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The surface and catalytic properties of NiÈSn intermetallic compounds (IMCs), and andNi3Sn, Ni3Sn2 Ni3Sn2
were studied by X-ray photoelectron spectroscopy (XPS), temperature programmed reduction (TPR)Ni3Sn4 ,

and catalytic reactions, such as the hydrogenation of acetylene, equilibration and HÈD exchangeH2ÈD2
between and The XPS results clariÐed that nickel and tin atoms near the surface were reduced intoC2D4 H2 .
Ni0 and Sn0 by the hydrogen treatment at 873 K. The surface of each NiÈSn IMC had speciÐc nickel
compositions and Ni3d valence band spectra. The TPR results showed that each NiÈSn IMC had a di†erent
peak temperature from pure nickel and each other. These results revealed that NiÈSn IMCs had the genuine
surface of each IMC phase. and catalysts showed the high selectivity for the partialNi3Sn Ni3Sn2
hydrogenation of acetylene into ethylene and did not catalyze the ethane formation. The high selectivity of
NiÈSn IMCs resulted from the very low activity of and inactivity of for the ethyleneNi3Sn Ni3Sn2
hydrogenation. The HÈD exchange between deuterized ethylene and hydrogen, however, proceeded even over

The cause of the low activity of NiÈSn IMC for the ethylene hydrogenation was discussed in view ofNi3Sn2 .
the reaction mechanism.

1. Introduction

Intermetallic compounds (IMCs) are known to be the com-
pounds between two or more metal elements having simple
stoichiometry. The most characteristic feature of IMCs is that
their speciÐc crystal structure is di†erent from that of their
component metals, while normal alloys have the same crystal
structure as that of either component metal. The speciÐc
structure sometimes gives them unique bulk properties, such
as shape memory e†ect, hydrogen storage ability, super con-
ductivity, and so on. The surface properties of IMCs, however,
have not attracted much attention from scientists. In addition
to the speciÐc structure, the combination of two elements,
which are greatly di†erent in the physicochemical nature, may
generate unique catalytic properties.

In view of the catalysis, most of the investigations on IMC
have dealt with so-called hydrogen storage alloys1 because of
their unique activity for hydrogen dissociation and the possi-
bility for the stored hydrogen to participate in the reactions.
Examples are the reports on nd (M \ Ru, Co,LaNi52,3 CeM2and Fe)4 for the synthesis of ammonia and for the hydro-
genation of ethylene, for the synthesis of methanol,LaCu55

and for the methanation of CO, forThNi56 CeAl27 LaCu28
the decomposition of 4-methyl-2-pentanol, TiFe9 for the
hydrogenation of CO, and and for the hydro-ZrPd3 CePd3genation of 1,3-butadiene.10 The elements, such as La, Ti, Zr
and Ce, are easily transferred into the oxides and hydroxides.
The surface of the above IMCs could not be the genuine
surface with the speciÐc structure of IMCs. In the case of

the surface has been reported to be covered withLaNi5 ,
layers of or and Ni particles. The surface wasLa2O3 La(OH)3estimated to be similar to Ni metallic particles supported on

or On the contrary, we expected that theLa2O3 La(OH)3 .11
genuine surface of IMCs would provide further unique cata-
lytic properties.

Supported bimetallic catalysts have been studied to enhance
the activity, selectivity and stability of their parent mono-
metallic catalysts.12 In some reports on conventional bimetal-
lic catalysts, two kinds of metals have been reported to form
IMCs.13h15 A typical example of such conventional bimetallic
catalysts is PtÈSn supported on alumina or silica, which is
known to be a good catalyst for hydrocarbon reforming. In
this catalyst system, PtÈSn IMCs, such as PtSn andPtSn4 ,

have been proposed to be the active species from thePt2Sn,
observation by TEM and EDX.16 Dautzenberg et al.17 have
detected PtSn on silica after reduction at 623 K for 3 h,H2while it was detected on alumina only after the reduction at
923 K for 100 h. Masai et al.18,19 have reported that some
kinds of IMCs, such as and NiSn, exist inNi3Sn2 , Ni3Sn4catalyst. The apparent catalytic properties ofNiÈSn/SiO2bimetallic systems would mainly depend on the active species
with the highest activity and/or the largest content. However,
many kinds of IMCs are expected to have unique catalytic
properties which have never been observed in the studies of
the conventional bimetallic catalysts even with the same com-
bination of element metals.

