (XPS), Fourier transform infrared spectra (FT-IR), and hydrogen chemisorption. Carbon disulfide was used to test the sulfur-poison-

esistive property of the supported Ni-B/MgO catalyst. No significant sintering of the active component and crystallization of the amorphous
tructure was found in the hydrogenation. The deactivation of catalyst was ascribed to the sulfur-poisoning by SO2 in the hydrogenation of
ulfolene and the change of porous structure for Ni-B particles in the acetophenone hydrogenation.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Amorphous alloy nanoparticles have received increasing
ttentions as a novel type of catalytic materials since 1980
1–3]. Because of the unique isotropic structure and high con-
entration of coordinatively unsaturated sites, the amorphous
lloy catalysts show superior catalytic properties to their crys-
alline counterparts [1–3]. Especially, the amorphous Ni-B alloy
atalyst synthesized by chemical reduction method is superior
o normal nickel-based catalysts, such as Raney Ni catalyst in
ctivity, selectivity [4–6] and sulfur-poison-resistive properties
7,8]. Moreover, the thermal stability and cost of the amorphous
i-B catalyst are improved by depositing Ni-B particles on sup-
orts with large surface area [1]. Therefore, various supported
morphous Ni-B catalysts have been prepared and investigated
requently.
Up to the present, the supported amorphous Ni-B catalysts
ave been mostly prepared by reducing the support impreg-
ated with nickel ions with sodium or potassium borohydride

∗ Corresponding author. Tel.: +86 22 2350 7730; fax: +86 22 2350 7730.
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olution. However, the surface of Ni-B particles synthesized by
his method was usually covered with a layer of oxides [9–11],
nd it was adverse to the promotion of the catalytic properties
f catalysts. Chen et al. modified such method by impreg-
ating the mesoporous materials with potassium borohydride,
ollowed by the reaction with nickel chloride solution [12,13].
he modification improved the catalytic properties of supported
i-B catalysts in the hydrogenation of 2-ethylanthraquinone.

n our previous work, we developed a method for synthesizing
upported amorphous Ni-B catalysts by a modified silver-
atalyzed electroless plating method [13,14]. The resulting
atalyst showed superior hydrogenation activity to Raney Ni cat-
lysts and the corresponding supported amorphous Ni-B/MgO
atalyst synthesized by the chemical reduction method [13–16].
n the other hand, the practical application of a catalyst not
nly depended on its catalytic activity, but also on its stability.
herefore, the stability of the supported Ni-B/MgO catalyst in

he catalytic reactions was focused in this paper.
For the amorphous Ni-B catalyst, besides the sintering and
rystallization of active sites, its stability was also affected by the
oison of hydrogenation reactants or products [7,17–19]. The
resent work emphasized on the investigation of the possible
actors responsible for the deactivation of catalysts, such as the
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Fig. 1 shows the XRD patterns of the MgO support and
supported Ni-B/MgO catalysts. In general, the present study
indicates that the amorphous Ni–B alloy shows a broad peak
78 Z. Wu et al. / Journal of Molecular C

intering, crystallization, sulfur-poisoning, and oxidation during
he catalytic reactions. The results showed that the deactivation
f Ni-B/MgO was mainly caused by the sulfur-poisoning and
hange of the porous structure for Ni-B particles.

. Experimental

.1. Catalyst preparation

The nickel(II) sulfate hexahydrate (NiSO4·6H2O), potassium
orohydride (KBH4), ethylenediamine (H2NCH2CH2NH2),
odium hydroxide (NaOH), and silver nitrite (AgNO3) were
f reagent grade and used as received. The catalyst was pre-
ared by the silver-catalyzed electroless plating method [13,14]
s follows. The MgO support was pretreated by heating to
73 K for 4.0 h, and then Ag/MgO (0.2 Ag wt.%) was prepared
ccording to reference [14]. For the preparation of supported
morphous Ni-B/MgO catalysts, the Ag/MgO was added into
00 mL plating solution with stirring at 323 K until no signifi-
ant bubbles were observed. The resulting catalyst was washed
horoughly with distilled water until pH = 7, then washed with
bsolute alcohol to remove water and kept in absolute alcohol.
he plating solution consisted of nickel(II) sulfate hexahydrate

9 g L−1), ethylenediamine (12 g L−1), and potassium borohy-
ride (3.75 g L−1). The pH value of plating solution was adjusted
o 13.5 by sodium hydroxide. The nickel loading was set at
2 wt.%.

