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The particles of each single-phase Ni-Sn intermetallic com-
pound (IMC), NisSn, NizSn,, and NizSns, have been formed on
silica by chemical vapor deposition (CVD) of Sn(CHs)s onto
Ni/SiO,. The prepared Ni-Sn IMC/SiO, was characterized by
chemical analysis, X-ray diffraction, temperature-programmed
reduction, and X-ray photoelectron spectroscopy. The results
clarified that the particles on silica had the same stoichiometric
Ni/Sn atomic ratio and specific bulk and surface structure as those
of corresponding unsupported IMCs prepared by melting the
mixture of pure Ni and Sn powder. The Ni-Sn IMC/SiO, was used
as a catalyst for the dehydrogenation of cyclohexane. The catalytic
activity of each Ni-Sn IMC/SiO, was much higher than that of
the unsupported IMCs, whereas it was lower than that of the
Ni/SiO; catalyst. The catalytic activities of Ni-Sn IMCs increased
with the increasing Ni/Sn ratio. The selectivity of NizSn/SiO, and
NisSny/SiO, for the formation of benzene was almost 100 C-%,
even at higher conversions. The unsupported IMC catalysts also
showed high selectivity to benzene, whereas Ni catalyst gave almost
exclusively methane at higher conversions.  © 2001 Academic Press

Key Words: nickel; tin; intermetallic compound; silica; CVD;
temperature-programmed reduction; cyclohexane.

1. INTRODUCTION

Intermetallic compounds (IMCs) are compounds
between two or more metal elements with simple stoi-
chiometry. The most characteristic feature of IMCs is that
their specific crystal structure is different from that of their
component metals, while conventional alloys have the same
crystal structure as that of either metal component. The
specific crystal structure of IMCs is due to the strong in-
teraction between their component elements. Some IMCs
have unique bulk properties, such as shape memory effect,
hydrogen storage ability, super conductivity, etc. In cataly-
sis applications, many IMCs are anticipated to have unique
catalytic properties because the surface atoms in IMCs
should have different electronic and geometric structures
from those in mono metals as well as those of bulk metals.

! To whom correspondence should be addressed. Fax: +81-3-5734-2758.
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According to the reports about supported bimetallic
catalysts, second elements sometimes enhance the activ-
ity, selectivity, and stability of their parent monometallic
catalysts (1, 2). A typical example is Pt-Sn supported on
alumina, which is known to be a good catalyst for naphtha
reforming (3-5). In this catalyst system, Pt-Sn IMCs, such
as PtSny, PtSn, and Pt,Sn, have been proposed to be the
active species from observation by transmission electron
microscopy and energy-dispersed X-ray spectra and mi-
crobeam diffraction (6). PtSn was detected by Dautzenberg
et al. in silica-supported Pt-Sn catalysts after H;, reduction
at 623 K for 3 h, whereas on alumina-supported ones, it was
detected only after reduction at 923 K for 100 h (7). Becaud
etal. have investigated Pt-Sn/Al,O3 by tin Mdssbauer spec-
troscopy and proposed the presence of various Pt-Sn IMCs
in addition to Sn?* and Sn** ionic species (8). In the case of
Ni-Sn/SiO, catalysts, the formation of various IMC phases,
such as Ni3Shy, NizSng, and NiSn, was observed by XRD (9).

Clarifying the catalytic properties of IMC would bring
the possibility of providing new catalyst systems as well as
information on the active species in the bimetallic catalysts.
However, the catalytic properties of IMC itself have not
been clarified satisfactorily. Most of the investigations on
catalysis by IMC have dealt with so-called hydrogen storage
alloys (10-13) because of their unique activity for hydrogen
dissociation and the possibility for the stored hydrogen to
participate in the reactions. On the other hand, we have al-
ready reported unique catalytic selectivities of Co-Ge (14),
Pt-Ge (15), and Ni-Sn (16) IMCs, which are not hydrogen
storage alloys. The IMCs containing Co or Ni show much
lower activity for H,—D; equilibration than pure Co or Ni
but give high selectivity to ethylene in the hydrogenation of
acetylene. Pt—-Ge IMCs show high selectivity to butene in
the hydrogenation of 1,3-butadiene. However, their cata-
lytic activity suffers from low specific surface areas because
they are prepared by melting the mixture of two com-
ponent metals at higher temperatures than their melting
points.