To clarify the catalytic properties of bulk IMCs would raise
the possibility of obtaining new catalyst systems as well as
providing some information on the active species in the con-
ventional bimetallic catalysts. Verbeek and Sachtler20 have
studied pure platinum and PtÈSn IMC PtSn and(Pt3Sn,

powders by chemisorption of CO, ethylene and deute-PtSn2)rium and reported that the surface is signiÐcantly rich in tin
and that the desorption temperature becomes progressively
lower with an increase in the proportion of tin. However, the
catalytic properties of these IMCs have not been clariÐed
satisfactorily. Recently the speciÐc adsorptive and catalytic
properties on certain surface alloys, such as AuÈNi(111)21 and
SnÈPt(111),22,23 were reported, with stable, designed and
ordered surface structures. Preparation of the surface alloys
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was achieved by the deposition of gold and tin onto Ni(111)
and Pt(111), respectively.

We have already reported on the catalytic properties of
bulk CoÈGe IMCs for the hydrogenation of acetylene24 and
bulk PtÈGe IMCs for the hydrogenation of 1,3-butadiene.25
These compounds gave a lower activity than the pure com-
ponent metal, cobalt or platinum, for both hydrogenation and

equilibration. However, CoÈGe IMCs catalyzed theH2ÈD2hydrogenation of acetylene with the high selectivity to ethyl-
ene, while pure cobalt produced almost exclusively ethane.
PtÈGe IMCs showed a high selectivity for the partial hydro-
genation of 1,3-butadiene into butenes. In this study, we took
up bulk NiÈSn intermetallic compounds to obtain further and
general information on the catalytic properties of IMCs and
to explore the capabilities of IMC catalysts. It is well known
that nickel has a high activity for hydrogenation.26 The NiÈSn
binary system is composed of three kinds of IMC, each with a
di†erent crystal structure such as andNi3Sn, Ni3Sn2 Ni3Sn4 ,
according to the phase diagram.27 Each IMC has a signiÐcant
homogeneity range of the Ni/Sn ratio and keeps its structure
over 1000 K, which means that the interaction between nickel
and tin is strong enough to form highly stable IMCs. We
carried out the hydrogenation of acetylene and ethylene,

equilibration and HÈD exchange between hydrogenH2ÈD2and over all kinds of NiÈSn IMCs and pure nickel andC2D4will discuss their catalytic properties based on the results of
characterizations, such as X-ray di†raction (XRD), X-ray
photoelectron spectroscopy (XPS) and temperature pro-
grammed reduction (TPR).

2. Experimental section

2.1. Catalysts preparation

NiÈSn intermetallic compounds (IMCs), andNi3Sn, Ni3Sn2were prepared by melting the mixture of nickel (KochNi3Sn4 ,
Chemicals, 99.99%) and tin (Soekawa Chemicals, 99.99%)
powders in an alumina boat with an SiC electric furnace. The
temperature was raised from room temperature to 1733 K for
5 h in Ñowing argon, which was passed through toMn/SiO2remove oxygen and water. The temperature held for 8 h at 50
K lower temperature than the melting point of (1173Ni3Sn
K), (1483 K) and (923 K). Then it was cooledNi3Sn2 Ni3Sn4gradually to room temperature in Ñowing argon. The result-
ant IMC ingots were crushed in air and Ðltered into Ðne
powders with particle diameters of 25È38 lm. The powders of
pure nickel and tin were also Ðltered to have the same range
of diameters.

2.2. Characterization

The bulk structure of IMC powder was identiÐed by powder
X-ray di†raction (Rigaku, RINT 2400). The X-ray source was
Cu Ka at 40 kV and 100 mA. The reduction behavior of
IMCs and pure nickel stored in air was examined by tem-
perature programmed reduction (TPR). Under Ñowing

gas mixture, the temperature of the catalyst bedH2(5%)/N2was raised from room temperature to 873 K at a heating rate
of 10 K min~1 and the consumption of hydrogen was contin-
uously measured by a TCD detector. The oxygen and water
impurities in the gas mixture and water produced byH2/N2the reduction of catalysts were removed by passing through
the columns of OMI-I (Spelco) and (Wako Pure Chemi-P2O5cal Ind.), respectively.

XPS spectra of IMC and pure nickel were obtained by
using ESCALAB 220i (Fisons Instruments) with an A1 Ka
X-ray source. The sample, pressed into a pellet, was put into a
pretreatment chamber. Before and after an in situ reduction
treatment with a Ñowing (101 kPa) at 873 K for 1 h, theH2sample was transferred into the spectrometer in vacuo (below
10~7 Pa). The binding energy of 284.5 eV for C1s from surface

carbon contaminant was used for the binding energy cali-
bration.