.2. Catalyst characterization

The chemical compositions of supported Ni-B catalysts were
nalyzed by inductively coupled plasma atomic emission spec-
rometry (ICP-AES) on an IRIS Intrepid spectrometer. The
RD patterns were recorded on a Rigaku D/max 2500 X-ray
iffractometer (Cu K�, λ = 1.54178 Å). Transmission electron
icroscopy (TEM) images of catalyst were acquired using a

EOL-2010 FEF high resolution transmission electron micro-
cope equipped with an EDX system (EDAX) operating at
00 kV, with a point resolution of 0.23 nm. The selected area
lectron diffraction (SAED) pattern was taken at 80 kV with a
eam size of ∼40 nm to analyze the crystallinity. The FT-IR
pectra were carried out on a NEXUS 870 spectrometer. X-ray
hotoelectron spectroscopy (XPS) was used to obtain detailed
hemical analysis of surface electrical properties from charging
tudies. The XPS experiments were carried out with a Kratos
xis Ultra DLD spectrometer employing a monochromatic Al
� X-ray source, hybrid (magnetic/electrostatic) optics and a
ulti-channel plate and delay line detector (DLD). To avoid the

nfluence of the surface oxygen, argon etching for 10 min was
erformed to remove the surface passivation layer.

The active surface area (SNi) was determined by the hydro-
en chemisorption, which was performed by using a dynamic
ulse method [8,20–22]. The Ni-B/MgO catalyst was purged

y a N2 stream (purity of 99.999%) for 1.0 h at 473 K, which
as far below its crystallization temperature. Then the sam-
le was cooled to room temperature, and hydrogen pulses were
njected at 303 K until the calculated areas of consecutive pulses

F
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ecame constant. According to the hydrogen chemisorption, SNi
nd the number of surface Ni atoms were calculated assuming
/Ni(s) = 1 and a surface area of 6.5 × 10−20 m2 per Ni atom,
ased on an average of the areas for the (1 0 0), (1 1 0), and (1 1 1)
lanes [23].

.3. Catalyst testing

The catalytic hydrogenation was carried out in a 100 mL
tainless steel autoclave, equipped with a mass flow controller
o record the hydrogen consumption rate during hydrogena-
ions. The effect of stirring was preliminarily investigated. A
tirring rate of 800 rpm was employed to eliminate the diffusion
imitation. The hydrogen uptake rate, namely the hydrogen con-
umption per minute, was calculated according to the ideal gas
quation.

In the hydrogenation of sulfolene, 1.0 g catalyst (dried at
53 K under 40 mL/min 99.9% N2 flow) was transferred into the
ydrogenation solution composed of 30.0 mL distilled water and
0.0 g sulfolene. After replacing the air with H2 in the reactor,
he reaction was performed with 2.0 MPa of hydrogen pressure
t 328 K for 100 min.

For the acetophenone (AP) hydrogenation, 1.0 g dry cata-
yst (treated as above), 6.0 mL AP and 60.0 mL ethanol were
ixed. Then the hydrogenation was carried out with 2.0 MPa
2 pressure at 343 K for 4.0 h.
The hydrogenation product was filtered to remove the solid

atalyst and analyzed by a gas chromatograph equipped with a
ame ionization detector (FID).

. Results and discussion
ig. 1. XRD patterns of different samples: (a) MgO; (b) fresh Ni-B/MgO; (c) Ni-
/MgO used for sulfolene hydrogenation; (d) Ni-B/MgO used for hydrogenation
f AP seven times; (e) Ni-B/MgO treated at 773 K under 40 mL/min N2 flow
or 2.0 h. The peaks of Ni are designated by ♦, and the peaks of Mg(OH)2 are
esignated by �.
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Table 1
The compositions and catalytic activities of Ni-B/MgO catalysts for the hydrogenation of sulfolene

Samples Nickel loading (wt.%) SNi (m2/g) Compositions (atomic ratio) Conversion of sulfolene (%)

