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A supported Ni–P amorphous catalyst (Ni–P/SiO2) was prepared
by electroless plating. When the sample was treated at elevated tem-
peratures from 363 to 973 K in N2 flow for 2.0 h, the XRD patterns
and SEM morphologies revealed that the Ni–P amorphous alloy
crystallized stepwise from 673 to 873 K. The stabilizing effect of the
support on the Ni–P amorphous alloy was observed by DSC, TPO,
and TPR, which was attributed to the high dispersion of the Ni–P
alloy particles in the support matrix, the affinity of SiO2 support
for the Ni–P alloy particles, and the transfer of the heat produced
during the crystallization from the surface to the bulk of the sup-
port. The change in the activity of the as-prepared Ni–P/SiO2 amor-
phous catalyst during heat treatment was measured using the liquid
phase benzaldehyde hydrogenation as a probe and by comparing
to that of the corresponding Ni/SiO2 crystalline catalyst. On one
hand, the activity of both two catalysts decreased with the increase
of the treating temperature owing to the decrease in surface active
Ni atoms caused by the coalescence of small Ni particles at high
temperature. On the other hand, the two catalysts exhibited consid-
erably different catalytic behaviors during the heating treatment.
(1) Only a smooth decrease in the activity of the Ni/SiO2 catalyst
was observed with the increase of the treating temperature. While
an impressive decrease in the activity of the Ni–P/SiO2 amorphous
catalyst was observed in the temperature range from 673 to 873 K
corresponding to its crystallization; (2) no significant change in the
apparent activation energy (Ea) and the TOF value was observed
during the heating pretreatment of the Ni/SiO2 catalyst. However,
a considerable increase in Ea and a decrease in the TOF value were
observed after the crystallization of the Ni–P/SiO2 amorphous cata-
lyst. These results demonstrated a crystallization deactivation of the
Ni–P/SiO2 amorphous catalyst. According to various characteriza-
tions, such as EXAFS, XRD, SEM, TEM, XPS, DSC, ICP, TPR,
TPO, TPD, and hydrogen chemisorption, the decrease in the num-
ber of surface active Ni atoms and the surface P content in the Ni–P
alloy, the change in the structural characteristics, and the adsorbing
properties of the Ni active sites were the main factors responsible
for the deactivation of Ni–P/SiO2 amorphous catalyst during the
crystallization. c© 2000 Academic Press
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INTRODUCTION

Over the past 20 years, amorphous alloys obtained by
rapid quenching techniques and chemical reduction with
hypophosphite or borohydride have attracted much atten-
tion by chemists owing to their superior catalytic activity, se-
lectivity, poison, and corrosion resistance (1–22). Since the
amorphous structure is metastable, the crystallization pro-
cess of the amorphous catalysts could occur spontaneously
during the reaction, especially at high temperature. There-
fore, studies of the crystallization process and its effect on
the catalytic activity of the amorphous catalysts seem es-
sential to supply valuable information for their industrial
application. Yamashita et al. (23) studied the crystallization
process of Ni–B amorphous alloy and found that the amor-
phous alloy was crystallized step by step. They also found
that a La additive in the amorphous alloy could significantly
enhance its thermal stability (24). Our previous studies on
the Ni–P amorphous alloy film revealed that the diffusion of
the alloy component elements was necessary during its crys-
tallization process (25–27). Therefore, inhibition of such a
diffusion process by depositing an amorphous alloy on a
suitable carrier with high surface area is one of promis-
ing routes (28–34) to improve its thermal stability. How-
ever, studies of the improvement on the thermal stability of
Ni–P amorphous alloy by a suitable support have never
been reported so far. In the present work, both the sup-
ported and unsupported Ni–P amorphous alloy catalysts
were prepared by electroless plating. The crystallization
process was investigated by treating the sample at the el-
evated temperature from 363 to 973 K. The liquid phase
benzaldehyde (BA) hydrogenation was employed to ex-
amine the effect of the crystallization on the activity of the
Ni–P/SiO2 amorphous catalyst, which revealed a significant
1
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crystallization deactivation owing to the change in the struc-
tural properties of the Ni active sites.