2.3. Catalytic reaction

A glass circulation system was used for the reduction of
samples and subsequent catalytic reaction. For hydrogenation
reactions, a mixture of acetylene and hydrogen or ethylene
and hydrogen was circulated through the powdered catalyst.
The partial pressures of acetylene, ethylene and hydrogen
were 2.7 and 13 kPa, respectively. equilibration wasH2ÈD2performed with a mixture of (6.5 kPa) and (6.5 kPa)H2 D2with or without acetylene (2.7 kPa) or ethylene (2.7 kDa).
HÈD exchange between and was performed with aC2D4 H2mixture of (2.7 kPa) and (13 kPa). and wereC2D4 H2 H2 D2puriÐed by passing through the column at roomMn/SiO2temperature and the silica gel column at 77 K. Acetylene and
ethylene were puriÐed by repeating a freezeÈpumpÈthaw cycle.
The gas composition was monitored with a gas chromatog-
raphy and a quadrupole mass spectrometer (Ulvac,
MASSMATE 100). Before each reaction, catalysts were
reduced with circulating (27 kPa) at 873 K for 1 h.H2

3. Results and discussion

3.1. Characterizations

The bulk structures of NiÈSn intermetallic compound (IMC)
powders prepared with Ni/Sn atomic ratios of 3/1, 3/2 and 3/4
were analyzed by the powder X-ray di†raction (XRD). The
XRD patterns, illustrated in Fig. 1, showed almost exclusively
the peaks of and phases, respectively.Ni3Sn2 , Ni3Sn2 Ni3Sn4No di†raction peaks of component metals and the other
IMCs were observed.

The surface of powdered IMC will be oxidized because
IMC ingots were crushed and stored in air. We carried out
temperature programmed reduction (TPR) to clarify the
reduction behavior and determine the pretreatment conditions
for catalytic reactions. As shown in Fig. 2, pure nickel (a),

(b) and (c) each gave a peak at 430, 445 and 470Ni3Sn Ni3Sn2K, respectively. (d) gave three peaks at 475, 575 andNi3Sn4625 K. has at least three kinds of oxidized sites on theNi3Sn4surface before the reduction. The TPR proÐle of pure tin was
not observed due to the low melting point of tin (505 K). We
gained a TPR proÐle of silica supported tin particles with
bulk structure of b-Sn phase prepared by chemical vapour
deposition (CVD) of which showed a broad peakSn(CH3)4 ,
around 820 K. It is clear that and didNi3Sn2 , Ni3Sn2 Ni3Sn4not give the peak at the same temperature as that of pure
nickel and tin, which would indicate that clusters of pure

Fig. 1 X-ray di†raction patterns of NiÈSn intermetallic compounds
prepared with Ni/Sn atomic ratios of 3/1 (a), 3/2 (b) and 3/4 (c).

3000 Phys. Chem. Chem. Phys., 2000, 2, 2999È3005



Fig. 2 TPR proÐles of Ni(a), (b), (c) and (d).Ni3Sn Ni3Sn2 Ni3Sn4

nickel or tin do not exist on the surface. The TPR proÐles of
NiÈSn IMCs were also di†erent from each other, which
implies that and have each genuineNi3Sn, Ni3Sn2 Ni3Sn4surface. These results also indicated that the reduction of
NiÈSn IMC surface must be carried out at higher tem-
peratures than 723 K to obtain the reduced surface.

The initial surface of NiÈSn IMC powder just after crushing
should be in a metallic state and have the genuine structure
held by each crystal structure. However, TPR results revealed
that the surface atoms were signiÐcantly oxidized in air. We
studied the oxidation state of nickel and tin atoms near the
surface by XPS. Table 1 shows XPS results of pure nickel and
NiÈSn IMCs before and after the reduction at 873 K with
Ñowing hydrogen for 1 h. Pure nickel, before the reduction,
gave two peaks derived from at 852.8 and 856.6 eV.Ni2p3@2The peak at 852.8 eV would usually be attributed to Ni0. The
peak at 852.8 eV might include peaks of Ni2` becauseNi2p3@2Ni2` gave three peaks one of which appeared atNi2p3@2about 853 eV in addition to about 856 eV.28 After the
reduction, it gave only Ni0 peak at 852.8 eV. Fig. 3 shows the

and spectra of before and after theNi2p3@2 Sn3d5@2 Ni3Sn2reduction. Before reduction, gave two peaks atNi3Sn2 Ni2p3@2852.8 eV of Ni0 (or Ni2`) and 856.4 eV of Ni2` and two
peaks at 485.1 eV of Sn0 and 486.7 eV of Sn4` (orSn3d5@2Sn2`). After reduction, not only but alsoNi2p3@2 Sn3d5@2showed one peak from metallic atoms at 852.7 and 485.0 eV,

respectively. This result indicates that the surface nickel and
tin atoms were reduced into Ni0 and Sn0, respectively. In the
cases of and the oxidized nickel and tin wereNi3Sn Ni3Sn4 ,
also reduced to Ni0 and Sn0 (Table 1). These results revealed

Fig. 3 XPS spectra of Ni and Sn in before (a) and2p3@2 3d5@2 Ni3Sn2after (b) the reduction at 873 K for 1 h.H2

that all the surface atoms on NiÈSn IMCs were reduced to the
metallic state by the reduction with hydrogen at 873 K.