Ni-B/MgO (fresh) 9.8 1.8 Ni75.2B24.8 98.1
Ni-B/MgO (used)a 9.8 0.5 Ni75.4B24.6 31.2
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Then the factors related with the Ni-B/MgO catalyst were
focused on the hydrogenation reactants and products. Firstly,
the fresh Ni-B/MgO catalyst was respectively soaked in sulfo-
lene solution (30 g sulfolene and 30 g distilled water) under N2
a The Ni-B/MgO (used) was the used catalyst treated as follows: washed with
100 mL/min N2 flow for 4.0 h.

round 2θ = 45◦ in the XRD patterns, with the complete
bsence of any sharp crystalline peaks. In comparison to
he XRD patterns of the MgO support (Fig. 1a), Ni-B/MgO
Fig. 1b) demonstrates the presence of Mg(OH)2. Furthermore,
i-B/MgO presents an obvious broad peak around 2θ = 45◦

subtracting the peaks due to MgO), suggesting an amorphous
tructure of Ni and B. On the other hand, the XRD pattern of the
rystalline Ni-B/MgO (Fig. 1e) shows three peaks due to crys-
alline nickel, indicating the loading of nickel on the support. In
hort, the XRD patterns reveal that the Ni-B particles over the

gO support are characteristic of the amorphous structure.

.1. Hydrogenation of sulfolene

The hydrogenation of sulfolene to sulfolane is of great indus-
rial importance because sulfolane is widely used as a solvent
or both extractions and reactions. Table 1 shows the composi-
ions and catalytic activities of as-prepared Ni-B/MgO catalysts.
t is obvious that the load of nickel in the catalyst negligibly
hanged after the hydrogenation. Fig. 1c shows that the Ni-B
articles is still present in the amorphous structure. However,
he conversion of sulfolene was 98.1% over a fresh catalyst,
hile it was 31.2% in the next hydrogenation run. It is due to

he sharp decrease in the surface concentration of nickel (SNi)
rom 1.8 m2/g to 0.5 m2/g. In our view, the decrease in the SNi
alue should be ascribed to the poison or the change of structure
or the Ni-B/MgO catalyst during the hydrogenation.

To study the deactivation in the hydrogenation of sulfolene,
arious factors, such as the solvent, hydrogenation reactant and
roduct, and hydrogenation temperature and pressure were con-
idered. In our experiments, it has been found that the amorphous
i-B/MgO catalyst deactivated after the storing in distilled water

or several days, while the catalyst in absolute ethanol was stable
or several months. Thus, the effect of water on the deactivation
f the Ni-B/MgO catalyst was firstly investigated. Wang et al.
ound that the deactivation of the Ni-B catalyst prepared from
he chemical reduction method was due to the surface oxidation
f elemental Ni accelerated by forming Ni(OH)2 in the presence
f water [18]. In this paper, the XPS was used to study the sur-
ace properties of fresh catalysts and water-treated Ni-B/MgO
atalysts (1.0 g catalyst was stirred with 30 mL distilled water
nd 2.0 MPa H2 at 328 K for 100 min). Fig. 2 shows the XPS
pectra of the fresh and treated catalysts. It is notable that a

mall amount of boron species in the fresh catalyst was present
n the oxidized form (B2O3) corresponding to binding energies
BE) of 191.5 eV (Fig. 2a) [24–28]. The NiO are found on the
urface of the fresh Ni-B/MgO catalyst; the peaks appear at the
lled water, ethanol and acetone three times, respectively, then dried at 373 K in

orresponding BE of 855.7 eV, 861.6 eV, 873.5 eV and 879.2 eV
Fig. 2b). After the treatment of fresh Ni-B/MgO with water, the
urface amount of B2O3 and NiO increases remarkably accord-
ng to the intensity of B 1s and Ni 2p peaks. Moreover, the SNi
alue of treated catalyst drops slightly from 1.8 m2/g to 1.7 m2/g,
esulting in decrease in the conversion of sulfolene from 98.1%
o 93.2%. As the used catalyst shows only 31.2% conversion
f sulfolene (Table 1), it can be concluded that the presence of
ater leads to the activity decrease of the Ni-B/MgO catalyst,
ut it is not the main cause of deactivation.
Fig. 2. XPS spectra of (a) B 1s and (b) Ni 2p of Ni-B/MgO.
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165.8 ± 0.2 eV and 167.3 ± 0.2 eV. Moreover, the intensity of
the peaks at 165.8 eV and 167.3 eV are the strongest compared to
other peaks in Fig. 5b. The binding energy of S 2p for SO2 is gen-
erally 166–168 eV [40,41], while that for sulfones C–SO2–C is
ig. 3. TEM images of used Ni-B/MgO catalysts. The insets are the SAED
attern and EDS spectra of corresponding circle area.

