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Characterizations and catalytic properties of fine particles
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Abstract

Fine particles of Ni–Sn intermetallic compounds (IMCs) of Ni3Sn, Ni3Sn2, and Ni3Sn4 with specific crystal structures were selective
prepared on SiO2 by chemical vapor deposition (CVD) of Sn(CH3)4 onto Ni/SiO2. X-ray photoelectron spectroscopy (XPS) and temperat
programmed reduction (TPR) measurements indicated that the near surface of these fine particles with atomic Ni/Sn ratios of 3/1, 3/2, and
3/4 are similar to those of corresponding unsupported Ni–Sn IMCs. X-ray diffraction (XRD) patterns of the fine particles showed p
broad to determine these crystal structures. Each unsupported Ni–Sn IMC was clarified to exhibit a specific NiK-edge and SnK-edge X-ray
absorption near-edge structure (XANES) spectrum. The crystal structures of fine particles were by the identified by the fingerprintin
by Ni K-edge and SnK-edge XANES spectra. Both these XANES spectra of Ni–Sn IMC/SiO2 catalysts with Ni/Sn atomic ratios of 3/1,
3/2, and 3/4 were similar to those of unsupported Ni3Sn, Ni3Sn2, and Ni3Sn4, respectively. The particles would have an average diam
of 3–4 nm obtained by TEM. Each Ni–Sn IMC particle showed intrinsic properties for the adsorption of carbon monoxide and h
The fine-particle catalysts exhibited high benzene selectivity (> 99% C) at high conversion for cyclohexane dehydrogenation. The selec
was almost the same as that of the Ni–Sn IMC/SiO2 catalysts with large particle sizes (about 15 nm), whose crystal structures were
determined by XRD, but was completely different from that of the Ni/SiO2 catalyst. The activities of fine-particle catalysts were abou
times higher than those of the large-particle catalysts.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Two kinds of metals in intermetallic compounds (IMC
interact strongly with each other. This interaction include
small contribution of a covalent bond. IMCs are expecte
have unique catalytic properties because the surface a
of IMCs have different electronic and geometric structu
from those of pure metals. However, the catalytic prop
ties of IMC itself have not been clarified satisfactorily. Mo
of the investigations on catalysis by IMC have dealt w
so-called hydrogen-storage alloys [1–4] because of t
unique activity for hydrogen dissociation and the possi
ity for the stored hydrogen to participate in the reactio
On the other hand, we have already reported unique c
lytic selectivities of Co–Ge [5], Pt–Ge [6], and Ni–Sn [
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IMCs, which are not hydrogen-storage alloys. The surf
of these compounds is composed of metallic atoms afte
duction treatment. The IMC catalysts containing Co or
show much lower activity than pure Co or Ni for H2–D2

equilibration but give high selectivity to ethylene in the h
drogenation of acetylene. Pt–Ge IMCs show high select
to butene in the hydrogenation of 1,3-butadiene. Pd3Pb cata-
lysts show high selectivity to methyl methacrylate for
oxidative esterification of methacrolein and methanol
These IMC catalysts show lower activities than their co
ponent monometallic catalysts, such as pure Pt catalys
contrast, Pt3Ti catalysts show higher activity than those
pure Pt catalysts for H2–D2 equilibration and ethylene hy
drogenation [9]. However, the activities of the above-no
IMC catalysts, except for Pd3Pb, suffer from low specific
surface areas because they are prepared by melting the
ture of two component metals at higher temperatures
their melting points and crushing the ingots of IMC. The
ameters of these unsupported IMC powder are about 30
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To improve specific surface areas and catalytic activi
of IMC catalysts, recently we tried to prepare the partic
of single-phase IMC on supports, such as SiO2 and zeo-
lites. It was reported that chemical vapor deposition (CV
of organometallic compounds, e.g., Sn(n-C4H9)4, occurs se-
lectively onto novel metals, such as Rh and Pt, supporte
SiO2 [10–13]. In a previous study, we reported on the se
tive preparation of particles of single-phase Ni3Sn, Ni3Sn2,
and Ni3Sn4 on SiO2 by CVD of Sn(CH3)4 onto Ni/SiO2 and
thermal treatments [14,15]. The diameters of Ni–Sn IM
particles on SiO2 are about 15 nm. The supported IMC c
talysts show almost the same selectivity for the acety
hydrogenation and for cyclohexane dehydrogenation as
corresponding unsupported IMC catalysts, and show a
1000 times higher activities than those of unsupported o
This high activity is due to the enhancement of dispers
of IMCs. However, the activities of the supported cataly
are not satisfactory. The fine particles of IMC are expec
to have not only high catalytic activity but also significan
different catalytic properties from the unsupported IMC
the particle-size effect. For supported Au and Pt monome
lic catalysts, the catalytic properties depend on their par
sizes between 1 and 3 nm [16–18]. However, the determ
tion of IMC species is hard for fine particles. A particle s
of about 10 nm is needed to clearly determine three kind
Ni–Sn IMC structures by powder X-ray diffraction (XRD
in previous work [14,15].