Table 1 also shows nickel compositions near surface and in
the bulk expressed by Ni/(Ni] Sn) in atom%. The surface
compositions were determined from the peak area of Ni2p3@2and XPS spectra by means of elemental sensitivitySn3d5@2data of Wagner et al.,29 The surface Ni composition increased
with increasing the bulk one. However, the surface Ni com-
position was lower than the corresponding bulk one for all the
NiÈSn IMCs, which suggests relative enrichment in tin on the
surface. Two reasons should be considered for this di†erence
in the surface and bulk compositions. One reason is the pres-
ence of satellite peaks of The XPS peak of isNi2p3@2 . Ni2p3@2decomposed into some satellite peaks at higher binding
energy in addition to its main peak at around 852.7 eV for
metallic nickel.30 Some of the satellite peaks would overlap
with peak at 870 eV and others would have higherNi2p1@2binding energies. The actual surface Ni composition may be
higher than the values in Table 1. The other reason is the
di†erence in surface energy. Tin atoms should be compara-
tively stable on the top layer because the surface energy of tin
is lower than that of nickel.31,32

As shown in Table 1, little di†erence in the binding energies of
and in NiÈSn IMCs was observed fromNi2p3@2 Sn3d5@2those in the pure metals. However, the inÑuence of the IMC

formation on nickel atoms was observed in their valence
band as shown in Fig. 4. The peak near the Fermi level
(binding energy of 0 eV) would be assigned to the Ni3d orbital
because the lowest binding energy of tin is 25 eV of Sn4d.28
Fig. 4 reveals the following changes with increasing tin
content ; the density of state at Fermi level decreased, the
shape of Ni3d peaks narrowed, and the peak top of Ni3d
shifted toward higher binding energy. These results also
indicate that the genuine IMC surface would be formed on
the surface of powdered NiÈSn IMCs. The peak narrowing

Table 1 Results of XPS measurement

Binding energy/eV Ni/(Ni] Sn) (atom%)

Sample Ni2p3@2 Ni3d Sn3d5@2 Surfacea Bulkb

Ni Before rd.c 852.8, 856.6 N.d. È 100 100
After rd.d 852.8 0.5 È 100 100

Ni3Sn Before rd. 852.6, 856.1 N.d. 485.0, 486.7 N.d. N.d.
After rd. 852.6 0.8 485.0 57 75

Ni3Sn2 Before rd. 852.8, 856.4 N.d. 485.1, 486.7 N.d. N.d.
After rd. 852.7 1.2 485.0 42 60

Ni3Sn4 Before rd. N.d. N.d. N.d. N.d. N.d.
After rd. 852.6 1.6 484.9 28 43

Sn0 (ref. 26) 485.0

a Determined by XPS. b Calculated from the Ni/Sn ratio at the preparations. c Before reduction. d After reduction in hydrogen at 873 K for 1h.
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Fig. 4 Valence band XPS spectra after reduction at 873 K forH21 h.

would be due to the localization of free electrons. The shift
toward higher binding energy would be due to the Ðlling of
the Ni3d orbital with electrons transferred from tin. These two
changes could result in the decrease in the density of the state
at the Fermi level. A similar peak shift has been reported for
the valence band spectra of various IMCs, such as NiÈAl,
NiÈMg33 and Pt-Ge.25 In the case of the XPS spectrum of
pure copper, the Cu3d peak is narrower and the binding
energy at the peak top is higher than that of Ni3d.34 There-
fore, the Ni3d peak of NiÈSn IMCs seemed to become closer
to the Cu3d peak with increasing tin content, which also sug-
gests some electron transfer from tin to nickel. This electron
transfer would lead to the very negative heat of formation of
NiÈSn IMC. On the other hand, the Ni3d of NiÈCu alloys was
not di†erent from that of pure nickel,35 which means that the
interaction between nickel and copper would be weak.

From the XRD, TPR and XPS studies, it is concluded that
the surface of and after the reductionNi3Sn, Ni3Sn2 Ni3Sn4does not include any clusters of nickel, tin and their oxides
but has the genuine structure of each IMC. This conclusion
made us expect that and would showNi3Sn, Ni3Sn2 Ni3Sn4unique catalytic properties di†erent from their component
metals and each other.