EXPERIMENTAL

Catalyst Preparation

The Ni–P/SiO2 amorphous catalyst was prepared by the
following procedures: 1.0 g SiO2 (40∼60 meshes, 182 m2/g)
was impregnated with small amount of NiCl2 solution
overnight. It was dried at 423 K and further calcined at
623 K for 2.0 h. The Ni2+ on the support was then reduced
by NaH2PO2 in alkaline solution to create crystalline nu-
clei. After being washed thoroughly with distilled water, the
received sample was transferred into 250 ml solution con-
taining Na3C6H5O7 · 2H2O (sodium citrate), CH3COONa,
NiCl2 · 6H2O, and NaH2PO2 ·H2O (pH 4∼5) with stirring at
363 K for electroless plating. The reaction lasted about 2.0 h
until no significant bubbles were observed in the solution.
The resulting Ni–P/SiO2 amorphous catalyst was washed
thoroughly with distilled H2O until pH 7 was obtained.
Then it was further washed with alcohol (EtOH) to remove
H2O, and finally, dried at 363 K in the N2 atmosphere (de-
noted as a fresh sample). The resulting catalysts with dif-
ferent Ni loadings were designated as wt% Ni–P/SiO2 to
indicate the weight percentage of Ni on the support. The
Ni–P/γ -Al2O3 amorphous catalyst was prepared in a sim-
ilar way by using γ -Al2O3 (40∼60 meshes, 190 m2/g) as a
support.

For comparison, a Ni/SiO2 crystalline catalyst was also
prepared in the same procedure as mentioned above
by using hydrazine hydrate (NH2NH2 ·H2O) instead of
NaH2PO2 ·H2O as a reducing agent.

The heating pretreatment of the samples was carried out
in N2 flow for 2 h. The treating temperature was adjusted
from 363 to 973 K.

Catalyst Characterization

The composition and the Ni loading of the as-prepared
catalysts were analyzed by ICP. The metal surface area
(Sact) was determined by hydrogen chemisorption using a
dynamic pulse method. The catalyst surface was purged
by helium stream (purity of 99.997%, treated with a
Chrompack clean-oxygen filter) for 2.0 h at 573 K, which
was lower than that reported by Gil et al. (35) in order to
avoid the crystallization of the amorphous catalysts. After
the catalyst was cooled down to 303 K in helium stream,
hydrogen pulses were injected until the calculated area of
consecutive pulses was constant. Reproducibility of the ab-
sorbed hydrogen amount was better than 10%. According
to the hydrogenation chemisorption, the Sact, the number
of surface active Ni atoms and the surface dispersion of the

catalyst were calculated assuming H/Ni(s)= 1 and a surface
area of 6.5× 10−20 m2 per Ni atom, based on an average
AL.

of the areas for the (100), (110), and (111) planes (36). Hy-
drogen temperature-programmed desorption (TPD) was
carried out in a self-designed apparatus as described previ-
ously (37). The system consisted of a sample chamber which
was evacuated up to 2.0× 10−6 torr by a diffusion pump
and an analyzing chamber with a vacuum of 1.0× 10−8 torr.
For each of the experiments, hydrogen was preadsorbed
at PH2 = 1.0× 10−4 torr by the catalyst up to saturation at
423 K, which is slightly higher than the present hydrogena-
tion temperature (393 K) since the reaction is exothermic.
After the catalyst was cooled down to 303 K in vacuum
(2.0× 10−6 torr), the hydrogen desorption was carried out
by raising the temperature from room temperature at a
speed of 40 K/min in which the released H2 was determined
by a CFL-203 quadrupole mass spectrometer. Hydrogen
adsorption by the silica support could be neglected in the
present conditions (38). Amorphous structure and its al-
teration during the heating pretreatment were determined
by X-ray diffraction (XRD, Rigaku Dmax-3C with Cu Kα
radiation), and extended X-ray absorption fine structure
(EXAFS, BL-10B) carried out in the National Laboratory
of High Energy Physics (KEK, Tsukuba, Japan). Data
were treated by using the EXAFS (II) program (39).
The thermal stability was determined by differential
scanning calorimetry (DSC, Perkin–Elmer). The surface
morphology and the particle size was determined by both
the scanning electron micrograph (SEM, JSM-840) and the
transmission electron micrograph (TEM, Hitachi H 600).
The surface electronic states were determined by the X-ray
photoelectron spectroscopy (XPS, Perkin–Elmer PH I
5000C). Surface charging was effectively reduced by using
an electron flood gun, as reported by Huchital and Mckeon
(40). All binding energy values were calibrated by using
the value of contaminant carbon (C1S= 284.6 eV) as a
reference. Hydrogen temperature programmed reduction
(TPR) was carried out in flow of 3% (V/V) H2/Ar through
a catalyst bed with a temperature ramp of 8 K/min. The
hydrogen consumption was recorded by a TCD.