In this study, we will analyze bulk structures of the N
Sn fine particles on SiO2 by X-ray absorption fine structur
(XAFS) measurement, which is a useful measuremen
structures of clusters and fine particles [19–21]. The ana
of IMC structure by XAFS is expected to solve the pro
lem of identifying ultrafine IMC species. In addition, IM
fine particles will be characterized by X-ray photoelect
spectroscopy (XPS) and temperature-programmedredu
(TPR) measurements and used as catalysts for the deh
genation of cyclohexane. Their catalytic activity and sel
tivity will be compared with those of three kinds of SiO2-
supported large IMC particle (about 15 nm) catalysts, wh
have a single phase of Ni3Sn, Ni3Sn2, and Ni3Sn4 deter-
mined by XRD.

2. Experimental methods

2.1. Preparation of catalysts

Two kinds of Ni/SiO2 were prepared by ion-exchang
(Ni/SiO2A; 4 wt% Ni) and incipient wetness (Ni/SiO2C;
5 wt% Ni) methods. The preparation method of Ni/SiO2A
with small nickel particles was as follows. Silica, SiO2A
(Deggusa, Aerosil 200) was soaked in an aqueous solu
of ammonia (0.2 wt% NH3) to exchange the surface pr
tons with ammonium ions for 0.5 h at room temperature
filtered off. Ni(NO3)2 · 6H2O was dissolved in an aqueo
solution of ammonia (0.2 wt% NH3) to form a [Ni(NH3)6]2+
.

-

complex. The ammonium-exchanged silica was soake
the solution of [Ni(NH3)6]2+ for 1 h at room temperature
Then the solid was filtered off, dried at 343 K for 12 h
air, heated to 723 K (5 K min−1) with flowing hydrogen
(100 ml min−1), and kept at 723 K for 1 h. Ni/SiO2A thus
prepared was cooled with flowing hydrogen to room temp
ature and stored in air. The preparation method of Ni/SiO2C
with large nickel particles was as follows. Silica gel, SiO2C
(Fuji-Silysia, Cariact G-6), was impregnated in an aque
solution of Ni(NO3)2 by the incipient wetness method. Th
the solid was dried at 400 K for 8 h, calcined at 723 K for
in air, and reduced with flowing hydrogen (100 ml min−1) at
723 K for 4 h. Ni/SiO2C thus prepared was cooled with flow
ing hydrogen to room temperature and stored in air.

Silica-supported Ni–Sn IMCs were prepared by the
lowing method. After the stored Ni/SiO2A or Ni/SiO2C was
again reduced in a fixed-bed reactor under atmospheric
sure at 723 K with flowing hydrogen, CVD of Sn(CH3)4
(Soekawa Chemicals) was carried out [14,15]. The va
of Sn(CH3)4 (4 kPa) was introduced onto Ni/SiO2A or
Ni/SiO2C at 343–523 K with H2 as carrier gas (30 ml min−1).
After the CVD treatment, the temperature at the sample
was raised to 623–1173 K and kept at the same temper
for 1 h in flowing hydrogen (100 ml min−1). The sample
was cooled with flowing hydrogen into room temperat
and stored in air.