3.2. Catalytic reactions

We studied the catalytic properties of andNi3Sn, Ni3Sn2for the acetylene hydrogenation compared with thoseNi3Sn4of pure nickel. The powdered catalysts were reduced with
hydrogen at 873 K for 1 h as a pretreatment. Fig. 5 shows the
change in total pressure as a function of reaction time using
the closed circulation system. The hydrogenation of acetylene
leads to the decrease in total pressure. The reaction tem-
perature was 373 K over nickel and 523 K over Ni3Sn,

and Acetylene was not converted at 373 KNi3Sn2 Ni3Sn4 .
over NiÈSn IMCs. It is clear that the activity of NiÈSn IMCs
for acetylene hydrogenation was much lower than that of
nickel. Particularly, was almost inactive for the reac-Ni3Sn4

Fig. 5 The hydrogenation of acetylene on Ni 0.30 g) at 373 K(L,
and 0.30 g), 0.50 g) and 0.50 g) atNi3Sn (>, Ni3Sn2 (+, Ni3Sn4 (…,
523 K. kPa, kPa.P(H2)\ 13 P(C2H2)\ 2.7

tion and showed very low activity even at 623 K. It is clear
that the order of activity was as follows,

nickel? Ni3Sn [ Ni3Sn2? Ni3Sn4 * 0.

Fig. 6 shows the change in the composition of gas phase
hydrocarbon during acetylene hydrogenation over nickel (a),

(b) and (c) catalysts, respectively. Over pureNi3Sn Ni3Sn2nickel, the acetylene hydrogenation seemed to be a successive
reaction. Acetylene was primarily hydrogenated into ethylene,
followed by the secondary hydrogenation of ethylene into
ethane. There may be also a reaction path in which acetylene
is hydrogenated into ethane directly. Ethane was the main
Ðnal product for acetylene hydrogenation over pure nickel.

Fig. 6b shows that ethylene was the main Ðnal product over
Only a trace amount of ethane was observed after 100Ni3Sn.

min of reaction. In the case of ethane was notNi3Sn2 ,
observed even after 120 min. When the reaction was carried
out on nickel at the same temperature (523 K), ethane was still
the Ðnal product. It is shown that and catalystsNi3Sn Ni3Sn2have a high selectivity for the partial hydrogenation of acety-
lene into ethylene. In the case of acetylene hydrogenation on
CoÈGe IMC, we have reported that CoGe showed the higher
selectivity into ethylene.24 The cause of partial hydrogenation
would be either the deactivation by coke or the intrinsic
properties of NiÈSn IMCs. After evacuating the used NiÈSn
IMC catalyst at 523 K, the acetylene hydrogenation was
carried out again. The results on the second run were quite
similar to those on the Ðrst run. This indicates that the partial
hydrogenation into ethylene was not caused by the rapid
deactivation by coke.

Hydrocarbons with carbon number of four and higher
were also formed in addition to ethylene and ethane in(C4`)

Fig. 6. The fraction of did not increase after acetyleneC4`was completely converted. Over pure nickel, containedC4`mainly butane after 20 min of the reaction. Butane would be
the hydrogenation product of an acetylene dimer. Over Ni3Sn
and hydrocarbons were also formed. After 90Ni3Sn2 , C4`min of the reaction, most of the hydrocarbons wereC4`butenes over and 1,3-butadiene over The selec-Ni3Sn Ni3Sn2 .
tivity in the secondary hydrogenation of hydrocarbon pro-C4ducts was also speciÐc to NiÈSn IMCs.

Fig. 6 Change in gas phase composition of hydrocarbons during the hydrogenation of acetylene over pure nickel (a, 0.30 g) at 373 K, Ni3Sn
(b, 0.30 g) and (c, 0.50 g) at 523 K. kPa, kPa. acetylene, ethylene, ethane, A :Ni3Sn2 P(H2)\ 13 P(C2H2)\ 2.7 L : > : =: C4` .
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equilibration over nickel 0.10 g) at 373 K,Fig. 7 H2ÈD2 (|, Ni3Sn
0.10 g), 0.50 g) and 0.50 g) at 523 K.(=, Ni3Sn2 (+, Ni3Sn4 (…,