tmosphere at 328 K and sulfolane solution (30 g sulfolane and
0 g distilled water) in H2 atmosphere at 328 K for 100 min, and
hen used in the hydrogenation, respectively. The conversion
as 92.7% over the Ni-B/MgO catalyst treated with sulfolene,
hile it was 92.1% for the catalyst treated with sulfolane. It

howed that the activity of Ni-B/MgO was hardly restrained by
he hydrogenation reactants and products.

The results above have revealed that the solvent, and hydro-
enation reactant and product in hydrogenation showed minor
ffect on the catalytic activity, and no change of the amor-
hous structure occurred after hydrogenation. Therefore, the
hange of Ni-B nanoparticles size and micrography was stud-
ed by the TEM characterization. Fig. 3 shows the TEM images
f the used catalyst washed with distilled water, ethanol and
cetone thoroughly. The Ni-B nanoparticles ∼40 nm in sized
resent in flower-like structure are distributed homogeneously
ver the support, which is in agreement with the results of fresh
i-B/MgO catalyst [13,14]. Furthermore, the SAED pattern in

he inset of Fig. 3 shows very diffuse rings, which implies that
hort-range order exists, and that the order is not long enough to
ive well-defined diffraction pattern. Alternatively, the used Ni-
/MgO catalyst shows an amorphous structure for Ni-B particles

ike the result of Fig. 1c. The results show that there were no
ignificant sintering of the active component and crystallization
f the amorphous structure. However, the EDS result indicates
he presence of sulfur adsorbed on the used Ni-B/MgO catalyst.

To study the structure of adsorbed sulfur compound, the IR
pectra was used to characterize the fresh catalyst and used cat-
lyst. Fig. 4 shows the IR spectra of sulfolene, sulfolane and

atalysts. In our experiments, the catalyst treated with sulfo-
ene and sulfolane was washed with distilled water and ethanol,
espectively, before the IR characterization. The IR spectra of
he treated catalysts with sulfolene and sulfolane are the same

F
s
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s that of the fresh Ni-B/MgO (Fig. 4a) catalyst after wash-
ng and drying in vacuum. Thus, it could be concluded that the
dsorbed sulfur compounds should be the by-product or inter-
ediate of the hydrogenation process. The peaks at 1130 cm−1

nd 1300 cm−1 due to vibration of S O double bond were found
n the used catalyst. Besides the above two peaks, the peaks at
420 cm−1 and 656 cm−1 could all be ascribed to sulfolene or
ulfolane. Moreover, a new peak at 1260 cm−1 was found in the
pectra. It should be due to the absorption of SO2 or polymeric
ulfones formed during the hydrogenation of sulfolene [29–32].

The production of sulfolane began in England in 1940s:
utadiene reacted with SO2 to synthesize sulfolene, which
as then hydrogenated on Ni-based catalyst to produce sul-