The specific adsorptive and catalytic properties were re-
ported for the surface alloys, such as Au-Ni (17), Sn—Ni
(18, 19), and Sn-Pt (20-23), with stable, designed, and
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ordered surface structure. In the case of Sn—Pt, the p(2 x 2)
PtsSn and (v/3 x +/3)R30° Pt,Sn surface alloys are selec-
tively formed by the deposition of tin onto Pt(111). In the
case of Sn—-Ni, the (v/3 x +/3)R30° Ni,Sn surface alloy is
formed on Ni(111). The catalytic properties were reported
for the hydrogenation of ethylene and the dehydrogena-
tion of cyclohexane on Sn-Pt (22) and the hydrogenolysis
of n-butane on Sn-Pt (23).

In this study, to increase the activity of IMC catalysts, we
carried out the preparation of IMC particles with high dis-
persion onsilica. Itwas reported that M—Sn (M = Rh, Pt, Pd,
or Ni) bimetallic catalysts were prepared by chemical vapor
deposition (CVD) of an organo tin complex, such as Sn(n-
C4Hg)4 and Sn(CH3)4, on M/SiO, (24-27). Tin species are
deposited preferentially onto the particles of these noble
metals during CVVD because the noble metals have much
higher hydrogenolysis activity than SiO,. We applied the
CVD method using Sn(CHj3)4 and Ni/SiO; to prepare the
fine particles of single-phase Ni-Sn IMC on SiO,. The Ni-
Sn system consists of three kinds of IMCs (Ni3Sn, NizSny,
and NisSnyg), which are Berthollide-type IMCs (28). The
supported Ni-Sn IMC catalysts prepared by CVD were
characterized by ICP, XRD, TPR, and XPS and used as cata-
lysts for hydrogenation of acetylene and dehydrogenation
of cyclohexane. Their catalytic activity and selectivity were
compared with those of unsupported Ni-Sn IMC catalysts.

2. EXPERIMENTAL METHODS

Ni(5 wt%0)/SiO, was first prepared by an incipient wet-
ness method using Ni(NO3), - 6H,0 and silica gel (Fuji-
Silysia, Caliact G6), followed by drying at 400 K for 8 h
and calcination at 723 K for 4 h in air. It was then reduced
with flowing H, (100 ml min~%) at 723 K for 4 h, cooled
with flowing H; to room temperature, and stored in air. The
stored Ni/SiO;, was again reduced in a fixed bed reactor for
CVD under atmospheric pressure at 723 K with flowing Ho.
CVD of Sn(CH3)4 (Soekawa Chemicals) was carried out by
introducing the vapor of Sn(CH3),4 (4 kPa) onto Ni/SiO; at
373-523 K with H, as the carrier gas (30 ml min~1) (29).
After the CVD treatment, the temperature at the sam-
ple bed was raised to 623-1173 K in flowing H, (100 ml
min~!) and kept at the same temperature for 1 h. The sample
was cooled in flowing H; to room temperature and stored
in air.

Ni-Sn/SiO, with 5 wt% Ni and a Ni/Sn atomic ratio of
3 was prepared by the co-impregnation method using the
aqueous solutions of Ni(NO3),-6H,0O and SnCl,-2H,0
and silica gel, followed by drying at 400 K for 8 h and calci-
nation at 723 K for 4 h in air. The reduction of the sample
was carried out with flowing H, (100 ml min~?) at 723 K for
4handat1173 K for 1 h.

Unsupported Ni-Sn IMCs, NisSn, NiszSn,, and NizShy
were prepared by melting the mixture of nickel (Koch

Chemicals, 99.99%) and tin (Soekawa Chemicals, 99.99%)
powders with an SiC electric furnace in flowing argon. The
temperature was raised by 5 K min~! to 1733 K to melt
the mixture and kept at 1733 K for 1 h. The tempera-
tures were lowered to 1270 K (NisSn), 1530 K (NizSn,),
and 1070 K (NisSng), which were lower by 50 K than the
melting points of NisSn, NizSn,, and NisSng, respectively,
to anneal the sample at these temperatures for 8 h. The re-
sultant ingots, cooled in flowing argon, were crushed in air
and filtered into fine powder with diameters of 25-38 um.
The powder of pure nickel (Koch Chemicals, 99.99%)
was also filtered, producing particles of diameters of
25-38 um.

The above catalysts were dissolved in hydrochloric
acid and the amounts of Ni and Sn in the filtered solu-
tions were determined by ICP (Rigaku, JY38). The crys-
tal structure was analyzed by X-ray diffraction (Rigaku,
RINT?2400) with an X-ray source of Cu Ka at 40 kV and
100 mA.