kPa.P(H2)\ P(D2)\ 6.7

In order to clarify the cause of these catalytic phenomena,
Ðrstly we will discuss the activity of NiÈSn IMCs for the
acetylene hydrogenation. The kinetic measurements over
nickel, and revealed that the rate of acetyleneNi3Sn Ni3Sn2hydrogenation did not depend on the partial pressure of
acetylene but depended positively on that of hydrogen. The
rate-limiting step would be the dissociation of hydrogen.
Therefore, the equilibration was carried out to clarifyH2ÈD2the abilities of NiÈSn IMCs for the dissociative adsorption of
hydrogen. The reactions were carried out at the same tem-
peratures as acetylene hydrogenation, that is, 523 K over
NiÈSn IMCs and 373 K over nickel. Catalysts were pretreated
with hydrogen at 873 K for 1 h. Fig. 7 shows the change in the
fraction of HD as a fraction of reaction time. HD was formed
readily at 373 K over pure nickel. The HD fraction was
leveled at about 47%, which is close to its equilibrium value,
47.5% at 373 K. No formation of HD was observed over

at 373 K. showed almost a similar rate of HDNi3Sn Ni3Sn
formation at 523 K to that over nickel at 373 K. (0.50Ni3Sn2g) exhibited a lower HD formation rate than (0.10 g).Ni3Sn
The fraction of HD on and approached itsNi3Sn Ni3Sn2equilibrium value, 48.7% at 523 K. also exhibited anNi3Sn4activity for the equilibration, in spite of the inactivityH2ÈD2for the hydrogenation of acetylene (see Fig. 5).

Table 2 shows the initial rate of HD formation and acety-
lene conversion per weight of catalysts together with the
surface nickel concentration measured by XPS. The orders of
the rates of the HD formation and acetylene hydrogenation
are the same as that of the nickel concentration near surface,
that is However, the dif-nickel[Ni3Sn [Ni3Sn2[ Ni3Sn4 .
ferences in reaction rates among these catalysts were much
larger than those in the nickel concentrations. Especially,
there was a large di†erence in activity between pure nickel and
NiÈSn IMCs, because the reaction temperature for pure nickel
was 150 K lower than that for NiÈSn IMCs. Therefore, the
number of surface nickel atoms does not account for the
larger di†erence in catalytic activities. There would be elec-
tronic or genometric e†ects on the active site for H2ÈD2equilibration.

It was reported by Satoko et al. that hydrogen molecules
would dissociate on an on-top site of a nickel from the
LCAO-Aa energy gradient model.36 Their result would
suggest that the activity for the dissociation of hydrogen and

the equilibration depends mainly on electron densityH2ÈD2of active atoms but not on the distance between the active
atoms. The dissociation of hydrogen is induced by the back
donation, that is the electron transfer, from Ni3d to the
hydrogen molecule. In this study, the electron density of
surface nickel atoms corresponds to the valence band at the
Fermi level. As shown in Fig. 4, the increase in tin concentra-
tion led to the decrease in electron density at the Fermi level
from 1170 (Ni) to 430 cps This decrease in electron(Ni3Sn4).density will suppress the activity for the hydrogen disso-
ciation. The nickel atoms on have activity for the dis-Ni3Sn4sociation of hydrogen but their distance might be too long to
activate acetylene.

We will now discuss the selectivity for the partial hydro-
genation of acetylene into ethylene over NiÈSn IMCs. Over
pure nickel and NiÈSn IMC catalysts, ethylene hydrogenation
was carried out under the same reaction conditions as those in
acetylene hydrogenation. Fig. 8 compares the change in total
pressure for acetylene and ethylene hydrogenation over nickel
(a), (b) and (c). did not catalyze ethyleneNi3Sn Ni3Sn2 Ni3Sn4hydrogenation or acetylene hydrogenation. Over nickel, the
rate of ethylene hydrogenation was much faster than that of
acetylene hydrogenation. Acetylene would be adsorbed on the
nickel surface more strongly than ethylene and most of the
active sites for hydrogen dissociation would be covered with
acetylene during acetylene hydrogenation.26

Fig. 8c shows that over ethylene hydrogenation didNi3Sn2not proceed at 523 K, though acetylene hydrogenation pro-
ceeded signiÐcantly. These results are in marked contrast with
those of nickel (a). Ethane was not detected in ethylene hydro-
genation even at higher temperatures, 523È723 K. It is clari-
Ðed that the partial hydrogenation of acetylene on isNi3Sn2caused by the lack of activity for ethylene hydrogenation. In
the case of the catalyst, ethylene was signiÐcantlyNi3Sn
hydrogenated into ethane as shown in Fig. 8b. However,
during the acetylene hydrogenation, the formation of ethane
was scarcely observed (Fig. 6b). There may be a few sites for
ethylene hydrogenation of surface. These sites would beNi3Sn
easily poisoned by coke from acetylene in acetylene hydro-
genation. In fact, ethylene hydrogenation did not proceed over

which had been used for acetylene hydrogenation andNi3Sn
then evacuated at 523 K.