Unsupported Ni–Sn IMCs, Ni3Sn, Ni3Sn2, and Ni3Sn4
were prepared by melting the mixture of nickel (Koch Che
icals, 99.99%) and tin (Soekawa Chemicals, 99.99%) p
ders with an SiC electric furnace in flowing argon [7]. T
temperature was raised by 5 K min−1 to 1733 K to melt the
mixture and kept at 1733 K for 1 h. To anneal the samp
the temperature was lowered to 1120 K (Ni3Sn), 1210 K
(Ni3Sn2), and 740 K (Ni3Sn4), which are lower by 50 K than
the melting temperatures of Ni3Sn, Ni3Sn2, and Ni3Sn4 [22],
respectively, and kept at these temperatures for 8 h in fl
ing argon. The samples were cooled with flowing argon
room temperature and stored in air. The resultant ingots w
crushed in air and filtered into the powder with diamet
of 25–38 µm. The powder of pure nickel (Koch Chemica
99.99%) was also filtered to have diameters of 25–38 µm

2.2. Characterization methods

The samples were dissolved with the aqua regia,
then the compositions of samples were determined by
(Rigaku, JY38). The crystal structure of samples was a
lyzed by powder X-ray diffraction (Rigaku, RINT2400). Th
X-ray source was Cu-Kα at 40 kV and 100 mA.

Chemisorption measurements of carbon monoxide
hydrogen on supported catalyst powders (0.10 g) were ta
at room temperature in a glass closed system. Before
chemisorption studies, each catalyst was reduced with fl
ing hydrogen (100 ml min−1) at 773 K for 1 h. Transmissio
infrared spectra of pressed disks of catalysts (5 mg cm−2) at
room temperature were recorded at 4 cm−1 resolution with
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a FT/IR 430 (Jasco). Before the measurement, each ca
was set in a quartz cell with CaF2 windows and reduced wit
flowing hydrogen (100 ml min−1) at 773 K for 1 h. CO gas
of 1 kPa was introduced into the cell and vacuumed from
cell at room temperature.

XPS spectra of supported and unsupported IMCs or
component pure metals were obtained by using Escalab
(Fisons Inst.) with an X-ray source of Al-Kα . The sample
pressed into a pellet was put in a pretreatment chamber
fore and after a reduction treatment with flowing hydrog
(101 kPa) at 773 K for 1 h, the sample was transferred
the spectrometer in vacuo (under 10−7 Pa) to measure th
spectra. Binding energies were obtained using C 1s p
(284.5 eV) as a standard.

The reduction behavior of the catalysts stored in
was examined by temperature-programmed reduction.
der flowing H2(5%)/N2, the temperature of the sample b
was raised from room temperature to 873 K at a heating
of 10 K min−1 and the consumption of hydrogen was co
tinuously measured by a TCD detector. Trace amount
oxygen and water in the H2/N2 gas and water produced b
the reduction of samples were removed by passing thro
columns of OMI-1 (Spelco) and P2O5 (Soekawa Chemi
cals).

The Ni K-edge and SnK-edge XANES spectra wer
measured at BL-10B [23] of the Photon Factory at the
stitute Material Structure Science, High Energy Acceler
Research Organization (KEK-IMSS-PF), in a transmiss
mode at room temperature. The storage ring was ope
at an electron energy of 2.5 GeV and stored current of 3
400 mA. The synchrotron radiation was monochromati
by a Si (311) channel-cut monochromator at BL-10B. N
malization of XANES was carried out as described e
where [24]. The wafers of supported catalysts were redu
with flowing hydrogen (100 ml min−1) at 773 K for 1 h and
enclosed into a doubled polyethylene pack with Mn/S2
and silica gel in a glove box under pure argon gas, whe
no treatment for the wafers of unsupported catalysts was
ried out.

2.3. Catalytic properties

After the stored catalysts were reduced in a fixed-
flow reactor under atmospheric pressure at 773 K with fl
ing hydrogen (100 ml min−1) for 1 h, the dehydrogenatio
of cyclohexane was carried out. Cyclohexane (Wako P
Chemical Ind. 99.8%) was previously dehydrated with
molecular sieves (Wako Pure Chemical Ind.). The vapo
cyclohexane (3.7 kPa) was introduced into the reacto
673 K with hydrogen as a carrier gas (30–100 ml min−1).
The amount of supported catalysts was 0.050 g. The com
sition of gaseous hydrocarbons was monitored with FID
chromatography (Shimadzu GC 8A).
t