XPS spectra of supported and unsupported IMCs were
obtained by ESCALAB 220i (Fisons Instruments) with an
X-ray source of Al Ka. The sample pressed into a pellet
was put into a pretreatment chamber. Before and after the
reduction treatment with flowing H, (101 kPa) at 873 K
for 1 h, the sample was transferred into the spectrometer
in vacuo (under 10~ Pa) to measure the spectra. Binding
energies were obtained using a C 1s peak (284.5 eV) as a
standard.

The reduction behavior of the catalysts stored in air was
examined by temperature-programmed reduction (TPR).
Under a flowing H(5%)/N, gas mixture, the temperature
was raised from 300 to 873 K at a heating rate of 10 K
min~! and the consumption of hydrogen was continuously
measured by a TCD detector. Trace amounts of oxygen and
water in the Hy/N, gas mixture and water produced by the
reduction of samples were removed by passing through the
columns of OMI-1 (SPELCO) and P,0s (Soekawa Chemi-
cals), respectively.

A glass circulation system was used for the catalytic re-
actions. Before the catalytic reaction, IMC catalysts were
reduced with H, (26.6 kPa) at 873 K for 0.5 h. Hydrogena-
tion of acetylene was carried out with a mixture of C,H,
(2.7 kPa) and H; (13.3 kPa). Dehydrogenation of cyclohex-
ane was carried out with a mixture of cyclohexane (2.7 kPa)
and H; (16.0 kPa). The amounts of supported and unsup-
ported catalysts were 0.050 and 0.10-0.50 g, respectively.
Cyclohexane (Wako Pure Chemical Ind. 99.8%) was pre-
viously dehydrated with Molecular Sieves 5A (Wako Pure
Chemical Ind.). Hydrogen was purified by passing through
an Mn/SiO; column at room temperature and a silica gel
column at 77 K. Acetylene was purified by repeating a
freeze—pump-thaw cycle. The composition of gaseous hy-
drocarbons was monitored with an FID gas chromatograph
(Shimadzu GC 8A).
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3. RESULTS AND DISCUSSION
3.1. Characterization

3.1.1. Ni/Sn atomic ratio. Chemical vapor deposition
(CVD) of Sn(CH3s)4 onto Ni/SiO, was carried out to pre-
pare the single-phase particles of Ni-Sn IMC on SiO;. The
hydrogenolysis of Sn(CH3),4 was expected to proceed se-
lectively on metallic Ni particles because Ni usually has
high activity for the hydrogenolysis reactions. Indeed, the
Sn atoms were deposited on Ni particles in spite of a large
surface area of uncovered SiO; at optimum temperature
(25). The deposited Sn atoms and Ni particles are expected
to form Ni-Sn IMCs with high-temperature treatment in
flowing H, after CVD. In the case of samples with Ni/Sn
atomic ratios of 3/1, 3/2, and 3/4, the bimetallic particles
would be transformed into a single-phase NizSn, NisSny,
and NizSny, respectively.

First, we studied the effects of CVD time, CVD tempe-
rature, and the existence of Ni particles on the amount of
deposited Sn. After the reduction of Ni(5 wt%)/SiO, pre-
pared by the incipient wetness method, the size of Ni par-
ticles was determined by TEM. The average diameter of
Ni particles was about 9 nm, which coincided with those
determined by XRD and the chemisorption of hydrogen.
The Ni/Sn atomic ratios of 3/1, 3/2, and 3/4 correspond to
Sn loadings of 3.2, 6.3, and 11.9 wt%, respectively. Figure 1
shows the amount of deposited Sn on Ni/SiO, as a function
of CVD time at 423, 448, and 473 K. The amount of de-
posited Sn increased with an increase of CVD time at every
temperature. However, the deposition rate decreased with
CVD time, probably because Sn atoms gradually covered
the surface of Ni. The higher the temperature, the faster
the deposition rate, and the larger the amount of deposited
Sn. After CVD at 423 K for 60 min or at 473 K for 10 min,
the amount of deposited Sn on the catalysts was 3.2 wt%,
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FIG. 1. Effectof CVD time onthe amountof deposited Snon Ni/SiO;
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FIG. 2. Effect of CVD temperature on the amount of Sn deposited
on Ni/SiO, (l) and SiO; (O) after CVD of Sn(CHj3), for 1 h. Broken lines
indicate Ni/Sn atomic ratios.