olane [33]. Generally, the Ni-based catalyst was used only
nce for the hydrogenation due to the deactivations by SO2
nd polymeric sulfones contained in sulfolene [34–38]. In the
resent work, the sulfolene was of reagent grade without SO2
nd polymeric sulfones, but the analysis of the hydrogenation
roduct by a gas chromatograph–mass spectrometer (GC–MS)
hows the presence of polymeric sulfones. Thus, it can be con-
luded that the sulfolene would decompose partly into butadiene
nd sulfur dioxide, or polymerize to heterocyclic sulfones and
olymeric sulfones in the hydrogenation of sulfolene, which
ause the deactivation of the Ni-B/MgO catalyst. Then the XPS
pectra of S-species on the used Ni-B/MgO catalyst was mea-
ured as shown in Fig. 5. The surface content of sulfur over
he used Ni-B/MgO catalyst is 3.8 wt.%. The binding ener-
ies of Ni 2p3/2 increased from 855.7 eV and 861.6 eV, for
he fresh catalyst, to 858.5 eV and 864.6 eV, for the used cat-
lyst. It suggests that the valence of Ni increased due to the
ransfer of electrons from Ni atoms to other atoms [39]. Alter-
atively, the Ni atoms on the surface may form new compounds
ith other atoms. For the S-spices in Fig. 5b, the fitting of S
p peaks (without fixing either positions or half-widths) gave
he following binding energies: 160.4 ± 0.1 eV, 161.6 ± 0.2 eV,
ig. 4. IR spectra of samples: (a) fresh Ni-B/MgO; (b) used Ni-B/MgO; (c)
ulfolane; (d) sulfolene.
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active sites electron-enriched while the elemental B becomes
electron-deficient [47]. Thus, the boron adsorbs sulfur reversibly
in preference to the nickel, protecting the Ni active sites from the
sulfur poison [47]. In our work, the composition of Ni-B/MgO
ig. 5. XPS spectra of the used Ni-B/MgO catalyst: (a) spectra of Ni 2p and (b)
pectra of S 2p for used catalyst.

68.3 eV [42,43]. The S-species adsorbed by the catalyst is obvi-
usly ascribed to SO2 rather than sulfones. As far as the binding
nergies of 160.4 eV and 161.6 eV are concerned, they should be
ue to the S-species with the nickel–sulfur bonding [44–46]. The
esult shows that SO2 was absorbed strongly on the Ni-B/MgO
atalyst, which resulted in the formation of nickel–sulfur bond-
ng. The formation of nickel–sulfur bonding led to the increase
n the binding energy for Ni-species (Fig. 5a). As it has been
ointed out above, the deactivation of the nickel-based catalyst
n the hydrogenation of sulfolene was mainly ascribed to the
dsorption of SO2 and polymeric sulfones [34–38]. Here, the
PS spectra suggest that the deactivation of Ni-B/MgO cat-

lyst is ascribed to the adsorption of SO2, then forming the
ickel-sulfur bonding.

As reported in literature, the amorphous Ni-B catalyst syn-
hesized by the chemical reduction method exhibits excellent
ulfur-poison-resistive properties. The boron atoms lack elec-
rons by transferring electrons to nickel atoms in Ni-B particles,
nd they preferentially react with sulfur atoms with lone elec-

ron pair [7,17–19]. In this paper, a small amount of CS2 was
dded into the sulfolene solution to evaluate the sulfur-poison-
esistive properties of the Ni-B/MgO catalyst synthesized by the
lectroless plating method to be compared with the conventional

F
o

ig. 6. Relative activity of amorphous Ni-B/MgO catalyst with various CS2

oncentrations in the feedstock.

hemical reduction method. Fig. 6 shows the effect of CS2 on the
atalytic activity of Ni-B/MgO during the hydrogenation of sul-
olene. In the absence of CS2, the catalytic activity of Ni-B/MgO
repared by the electroless plating method is much higher than
hat by the chemical reduction method. With the increase in the
S2 concentration in hydrogenation solution, the activities of
oth Ni-B/MgO samples decrease gradually. However, when the
mount of CS2 increases to ∼40 ppm, the Ni-B/MgO catalyst
ynthesized by the chemical reduction method shows superior
ctivity. It means that the CS2 results in a much more drop of
atalytic activity for the Ni-B/MgO catalyst synthesized by the
lectroless plating method. It has been reported that the superior
ulfur-poison-resistance property of amorphous Ni-B catalysts
s possibly attributed to the partial electron transfer from the

etalloid boron to the metallic nickel, which makes the Ni
ig. 7. Hydrogen uptake rates over the Ni-B/MgO catalyst in the hydrogenation
f acetophenone.
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Table 2
The catalytic activities of Ni-B catalysts recycled in the hydrogenation of acetophenone (AP)

Sample (time) Nickel loading (wt.%) Conversion (%) Product distribution (% selectivity)

1-Phenylethanol (PE) Ethylbenzene (EB)