i

-

-

-

3. Results and discussion

3.1. Preparation and characterization

3.1.1. Preparation of silica-supported Ni–Sn intermetall
compound fine particles

Chemical vapor deposition of Sn(CH3)4 onto reduced
Ni/SiO2A and subsequent hydrogen treatments at high t
perature were carried out for the preparation of fine parti
of single-phase Ni3Sn, Ni3Sn2, and Ni3Sn4. The Ni/SiO2A
was prepared by the ion-exchange method and the n
content was 4 wt% determined by ICP chemical analy
The amount of deposited tin atoms increased with increa
CVD temperature and was controlled by the CVD tempe
ture. CVD at 365, 413, and 460 K for 1 h onto Ni/SiO2A
resulted in Ni/Sn atomic ratios determined by ICP th
were 3/1.05, 3/2.13, and 3/4.04, respectively. These ratio
were close to stoichiometric compositions of Ni3Sn, Ni3Sn2,
and Ni3Sn4 and the deviations were within the compo
tion widths in phase diagrams [22] and were almost eq
to the error of ICP measurements. Whereas in the cas
Ni/SiO2C [15], CVD at 423, 448, and 498 K for 1 h result
in Ni/Sn ratios close to each stoichiometric compositi
The temperature of CVD to obtain specific Ni/Sn ratios de-
pended on the nickel particle sizes of the parent Ni/Si2.
The average diameters of nickel particles in Ni/SiO2A and
Ni/SiO2C were about 3 and 8 nm, respectively, which w
estimated by the chemisorption measurement of H2.

After CVD, the Ni–Sn bimetallic particles on SiO2A
were heated to form each single phase of IMC structure
der flowing hydrogen at 773 K. The structure of Ni–Sn fi
particles on SiO2A was analyzed by powder X-ray diffrac
tion. As shown in Fig. 1, diffraction peaks appeared aro
30 and 43◦ of 2θ and grew with increasing Sn content. The
peaks suggested the formation of Ni–Sn IMC phases. H
ever, the peaks were too broad to determine the kind of

Fig. 1. XRD patterns of Ni3Sn/SiO2A (a), Ni3Sn2/SiO2A (b), and Ni3Sn4/
SiO2A (c).
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Table 1
The average diameters of particles on SiO2A and the amount of adsorbe
CO and H2 at room temperature

Fine particles Average diametera Amount of adsorption

on SiO2A (nm) (10−5 mol g−1
cat)

CO H2

Ni3Sn 3 10 0.6
Ni3Sn2 3.5 9 0.03
Ni3Sn4 4 3 0.00
Ni 3b 13 8
Sn n.d. 0.00 0.00

n.d., not detected.
a Average diameters were estimated by TEM.
b An average diameter was calculated by the amount of adsorptio

hydrogen.

Sn IMCs, which have some peaks around 30 and 43◦ of 2θ in
XRD patterns. The average diameters of the fine Ni–Sn
ticles on SiO2A were estimated by TEM and summarized
Table 1. The TEM images are shown in Fig. 2. The aver
diameters were about 3–4 nm and increased with increa
Sn content in Ni–Sn IMC/SiO2A. In this study, no particle
was observed in the TEM image of Ni/SiO2A, which may
be due to the oxidization of small metallic Ni particles in
unobvious species in air.

Fig. 3 shows infrared spectra of adsorbed CO on
SiO2A and three kinds of Ni–Sn IMC/SiO2A. CO molecules
were adsorbed in a linear type on all Ni–Sn IMC/SiO2A
samples. In contrast, on Ni/SiO2A CO molecules were ad
sorbed not only in a linear type but also in a bridge ty
The infrared spectra indicated that most of the nickel pa
cles interacted with tin atoms after CVD of Sn(CH3)4 onto
Ni/SiO2A.

The amounts of CO adsorbed on the catalysts, as sh
in Table 1, decreased with increasing Sn contents in
Sn IMC/SiO2A samples. The amounts were comparable
amounts of surface nickel atoms, which were roughly e
mated from total Ni/Sn ratios, average particle diamete
and the ratios of linear to bridge types in IR spectra
CO adsorption. Therefore, the CO adsorption measurem
supported the average diameters of Ni–Sn and Ni fine
ticles estimated by TEM and H2 adsorption measurement
However, the amounts of adsorbed H2 on Ni–Sn IMC/SiO2A
samples were very small and much decreased with dec
ing Ni/Sn ratios as shown in Table 1. The adsorption m
surements of CO and H2 clarified that the surface of eac
Ni–Sn particles with total Ni/Sn ratios of 3/1, 3/2, and 3/4
shows a specific adsorption property. XRD patterns and
frared spectra suggested that an Ni–Sn IMC phase form
the bulk and surface of Ni–Sn particles on SiO2A.