Fig. 9 shows the equilibration in the presence ofH2ÈD2acetylene or ethylene at 523 K on (a) and (b).Ni3Sn Ni3Sn2The rate of equilibration with acetylene overH2ÈD2 Ni3Sn2was much lower than that without hydrocarbon, which indi-
cates the inhibition of the dissociative adsorption of hydrogen
by the adsorbed acetylene species. This result is consistent
with the lower rate of acetylene hydrogenation to that of

equilibration (Table 2). On the other hand, the rate ofH2ÈD2 equilibration with ethylene over was almostH2ÈD2 Ni3Sn2the same as that without hydrocarbon. These results imply
that the active sites for hydrogen dissociation are blocked not
by ethylene but by acetylene. The strength of adsorption on

would be the following order,Ni3Sn2
acetylene? hydrogen [ ethylene.

In the case of (Fig. 9a), the rate of equili-Ni3Sn H2ÈD2bration with ethylene was slightly lower than that without

Table 2 Initial rate of acetylene hydrogenation and equilibrationH2ÈD2
Catalyst Acetylene conversion HD formation Surface nickel compositiona
(reaction temp.) /10~6 mol s~1 g~1 /10~6 mol s~1 g~1 (atom%)

Ni (373 K) 2.8 45 100
Ni3Sn (523 K) 2.3 30 57
Ni3Sn2 (523 K) 0.6 2.6 42
Ni3Sn4 (523 K) \0.001 0.59 28

a Determined by XPS.
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Fig. 8 Comparison of the hydrogenation of acetylene and ethylene over pure nickel (a, 0.30 g) at 373 K, (b, 0.30 g) and(L) (+) Ni3Sn Ni3Sn2(c, 0.50 g) at 523 K. kPa, kPa.P(H2)\ 13 P(C2H2)\P(C2H4)\ 2.7

hydrocarbon. With acetylene, the initial rate was much lower.
The strength of adsorption on would be the followingNi3Sn
order ;

acetylene? hydrogen * ethylene

After complete conversion of acetylene in 40 min, the reaction
rate increased to approach the rate with ethylene. As men-
tioned above, the active sites on for ethylene hydro-Ni3Sn
genation were poisoned during acetylene hydrogenation, while
those for acetylene hydrogenation were scarcely poisoned.
There would be quite a few active sites for ethylene hydro-
genation on the surface of In addition, this order ofNi3Sn.
adsorption would be consistent with the kinetic results, that is,
the rate of ethylene hydrogenation was 0.9th order in hydro-
gen and 0.8th order in ethylene. In conclusion, because the
adsorption of ethylene is very weak on and theNi3Sn Ni3Sn2 ,
rate of ethylene hydrogenation is much lower than that of
acetylene hydrogenation over and ethylene hydro-Ni3Sn
genation did not proceed over Ni3Sn2 .

To clarify further the interaction of NiÈSn IMCs with ethyl-
ene, the HÈD exchange between and was studiedC2D4 H2over and Fig. 10 shows the change in the gasNi3Sn Ni3Sn2 .

equilibration without hydrocarbon with ethyleneFig. 9 H2ÈD2 (K),
and with acetylene on (a, 0.10 g) and (b, 0.50 g)(>) (…) Ni3Sn Ni3Sn2at 523 K. kPa, kPa.P(H2)\ P(D2)\ 6.7 P(C2H2)\P(C2H4)\ 2.7

Fig. 10 HÈD exchange between and over (a, 0.30 g)C2D4 H2 Ni3Sn
and (b, 0.50 g) at 523 K. kPa, kPa.Ni3Sn2 P(C2D4)\ 2.7 P(H2)\ 1.3

m/z\ 28 :) : C2H4 , K : 29 : C2H3D, |: 30 : C2H2D2] C2H6 ,
L : 31 : C2HD3] C2H5D, …: 32 : C2D4] C2H4D2 ,
A : 33È36 : C2H3D3] C2H2D4] C2HD5] C2D6 .