which corresponded to 3/1 of the Ni/Sn atomic ratio. If the
deposited Sn atoms form monolayers only on the surface of
Ni particles whose dispersion was about 10%, the amount
of Sn must be below 1 wt%. However, the amount of Sn
exceeded 3 wt%o, even at 423 K. There could be three possi-
ble reasons for this excess deposition of Sn. The first reason
is that the decomposition of Sn(CH3)4 may occur on SiO,
as well as on Ni, even at 423 K. The second reason is that
Sn atoms may be transferred from the surface of Ni parti-
cles onto SiO; after hydrogenolysis of Sn(CHj3)4 on Ni. The
third reason is that Sn atoms may enter into the bulk of Ni
particles during CVD.

Figure 2 shows the amount of deposited Sn as a function
of CVVD temperature on Ni/SiO, and SiO, respectively. The
CVD time was 1 h. The amount of deposited Sn increased
with CVD temperature on both supports and was much
larger on Ni/SiO,. The amount of deposited Sn on SiO,
was negligible below 423 K. In the case of a closed reaction
system, it was reported that the dissociative adsorption of
Sn(CH3)4 without H;, on SiO;, was observed above 473 K
(30) and that no methane formation from Sn(CH3;)4 and
H, was observed on SiO, below 500 K (31). In our flow re-
action system, the hydrogenolysis of Sn(CH3s), proceeded
preferentially on Ni particles as shown in Fig. 2. Therefore,
the excess deposition of Sn atoms by CVD compared with
the number of surface Ni atoms was not caused by the si-
multaneous deposition of Sn onto SiO,. Figure 2 also shows
that the amount of deposited Sn on Ni/SiO; will be continu-
ously controlled by the CVD temperature. When CVD was
carried out on Ni/SiO, at 423, 448, and 498 K, the Ni/Sn
atomic ratio of the samples became very close to 3/1, 3/2,
and 3/4, respectively.

3.1.2. Bulkstructure of Ni-Sn particles. The bulk struc-
ture of samples prepared by CVD was analyzed by pow-
der X-ray diffraction (XRD). Figure 3 shows the XRD
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FIG.3. XRD patterns of Ni/SiO; before CVD (a), and Ni-Sn/SiO;
(Ni/Sn = 3/2) after CVD at 448 K (b), after subsequent hydrogen treat-
ment at 723 K (c) and 873 K (d). <, Ni; V, -Sn; @, NisSn,; A, NizSn,.

patterns of parent Ni/SiO; (a) and Ni-Sn/SiO, (Ni/Sh =
3/2) prepared by CVD at 448 K (b) and those after the
subsequent hydrogen treatment at 723 K (c) and 873 K (d).
The diffraction pattern in (b) showed that the structure of
Ni particles was transformed during CVD from the metallic
Ni phase to a mixture of Ni3Sny, NizSns, 8-Sn, and Ni. This
transformation clarified that Sn atoms entered Ni particles
during CVD at 448 K, which would be the reason for the
excess deposition of Sn. To obtain the single-phase NizSn;
particles, subsequent hydrogen treatment was carried out.
After hydrogen treatment at 723 K, the peaks of Ni and
B-Sn disappeared but the small peaks of NizSn, remained
in addition to the major peaks of NizSn,. After hydrogen
treatment at 873 K, the peak of NizSn, also disappeared
and almost the same pattern was observed as that of the
unsupported NizSn, prepared by melting the stoichiomet-
ric mixture of Ni and Sn (16). Generally, Ni3Sn; is prepared
above 1729 K because the melting points of Ni and Sn are
1729 and 505 K, respectively. In this study, we succeeded in
the formation of single-phase Ni3Sn; particles on SiO; by
the CVD of Sn(CH3)4 and subsequent hydrogen treatment
at a low temperature of 873 K, compared with the melting
point of Ni, at which single-phase materials are normally
produced.

Figure 4 illustrates the XRD patterns of Ni-Sn/SiO, with
Ni/Sn = 3/4. The sample after CVD at 498 K (b) showed

a similar pattern to that of unsupported NiszSn,, which
indicates that during CVD at 498 K most of the deposited
Sn entered into Ni particles to transform them into NisSn,.
The single phase NiszSn, particles were clearly prepared by
the subsequent hydrogen treatment at 723 and 873 K for 1 h
(cand d). Figure 5 shows the sample with Ni/Sn=3/1. After
CVD at 423 K for 1 h (b), the sample showed almost the
same pattern as that of Ni/SiO; (a). After hydrogen treat-
ment at 873 K (c), the NizSn phase was observed in addition
to unidentified peaks. Figure 5d shows that the single-phase
Ni3Snwas formed on SiO, by hydrogen treatmentat 1173 K
for 1 h. As shown in Fig. 1, CVD at 473 K for 10 min also
gave the sample with Ni/Sn = 3/1. Hydrogen treatment at
1173 K was also necessary to obtain the single-phase NizSn
particles from this sample. The optimum temperature of
hydrogen treatment did not depend on the CVD tem-
perature.