3.1.2. Temperature-programmed reduction
In a previous study, we carried out TPR measurem

for supported (SiO2C) and unsupported Ni3Sn, Ni3Sn2, and
Ni3Sn4, which were determined clearly by XRD, togeth
with pure Ni and pure Sn after storage in air [15]. The uns
ported Ni and Ni–Sn IMCs show each specific TPR profi
s

-
Fig. 2. TEM images of Ni3Sn/SiO2A (a), Ni3Sn2/SiO2A (b), and Ni3Sn4/
SiO2A (c).

The Ni–Sn IMC/SiO2C shows almost the same reducti
behavior as that of the corresponding unsupported Ni
IMCs. Therefore, TPR is a useful method for determin
what kind of Ni–Sn IMC is present on the surface. Ne
we tried to determine the Ni–Sn IMC species supported
SiO2A by TPR.

In a previous study, TPR measurements were carried
without pretreatment of samples. However, all TPR profi
of Ni–Sn IMC/SiO2A samples without pretreatment show
broad peaks at around 600 K, which were larger than pe
of Ni3Sn4/SiO2A around 600 K in Fig. 4. The large pea
indicated that Ni–Sn fine particles might be deeply oxidiz



382 A. Onda et al. / Journal of Catalysis 221 (2003) 378–385

n

O

re-
of 1
ide

er

d

t

ides

s of
i–

ame

are

s of
is-
m

lsed

he

nd

llic
w-

Sn
ear
3d
-
ocal-
ng
level
is

Sn

her
rate
l-

,

Fig. 3. IR spectra of CO adsorbed on Ni3Sn/SiO2A (a), Ni3Sn2/SiO2A (b),
Ni3Sn4/SiO2A (c), and Ni/SiO2A (d) after reduction with flowing hydroge
at 773 K for 1 h.

Fig. 4. TPR profiles of Ni–Sn IMC fine particles supported on SiO2A (solid
lines) and Ni–Sn IMC, Ni, and Sn large particles supported on SiO2C (bro-
ken lines).

in air at room temperature and strongly interact with Si2.
Therefore, in this study, Ni–Sn IMC/SiO2A samples were
pretreated with hydrogen at 773 K for 0.5 h in order to
duce fine particles and subsequently with air of 3 pulses
ml at room temperature in order to air-oxidize only outs
of the fine particles.

Fig. 4 shows the TPR profiles of Ni3Sn/SiO2A, Ni3Sn2/
SiO2A, and Ni3Sn4/SiO2A after the pretreatment, togeth
with those of Ni, Sn, and Ni–Sn IMCs supported on SiO2C.
Ni3Sn/SiO2A and Ni3Sn2/SiO2A had one peak at 441 an
Table 2
XPS data of Ni–Sn IMC/SiO2A

Sample Binding energy (eV) Ni/ Ni/(Ni+Sn)×100

Ni 2p3/2 Sn 3d5/2 (Ni+Sn) Unsupported SiO2Cb

×100 IMCa

Ni3Sn/SiO2A 852.4 485.0 56 57 56
Ni3Sn2/SiO2A 852.3 485.1 45 48 42
Ni3Sn4/SiO2A 852.4 485.2 20 28 22

a Values of unsupported Ni–Sn IMC.
b Values of Ni–Sn IMC supported on SiO2C [15].

472 K, respectively. Ni3Sn4/SiO2A had two peaks at abou
540 and 610 K. In Ni–Sn IMC/SiO2C, Ni3Sn and Ni3Sn2

had one peak at 448 and 468 K, respectively. Tin ox
(Sn4+) in air-oxidized Ni3Sn and Ni3Sn2 would be reduced
at almost the same temperature as nickel oxides [7]. Ni3Sn4
had two peaks at 523 and 653 K. Though the TPR peak
Ni–Sn IMC/SiO2A samples were broader than those of N
Sn IMC/SiO2C samples, they appeared at almost the s
temperature as those of corresponding Ni–Sn IMC/SiO2C.
The results indicate that fine particles of each Ni–Sn IMC
formed on SiO2A. At around 600 K, all Ni–Sn IMC/SiO2A
showed a broad peak, which did not appear in the profile
Ni–Sn/SiO2C. Though this peak could indicate the coex
tence of Ni3Sn4 species, this peak would probably be fro
the above-described Ni–Sn fine particles oxidized by pu
air and strongly interacting with SiO2.