Ni-B (first) 9.8 76.1 26.2 45.7
Ni-B (fifth) 9.8 72.1 27.2 45.2
Ni-B (seventh) 9.8 57.2 26.4 45.6
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ig. 8. The HRTEM images of Ni-B/MgO: (a) fresh catalyst; (b) recycled catal
ydrogenation. The insets are the SAED patterns corresponding to the fresh and

ynthesized by the electroless plating method is Ni75.2B24.8,
hile that of Ni-B/MgO prepared by the chemical reduction
ethod is Ni64.5B35.5. The result of the CS2 deactivation exper-

ment suggests that the lower sulfur-poison-resistance property
f Ni-B/MgO prepared by the electroless plating method should
e due to the low content of boron in the Ni-B particles.

.2. Acetophenone hydrogenation

The results of sulfolene hydrogenation have shown the
ulfur-poisoning on the Ni-B/MgO catalyst. On the other hand,
he amorphous Ni-B alloy catalyst was characteristic of the

etastable structure [1], which restricts its application in many
evere reaction conditions. It has been revealed that water
nd sulfur compounds were disadvantageous to the Ni-B/MgO
atalyst. So the nonaqueous hydrogenation of non-sulfur com-
ounds, such as the hydrogenation of acetophenone (AP), was
sed to test the stability of the Ni-B/MgO catalyst in catalytic
eaction. The hydrogenation of AP is particularly important
ecause of the extensive industrial use of the possible reac-
ion products: 1-phenyl ethanol (PE) [48–50]. In the process of
ydrogenation, further hydrogenolysis of PE to styrene usually
ccurred, leading to the formation of by-product ethylbenzene
EB) [49–51]. Then the yields of PE and EB suggest the ketone
ydrogenation activity over Ni-B catalysts in this reaction.

Table 2 summarizes the catalytic activity of hydrogenation
f AP and Fig. 7 shows the hydrogen uptake rates over the Ni-
/MgO catalyst. The catalyst can be recycled five times with
egligible decrease in the conversion of AP. When the catalyst

as recycled seven times, the hydrogenation rate started to fall
own as well as the conversion (from 76.1% to 57.2%). The
ecrease in the hydrogenation rate and conversion was accel-
rated with increasing times of recycling catalyst, as shown in

t
o
t
o

ter the fifth run of hydrogenation; (c) recycled catalyst after the seventh run of
cled catalysts, respectively.

ig. 7. However, the selectivity of ketone hydrogenation is simi-
ar, suggesting negligible change of electronic properties of Ni-B
articles in catalysts [48–50].

Fig. 8 shows the TEM images of the fresh and recycled
i-B/MgO catalysts. The particles size of Ni-B particles in

resh Ni-B/MgO is about 35–40 nm, and changes little after
he seventh run of hydrogenation. The SAED patterns of fresh
nd recycled catalysts show that Ni-B particles are amorphous,
hich can be confirmed by the XRD pattern in Fig. 1d. How-

ver, the flower-like porous structure of Ni-B nanoparticles in the
resh catalyst disappears gradually after several runs of hydro-
enations as shown in Fig. 8. The change of Ni-B particles is
arried out on different areas of the sample to exclude the influ-
nce of electron beam [52,53]. With the disappearance of porous
tructure after the seventh run of hydrogenation, the SNi value
ecreases sharply to 0.8 m2/g, compared to 1.8 m2/g of the fresh
ne. It means that the deactivation of the Ni-B/MgO catalyst is
ainly ascribed to the change of the porous structure of Ni-B

articles.

. Conclusions

The deactivation of the supported Ni-B/MgO catalyst syn-
hesized by a silver-catalyzed electroless plating method was
tudied in the hydrogenation of sulfolene and acetophenone. The
EM images, and IR and XPS spectra revealed that the sulfur-
oisoning was the main deactivation factor for the Ni-B/MgO
atalyst in the hydrogenation of sulfolene. On the other hand,

he performance of the Ni-B/MgO catalyst in the hydrogenation
f acetophenone showed that the destruction of the porous struc-
ure of Ni-B particles led to the decreased surface concentration
f nickel (SNi), which resulted in the deactivation of catalyst.
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