It was observed that the lower the Ni/Sn ratio, the lower
the temperature of hydrogen treatment necessary for the
formation of single-phase Ni-Sn IMC particles: NisSny
(723 K), Ni3zSn, (873 K), and NizSn (1173 K). The tem-
perature of hydrogen treatment could be further lowered
by using smaller parent Ni particles. The broad diffraction
peaks of supported Ni-Sn IMC showed that IMC parti-
cles on SiO, had much smaller diameters than those of un-
supported ones (16). The average particle sizes of NizSn,
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FIG. 4. XRD patterns of Ni/SiO, before CVD (a), and Ni-Sn/SiO;
(Ni/Sn = 3/4) after CVD at 498 K (b), after subsequent hydrogen treat-
ment at 723 K (c) and 873 K (d). <>, Ni; V, 8-Sn; @, NisSny; A, NizSn,.
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FIG.5. XRD patterns of Ni/SiO, before CVD (a), and Ni-Sn/SiO;
(Ni/Sn = 3/1) after CVD at 423 K (b), after subsequent hydrogen treat-
ment at 873 K (c) and 1173 K (d). <, Ni; #, NizSn; @, NizSny; +, unknown
phase.

Ni3Snhy, and Ni3Sn, determined by TEM were about 19, 13,
and 13 nm, respectively, which coincided with those esti-
mated by XRD. NisSn particles had the largest diameter
due to hydrogen treatment of this sample being done at the
highest temperature. In this study, we prepared relatively
large Ni particles on SiO, as a starting material to obtain
a clear XRD pattern. However, the use of Ni/SiO; with
smaller Ni particles would lead to the smaller particle sizes
of Ni-Sn IMC.

Itis concluded that any single-phase Ni-Sn IMCs (NizSn,
Ni3Sny, and NisSn,) are selectively formed on SiO; by the
CVD of Sn(CH3s),4 onto Ni/SiO; and subsequent hydrogen
treatmentat quite alower temperature, lower than the melt-
ing point of each Ni-Sn IMC and Ni. The excess deposition
of Sn compared with the surface Ni atoms is probably due in
part to deposited Sn atoms entering the bulk of Ni particles
during the CVD.

3.1.3. Temperature-programmed reduction (TPR). To
clarify the reduction behavior of Ni-Sn IMC catalysts
stored in air, we carried out TPR with hydrogen. As shown
in Fig. 6, supported Ni (a), NisSn (b), NizSn; (¢), and NizSng
(d) show their specific hydrogen consumption profiles. TPR
peaks of Ni/SiO,, NizSn/SiO,, and NizSn,/SiO, appeared at
428, 448, and 468 K, respectively. TPR profiles of unsup-
ported catalysts are shown in Fig. 7. Peaks of Ni (a) at 428,
NisSn (b) at 443 K, and Ni3Sh; (c) at 468 K appeared at al-
most the same temperatures as those of Fig. 6a, 6b, and 6c,
respectively, and would be the intrinsic peaks of Ni, Ni3Sn,
and Ni3Sn, exposed in air, respectively. Therefore, Fig. 6b

and 6¢ would indicate the formation of Ni3Sn and Ni3Sn,
IMC particles, respectively. TPR of Ni3Sn,/SiO, (Fig. 6d)
gave broad peaks at 523 and 653 K. These were similar to
the broad peaks of unsupported Ni3Sn, that appeared at
473, 573, and 623 K (Fig. 7d). Figure 6e shows the TPR of
Sn/SiO, prepared by CVD of Sn(CHj3)4 onto SiO; at 573 K.
Sn/SiO; showed only sharp XRD peaks of metallic §-Sn
phase. Figure 6e shows a broad peak at about 820 K. There-
fore, no isolated Sn species are present on NizSn,/SiO,. Itis
clarified that the supported Ni, NisSn, NisSn,, NisSn,, and
Sn each have anintrinsic TPR profile. The supported NizSn,
Ni3Sn,, and NizSn, prepared by CVD will not include par-
ticles of pure Ni or pure Sn, and each IMC will be free from
the other IMCs.