3.1.3. X-ray photoelectron spectroscopy
Table 2 shows XPS data for the Ni–Sn IMC/SiO2A af-

ter reduction with flowing hydrogen at 773 K for 1 h. T
binding energies of Ni 2p3/2 (852.3–852.4 eV) and Sn 3d5/2

(485.0–485.2 eV) clarified the reduction of surface Ni a
Sn atoms to Ni0 and Sn0 in all Ni–Sn IMC/SiO2A. The bind-
ing energies seemed to shift slightly from those of meta
Ni (852.7 eV) and Sn (485.0 eV) [7,25], respectively. Ho
ever, the shifts did not have a clear relation with Ni/Sn ra-
tios, which was similar to the case of unsupported Ni–
IMCs [7]. We measured the binding energy of Ni 3d n
the Fermi level for unsupported Ni–Sn IMCs [7]. The Ni
peaks shifted regularly with Ni/Sn ratios toward high bind
ing energy, and these shifts indicate the increase and l
ization of electron density in Ni 3d orbitals with increasi
Sn contents. However, the XPS spectra near the Fermi
for the Ni–Sn IMC/SiO2A were not observed clearly in th
study.

The proportions of nickel atoms near the surface of Ni–
fine particles on SiO2A are shown in Table 2 as Ni/(Ni +Sn)
atomic ratios determined from the peak areas of Ni 2p3/2 and
Sn 3d5/2 XPS spectra. The actual proportion may be hig
than the values in Table 2, because it is difficult to integ
completely the peak areas of Ni 2p3/2 containing many sate
lite peaks [26]. The Ni/(Ni +Sn) values of Ni3Sn/SiO2A,
Ni3Sn2/SiO2A, and Ni3Sn4/SiO2A were 56, 45, and 20%
respectively, which were almost the same as those of Ni3Sn,
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Fig. 5. Ni K-edge XANES spectra of Ni foil and unsupported NiO a
Ni–Sn IMCs.

Ni3Sn2, and Ni3Sn4 unsupported and supported on SiO2C,
respectively [15].

The chemisorption, TPR, and XPS measurements s
that Ni3Sn/SiO2A, Ni3Sn2/SiO2A, and Ni3Sn4/SiO2A had
an intrinsic surface which was very similar to that of the c
responding unsupported IMCs and Ni–Sn IMCs suppo
on SiO2C.

3.1.4. Fingerprinting identification by X-ray absorption
near-edge structure (XANES)

As shown in Fig. 1, bulk structures of the Ni–Sn fine p
ticles on SiO2A could not be identified by XRD because t
particles were too small. On the other hand, from TPR
XPS studies, the near surface of Ni–Sn fine particles
seen to have a similar nature to the corresponding Ni
IMCs. However, the particles might have an egg-shell-t
structure whose internal structure is different from the s
face structure. Therefore, the structure analysis of Ni
IMC/SiO2A was carried out by NiK-edge and SnK-edge
XANES measurements.

First, we measured the NiK-edge XANES spectra of un
supported Ni3Sn, Ni3Sn2, Ni3Sn4, Ni foil, and NiO (Fig. 5).
A shoulder peak (A) appeared at 8334 eV for Ni foil and
8332 eV for IMCs. The first inflection points of Ni–Sn IMC
were observed at almost the same photon energy of a
8328 eV as that of the Ni foil, which showed that Ni atom
in Ni–Sn IMCs were Ni0. In the spectra of IMCs, a new ab
sorption peak (B) appeared at about 8340 eV, wherea
peak appeared for the Ni foil. The intensity of peak (B)
creased with decreasing Ni/Sn ratios, that is, Ni< Ni3Sn
< Ni3Sn2 < Ni3Sn4. The peak energy of the third peak (C
around 8347 eV for IMCs decreased with decreasing Ni/Sn
ratios. It is clarified that three kinds of Ni–Sn IMCs exhib
each characteristic NiK-edge XANES. In the case of Ni–A
IMC, Ni K-edge XANES spectra for Ni3Al [27] are also dif-
ferent from those of pure Ni. Similar results were repor
for Au–V [28] and Pd–Ti [29] systems. In conclusion,
t

Fig. 6. Ni K-edge XANES spectra of Ni–Sn IMC fine particles suppor
on SiO2A (solid lines) and unsupported Ni–Sn IMCs (broken lines).