phase distribution of hydrocarbons over (a) andNi3Sn Ni3Sn2(b) at 523 K. Over molecules (m/z\ 32) wereNi3Sn2 , C2D4converted into (m/z\ 31), because ethylene was notC2D3Hhydrogenated into ethane over It is clear thatNi3Sn2 . Ni3Sn2catalyzed HÈD exchange between ethylene and hydrogen
although it has no hydrogenating activity for ethylene. Ni3Sn
(a) rapidly converted into products with m/z\ 28, 29,C2D430, 31, 32, 33È36. At 20 min of reaction, most of the products
with m/z less than 32 would be ethylene, because(C2D4)converted only 10% of ethylene into ethane over 20Ni3Sn
min (Fig. 8b). The HÈD exchange in ethylene reached the
equilibrium within 20 min. It is clear that the rate of HÈD
exchange is much faster than that of ethylene hydrogenation
over The equilibration of also proceededNi3Sn. C2D4ÈC2H4on and at the same reaction temperature. TheseNi3Sn Ni3Sn2results would mean that the HÈD exchange between C2D4and on and does not proceed through theH2 Ni3Sn Ni3Sn2RidealÈEley mechanism but through the LangmuirÈ
Hinshelwood mechanism with ethylene chemisorbed on the
surface. It is concluded that the adsorbed species of ethylene
exist on and during ethylene hydrogenation.Ni3Sn Ni3Sn2We will now discuss a reaction intermediate for the HÈD
exchange between and on The intermediateC2D4 H2 Ni3Sn2 .
would be ethyl species (7) or vinyl species (2) in Scheme 1
which was drawn based on the report by Margitfalvi et al. on
palladium brack.37 We considered that the intermediate
adsorbed on would not be the ethyl species that theNi3Sn2vinyl species. If the ethyl species were present, they would be

Scheme 1 Possible reaction scheme for the hydrogenation of ethyl-
ene and acetylene.
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hydrogenated into ethane at higher temperatures. However,
ethane was not detected in ethylene hydrogenation even at
723 K. In addition, the vinyl species will be formed from ethyl-
ene on because the vinyl species must be the interme-Ni3Sn2diate for the acetylene hydrogenation into ethylene. The
formation of vinyl species from ethylene has already been
reported on nickel.38 It would be then deduced that the inhi-
bition of ethylene hydrogenation is owing to the absence of
ethyl species on Ni3Sn2 .

Next, we will discuss why the ethyl species are not formed
on We assumed that the major reason for the absenceNi3Sn2 .
of ethyl species is not the electronic e†ect of tin but the geo-
metric restriction on the adsorption sites because ethane was
not detected in ethylene hydrogenation even at higher tem-
perature of 723 K. From the geometric point of view, the most
strongly restricted species in Scheme 1 will be ethylidyne39
species (3). It was reported that ethylidyne was not hydro-
genated below 300 K over platinum and weakly adsorbed eth-
ylene would be the intermediates for the ethylene
hydrogenation (4] 7).40h41 We suggested that, at least above
523 K, ethylidyne is the signiÐcant species for the ethylene
hydrogenation and would be one of the intermediates for the
hydrogenation into ethane and that the absence of the ethyl
species on is caused by the absence of ethylidyneNi3Sn2species.

Thus, the geometric restriction on the ethylidyne formation
was presumed to be the cause of the high selectivity for the
partial hydrogenation of acetylene into ethylene over Ni3Sn2 .
The same discussion might be applied to However, it isNi3Sn.
necessary to consider that the electronic e†ect may be a cause
of the inhibition of ethylene hydrogenation on whoseNi3Sn2electron density at Fermi level was clariÐed to be less than
that of nickel according to XPS.

4. Conclusions

TPR revealed that the surfaces of pure nickel, Ni3Sn, Ni3Sn2and intermetallic compounds (IMCs) have individualNi3Sn4reduction behaviors. XPS identiÐed the following three facts.
The surface nickel and tin atoms of these IMCs are in metallic
states after the pretreatment with hydrogen at 873 K. The
nickel composition near the surface increases with the increase
in that in the bulk. The electron transfer from tin to nickel
increases with the increase in tin composition. These charac-
terizations clariÐed that and each haveNi3Sn, Ni3Sn2 Ni3Sn4the genuine surface of an intermetallic phase.

Each NiÈSn IMC has speciÐc catalytic properties di†erent
from pure nickel and the other NiÈSn IMCs for the hydro-
genation of acetylene and ethylene, equilibration andH2ÈD2HÈD exchange between deuterated ethylene and hydrogen.
The order of activity for acetylene hydrogenation is Ni?

This activity should depend onNi3Sn [Ni3Sn2 ? Ni3Sn4 .
the activity for hydrogen dissociation. The di†erence in activ-
ity is much larger than the di†erence in the number of surface
nickel atoms and would be related to the di†erence in electron
density of nickel valence band at Fermi level. shows theNi3Sn
high selectivity into ethylene in acetylene hydrogenation and
has a small amount of active sites for ethylene hydrogenation.

also catalyzes the partial hydrogenation of acetyleneNi3Sn2into ethylene but does not catalyze the ethylene hydro-
genation. has the active site not for the hydrogenationNi3Sn4of acetylene and ethylene but for the dissociation of hydrogen.
It is presumed that the inhibition of ethylene hydrogenation
over is due to the absence of ethylidyne species byNi3Sn2geometric restriction.
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