Figure 6f shows the TPR results of Ni-Sn/SiO, with
Ni/Sn = 3/1 prepared by co-impregnation. A shoulder peak
appeared at 428 K in addition to a main peak at 453 K.
This shoulder would be attributed to the reduction of pure
Ni particles without strong interaction with Sn. The result
indicates that both particles of NizSn and Ni exist on Ni-
Sn(Ni/Sn = 3/1)/SiO;, prepared by co-impregnation. In this
case, Sn particles, probably SnO,, should also exist based
on the stoichiometry. It is difficult to obtain the particles of
single-phase Ni-Sn IMC on SiO; by the co-impregnation
method.
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FIG.6. TPR profiles of Ni/SiO, (a), Ni-Sn IMC/SiO, prepared by

CVD method with Ni/Sn = 3/1 (b), 3/2 (c), 3/4 (d), Sn/SiO; (e), and
Ni-Sn/SiO; (Ni/Sn = 3/1) prepared by co-impregnation (f).
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TABLE 1
X-Ray Photoelectron Spectroscopy Data

Ni2ps2 (€V)  Sn3dsy (eV) Ni/(Ni -+ Sn)/

Sample Ni° Sn®  Sn?*, sn*t (at.%) Reference
Ni/SiO, 852.8 — — — This work
Ni3Sn/SiO, 852.7 485.0 — 56 This work
Ni3Sn,/SiO, 852.5 485.3 — 48 This work
Ni3Sn,/SiO; 852.4 484.3 486.7 22 This work
Sn/SiO, — — 486.8 — This work
Ni 852.8 — — — (16)
Ni3Sn 852.6 485.0 — 57 (16)
NisSn, 8527 4850  — 42 (16)
Ni3Sny 852.6 484.9 — 28 (16)
sn — 4850 48638 — (32)

3.1.4. X-ray photoelectron spectroscopy (XPS). Tablel
shows XPS results for the supported Ni-Sn IMC after re-
duction with hydrogen at 873 K. The binding energy of Ni
2p3,2 for Ni/SiO, was 852.8 eV, which indicates that the
Ni particle is metallic. However, the binding energy of Sn
3ds,, for Sn/SiO; prepared by CVD was 486.8 eV, which
indicates that the surface Sn atoms are not reduced to Sn°
by reduction at 873 K. The binding energies of Ni and Sn
for NizSn/SiO; and NizSny/SiO; clarified the reduction to
Ni® and Sn°. In the case of NizSn4/SiO,, some of the surface
Sn atoms were not reduced to Sn°. However, in the cases
of unsupported NizSn, NisSny, and NizSns, Sn atoms were
completely reduced to Sn° (16). Therefore, NisSn4/SiO, may
contain a small number of Sn atoms that do not constitute
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TPR profiles of unsupported Ni (a), NizSn (b), NisSn; (c), and

The binding energies of Ni 2pz/, (852.7 eV) and Sn 3ds,,
(485.0 eV) for NisSn/SiO, and Ni 2ps,, (852.5 eV) and Sn
3ds/2 (485.3 eV) for NisSny/SiO, were almost the same as
those for metallic Ni and Sn (32). Almost the same binding
energies were reported for the unsupported Ni-Sn IMCs
(16). Therefore, the electronic interaction between Ni and
Sn was not obvious in the binding energies of Ni 2p and
Sn 3d. However, for the unsupported Ni-Sn IMCs, we have
already reported that the XPS spectra of Ni 3d near the
Fermi level exhibit the following changes with increasing
tin content; the density of states at Fermi level decreases,
the shape of Ni 3d peak narrows, and the peak top shifts
toward higher binding energy (16). The peak narrowing
would be due to the localization of free electrons. The shift
toward higher binding energy would be due to the filling
of Ni 3d orbital with electrons transferred from tin. These
two changes could result in the decrease in density of states
at the Fermi level (16). Similar XPS spectra near the Fermi
level are expected to be observed for the supported Ni-Sn
IMCs.