K-edge XANES analysis is an effective method for the id
tification of Ni–Sn IMCs by the fingerprinting method.

Next, we measured the NiK-edge XANES spectra o
Ni3Sn/SiO2A, Ni3Sn2/SiO2A, and Ni3Sn4/SiO2A. Fig. 6
shows the normalized XANES spectra of Ni–Sn IMC/SiO2A
catalysts together with the spectra of unsupported Ni3Sn,
Ni3Sn2, and Ni3Sn4. The absorption peaks in spectra of N
Sn IMC/SiO2A appeared at almost the same energy as th
of the corresponding unsupported IMCs. The intensitie
shoulder prepeaks at about 8330 eV of Ni–Sn IMC/SiO2A
samples were also almost the same as those of the u
ported ones. The bulk structures of the Ni–Sn fine pa
cles on SiO2A are similar to the corresponding unsuppor
Ni–Sn IMCs, whereas the absorption intensities at ab
8340 eV in the spectra of Ni–Sn IMC/SiO2A increased with
decreasing tin content as well as those of unsupported IM
but were lower than those of unsupported IMCs. The pe
at about 8340 eV may depend on a particle size effect
support effect.

Fig. 7 shows the normalized SnK-edge XANES spec
tra of thee kinds of Ni–Sn IMC/SiO2A catalysts and thos
of unsupported Ni3Sn, Ni3Sn2, and Ni3Sn4. In Fig. 7, the
SnK-edge XANES spectra are overlapped for each pre
ration method in order to clarify the difference of ea
spectrum. The spectra of unsupported IMCs and Ni
IMC/SiO2A exhibited absorption peaks appeared aro
29190–29200 eV and did not include a remarkable sh
der peak. According to the spectra of unsupported se
the order of normalized absorption intensities is Ni3Sn4 >

Ni3Sn2 > Ni3Sn around 29190 eV and is Ni3Sn> Ni3Sn2 >

Ni3Sn4 around 29197 eV. The spectra of Ni–Sn IMC/SiO2A
catalysts are more similar to those of the corresponding
supported Ni3Sn, Ni3Sn2, and Ni3Sn4, except for the spec
trum of Ni/Sn = 3/1 around 29197 eV. The order of no
malized absorption intensities around 29190 and 29197
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Fig. 7. SnK-edge XANES spectra of unsupported Ni–Sn IMCs and Ni–
IMC fine particles supported on SiO2A.

is the same as those of unsupported series. In conclu
the prepared Ni–Sn species on SiO2A are fine particles o
the corresponding Ni–Sn IMCs, which can be identified
surface and bulk characterizations of ICP, XPS, TPR,
XANES.

3.2. Catalytic properties for the dehydrogenation of
cyclohexane

Dehydrogenation of cyclohexane was carried out o
Ni–Sn IMC fine particles supported on SiO2A. Hydrogen
was used as a carrier gas in order to prevent the deac
tion of catalysts, especially pure Ni catalyst. This reac
condition was the same as that of our previous work. The
sults are summarized in Table 3. The products were ben
of the dehydrogenation and methane of the hydrogenol
Over Ni/SiO2A, benzene selectivity was 98% C at 4%
cyclohexane conversion, whereas the selectivity was 2
at 99% conversion. In contrast, over Ni–Sn IMC/SiO2A ca-
talysts, benzene selectivity was always higher than 99%
irrespective of cyclohexane conversion. The high benz
selectivity is related to CO molecule adsorption in only
linear type on Ni–Sn IMC/SiO2A samples as shown in IR
spectra (Fig. 3). The side reaction, i.e., the hydrogeno
into methane, needs neighboring nickel atoms which m
the bridge-type adsorption of CO molecules. As repo
previously, the same high selectivity to benzene was
served over Ni–Sn IMC/SiO2C and unsupported IMC cata
lysts [15].

As shown in Table 1, the diameters of Ni–Sn IMC pa
cles on SiO2A were 3–4 nm, which are too large to have
significant size effect on the catalytic properties in the c
of Pt and Au catalysts [16–18]. In this study, the selec
,

-

e
.

Table 3
Catalytic properties of Ni/SiO2A and Ni–Sn IMC/SiO2A catalysts for the
reaction of cyclohexane at 673 K for 2 h on stream

Catalyst Conversion Benzene selectiv
(%) (% C)

Ni/SiO2A 4 98
27 83
99 2

Ni3Sn/SiO2A 4 100
8 100

56 99

Ni3Sn2/SiO2A 6 100
11 100
35 99.5

Ni3Sn4/SiO2A 1.2 100
3.5 100

Table 4
Activities per weight of nickel and tin metals of supported Ni–Sn IMC c
alysts at 2 h on stream for the reaction of cyclohexane at 673 K

Support Activity per metal (µmol g−1
(Ni+Sn) s−1)

Ni Ni3Sn Ni3Sn2 Ni3Sn4

SiO2A 17000 2400 1000 0.9
SiO2C 2100 160 74 0.03

ity of Ni–Sn IMC fine particle catalysts was also almost
same as that of unsupported Ni–Sn IMC catalysts.

However, the Ni–Sn IMC fine particles seemed to sh
a significant improvement in specific catalytic activity. T
catalytic activities of Ni–Sn IMC/SiO2A were compared to
those of Ni–Sn IMC/SiO2C as summarized in Table 4. Th
amount of catalyst and the feed rate of reactant were va
to control the conversion of cyclohexane to less than 1
Both SiO2A and SiO2C by themselves did not catalyze t
reaction. On the same support, the order of activity wa
follows,

Ni > Ni3Sn> Ni3Sn2 > Ni3Sn4.

The fine-particle catalysts (Ni–Sn IMC/SiO2A) exhibited
higher activity than Ni–Sn IMC/SiO2C catalysts. Compar
ing activities per weight of Ni and Sn metals, the activit
of Ni3Sn, Ni3Sn2, and Ni3Sn4 on SiO2A were 15, 13, and
30 times higher than those of the corresponding large p
cles on SiO2C, respectively, though the comparison betw
Ni3Sn4 catalysts may not be accurate because of their
conversion. The average diameters of Ni3Sn, Ni3Sn2, and
Ni3Sn4 on SiO2C were about 18, 12, and 12 nm, resp
tively [15]. According to calculations based on the av
age diameters, specific surface areas of Ni3Sn, Ni3Sn2, and
Ni3Sn4 on SiO2A should be about 6, 3.5, and 3 times larg
than those on SiO2C. The increase in activity per weight w
significantly larger than that in specific surface area, e
though there could be a 50% error in these specific sur
areas. The size effect of Ni–Sn IMC fine particles could
the explanation for the improvement in specific activity. T
Ni–Sn IMC fine particles with diameter smaller than 3 n
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could show not only further improved specific activity b
also different selectivity for particular reactions.

4. Conclusions

Fine-particles of single-phase Ni–Sn IMCs (Ni3Sn,
Ni3Sn2, and Ni3Sn4) are prepared by the CVD of Sn(CH3)4
onto fine nickel particles on SiO2 at optimum temperatur
and a hydrogen treatment at 773 K. The bulk and sur
structures of these particles are very similar to those of co
sponding unsupported Ni–Sn IMCs, which is indicated fr
reduction behaviors revealed by TPR, near-surface Ni/Sn
atomic ratios estimated by XPS, and bulk conditions cl
fied by NiK-edge and SnK-edge XANES measurements

Carbon monoxide chemisorbs linearly on all Ni–Sn IM
particles. The amount of carbon monoxide chemisor
on Ni–Sn IMCs supported on SiO2 is comparable to tha
chemisorbed on pure nickel supported on SiO2 and de-
creases with increasing tin contents. In contrast, hydro
scarcely chemisorbs on Ni3Sn2 and Ni3Sn4.

In the catalytic dehydrogenation of cyclohexane, the
Sn IMC fine particles supported on SiO2 have almost the
same selectivity to benzene as the large-particle Ni–Sn
catalysts supported on SiO2 and the unsupported Ni–Sn IM
catalysts. The fine-particle catalysts have a specific act
per weight of Ni and Sn an order of magnitude higher th
the large-particle catalysts.
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