The proportions of Ni near the surface of the supported
and unsupported Ni-Sn IMCs are shown in Table 1 as
Ni/(Ni + Sn) determined from the peak areas of Ni 2pz/»
and Sn 3ds,, XPS spectra. The actual proportion may be
higher than the values in Table 1 because it is difficult
to integrate completely the areas of the Ni 2ps,, peak
containing many satellite peaks. The Ni/(Ni + Sn) val-
ues of Ni3Sn/SiO,, NisSny/SiO,, and NisSn4/SiO, were 56,
48, and 22 at.%, respectively, whereas those of unsup-
ported NizSn, Ni3Sn,, and NizSn, were 57, 42, and 28 at.%o,
respectively. The XPS data would clarify that each Ni-Sn
IMC, with the identical bulk atomic ratio, has almost the
same surface composition for both the supported and un-
supported Ni-Sn IMC catalysts.

3.2. Catalytic Reactions

3.2.1. Hydrogenation of acetylene. The catalytic prop-
erties of silica-supported Ni-Sn IMC prepared by the CVD
method for acetylene hydrogenation were compared with
those of unsupported IMC, supported Ni-Sn prepared by
co-impregnation, and pure Ni. We have already reported
that the unsupported Ni-Sn IMC catalysts catalyze the par-
tial hydrogenation of acetylene into ethylene because of
their extremely low activity for ethylene hydrogenation
(16). In contrast, over the Ni catalyst, ethylene hydrogena-
tion proceeds faster than acetylene hydrogenation (16, 33).

Selectivity to ethylene is summarized in Table 2. Ethy-
lene selectivity is expressed by the molar ratio of ethy-
lene/(ethylene + ethane) obtained at the reaction time
when acetylene was completely converted. The reaction
temperature was different for each catalyst because of the
large difference in catalytic activity. Over unsupported Ni,
ethylene selectivity was 65%, whereas over both the unsup-
ported NizSn and NisSn,, the selectivity was about 100%.
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TABLE 2

Selectivity of Various Catalysts in Acetylene Hydrogenation

Ethylene? selectivity ~ Reaction temperature

Catalysts (%) (K)
Unsupported Ni 65 398
Ni/SiO, 50 343
Unsupported NizSn 100 523
Ni3Sn/SiO,° 96 448
Ni3Sn/SiO,° 88 398
Ni-Sn(Ni/Sn = 3)/SiO,* 65 398
Unsupported NizSn; 100 523
NisSn,/SiO,° 98 448

2 Ethylene/(ethylene + ethane) molar ratio obtained when acetylene
was converted completely.

b Prepared by CVD method.

¢Prepared by co-impregnation.

In the case of the supported catalysts, NisSn/SiO, showed
high ethylene selectivity, 96% at 448 K and 88%o at 398 K,
and Ni3Sn,/SiO; also showed high selectivity, 98%. In con-
trast, over supported Ni-Sn (Ni/Sn = 3) prepared by co-
impregnation, ethylene selectivity was quite similar to Ni,
indicating the presence of Ni particles as was suggested
by TPR. The reaction temperature in Table 2 shows that
these supported catalysts have much higher activity than
the unsupported ones. In the case of Ni3Sny, unsupported
Ni3Sn4 did not show any activity at 523 K for 2 h (16) and
Ni3Sn,/SiO, exhibited very low acetylene hydrogenation
activity at 473 K. For the supported catalysts, the order of
the activity for acetylene hydrogenation was as follows:

Ni/SiO, > Ni3Sn/SiO, > NizSn,/SiO, > Ni3Sn4/SiO,.

This order is the same as that of unsupported catalysts (16).
The activity was reduced by increasing the proportion of
tin in the IMC.

3.2.2. Dehydrogenation of cyclohexane. We carried out
the reaction of cyclohexane in the presence of hydrogen
over pure Ni and Ni-Sn IMCs. When the cyclohexane
was introduced without hydrogen, methane was mainly
formed over Ni catalysts. The formation of methane sto-
ichiometrically means that coke was formed on the Ni
catalysts. Actually, the Ni catalysts rapidly lost their cata-
lytic activity for the reaction of cyclohexane without hy-
drogen. Therefore, hydrogen was mixed in the reactant
with the initial hydrogen to cyclohexane molar ratio of 6.
Figure 8 shows the results of unsupported Ni and unsup-
ported NisSn catalysts at 823 K. The catalytic activity of
NisSn was lower than that of Ni. Benzene was formed as
an initial product over Ni. However, benzene was further
converted into methane through hydrogenolysis, resulting
in almost 100 C-% selectivity to methane at higher conver-
sions. In contrast, NigSn converted cyclohexane into ben-
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FIG. 8. Selectivity in the reaction of cyclohexane on unsupported Ni
(M, CgHs; O, CH,) and NisSn (@, CgHs; O, CH,4) powder catalysts at
823 K. P(Hy) = 16.0 kPa; P(cyclohexane) = 2.7 kPa.

zene but exhibited very low hydrogenolysis activity into
methane, even at higher conversions. High selectivity to
benzene is revealed to be characteristic of catalysis with
NisSn. This catalytic property could be explained by the
assumption that the surface of NizSn does not contain
any Ni ensembles that have multifold coordination sites.
Both the unsupported Ni3Sn, and NisSn, showed quite low
activity.

As clearly shown in Fig. 9, NizSn/SiO, showed almost the
same selectivity as the unsupported NizSn catalyst and to-
tally different selectivity from that over Ni catalysts. This
result suggests that Ni particles, even if they are too small to
be detected by XRD, do not exist in any applicable amount
on the Ni3Sn/SiO;, catalyst. Ni3Sny/SiO, showed almost
the same selectivity to benzene as NizSn/SiO,. NizSn,/SiO,
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FIG. 9. Selectivity inthereaction of cyclohexane on Ni/SiO, (l, C¢Hg;
O, CHy), NisSn/SiO; (@, O) and Ni3Sn,/SiO; (A, A) catalysts at 773 K.
P(H2) = 16.0 kPa; P(cyclohexane) = 2.7 kPa.
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FIG. 10. Conversion of cyclohexane on Ni/SiO, ((J), NizSn/SiO; (@),
Ni3Sny/SiO, (), and NizSn4/SiO, (A) for the reaction of cyclohexane at
773 K. P(H;) =16.0 kPa; P(cyclohexane) = 2.7 kPa.

converted cyclohexane to benzene with a small amount of
cyclohexene.

Figure 10 shows the catalytic activities of supported Ni,
Ni3Sn, Ni3Sny, and NisSn, for the reaction of cyclohexane.
The order of conversion rate for cyclohexane was as follows:

Ni/SiO, (9) > NisSn/SiO, (2.5)
> NizgSn,/SiO; (1) > NigSna/SiO, (0.02).

The relative initial conversion rates are indicated in
parentheses. The activity of Ni-Sn IMC/SiO, was lower
than that of Ni/SiO,. The activity of Ni3Sny/SiO, was
about 2.5 times lower than that of Ni3Sn/SiO, and the
activity of NizSn,/SiO, was about 50 times lower than that
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FIG. 11. Conversion of cyclohexane on Ni3Sn/SiO, (@, 0.050 g)
and unsupported NizSn (O, 0.50 g) at 823 K. P(H;) = 16.0 kPa;
P(cyclohexane) = 2.7 kPa.

of Ni3gSn,/SiO.. In the case of cyclohexane dehydrogenation
over Sn deposited on Pt(111), a similar trend in activity was
reported (22); that is, the ordered Sn/Pt(111) surface alloy
does not have higher specific activity than Pt(111).

Figure 11 shows dehydrogenation of cyclohexane over
Ni3Sn/SiO; and unsupported NizSn at 823 K. When the spe-
cific activity per weight of NizSn was obtained from the ini-
tial conversion rate, NisSn/SiO, was about 1000 times more
active than the unsupported NisSn catalyst. When the spe-
cific surface area per weight of NizSn was obtained from the
average particle sizes, NisSn particles on silica had about a
1500 times larger area than unsupported NisSn. Although
the particle sizes had a wide distribution, the activity per
surface area of Ni3Sn was regarded as nearly the same as
that for the supported and unsupported catalysts. In conclu-
sion, the Ni-Sn IMC/SiO, catalysts prepared by CVD have
high activity due to their high dispersion without losing the
intrinsic selectivity of IMC catalysts.

4. CONCLUSION

Silica-supported Ni-Sn IMC catalysts with bulk Ni/Sn
atomic ratios of 3/1, 3/2, and 3/4 are selectively prepared
by CVD of Sn(CHzs)4 onto Ni/SiO, at optimum temper-
ature. These materials are composed of single phases of
Ni3Sn, NizSn,, and NizSny, respectively. Ni-Sn IMC/SiO,
catalysts have almost the same catalytic selectivity as unsup-
ported Ni-Sn IMC in acetylene hydrogenation into ethy-
lene and cyclohexane dehydrogenation into benzene. The
Ni-Sn IMC/SiO, catalysts with fine IMC particles have
much higher activity than the corresponding unsupported
catalysts due to the much higher dispersion of IMC parti-
cles.
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