Activity Test

The hydrogenation of BA was carried out in the proce-
dure described as follows. In a high-pressure stainless steel
autoclave, 1.0 g catalyst was mixed with 40 ml EtOH and
10 ml BA. The pH value of the reaction mixture was ad-
justed to 4.0 by adding acetic acid. After replacing all the air
with H2 in the reactor, the reactor was heated in an oil bath
at the rate of 80 K/h until 393 K. Then was filled with H2 up
to 1.00 MPa. When the pressure reached a steady state, the
hydrogenation was started immediately by stirring the re-
action mixture vigorously with a magnetic stirrer. The stir-
ring effect was carefully investigated and a stirring rate of
1200 rpm was employed, which was then turned to be suffi-

cient to eliminate the diffusion limit. The initial hydrogena-
tion activity was determined by monitoring the change of
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the pressure with the time which was then turned into H2

uptake rate per gram Ni (RH2 =mmol/h · g Ni) according
to the ideal gas equation (29). After reaction for 4 h in
which the PH2 remained constant at 1.0 MPa, the products
were analyzed by a GC 1102 gas chromatography with a
flame ionization detector equipped with a 25-m OV 101
capillary column, and a 353–533 K oven temperature pro-
grammed at a ramp of 4 K/min. The reaction conversion
and selectivity were determined by the product analysis and
the TOF values were calculated according to the hydrogen
chemisorption.

RESULTS AND DISCUSSION

Crystallization of the Ni–P Amorphous Alloy and the
Change in Structural Properties

Figure 1 shows the change in the XRD patterns of
the Ni–P/SiO2 amorphous catalyst during the heating pre-
treatment. By subtracting the broad peak around 2θ = 22◦

from the amorphous SiO2 (Fig. 1a), only one broad peak
around 2θ = 45◦ was observed for the fresh Ni–P/SiO2 sam-

FIG. 1. XRD patterns of (a) SiO2 and the Ni–P/SiO2 sample (3.0 wt%

Ni) pretreated at temperatures of (b) 363, (c) 673, (d) 723, (e) 773, and
(f) 873 K.
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ple (Fig. 1b) similar to that found in the Ni–P amorphous
alloy obtained by rapid quenching techniques (41), indicat-
ing that Ni and P on the support existed in an amorphous
alloy (42). When the sample was treated at temperatures be-
low 623 K, no significant change in the XRD patterns was
observed. However, various crystalline diffractional peaks
corresponding to metallic Ni appeared on the XRD pat-
terns when the sample was treated at 673 K. The intensity of
these crystallized Ni peaks increased gradually with the in-
crease of treating temperature from 673 to 773 K, as shown
in Figs. 1c–1e. No crystallized Ni3P phase was observed at
temperatures<873 K. This was mainly attributed to the low
content of Ni3P phase which was highly dispersed in the sil-
ica matrix. Due to the increase of the Ni3P phase content
with the increase of treating temperature and the gathering
of the Ni3P particles at high temperature, finally, the Ni3P
phase was observed on the XRD pattern when the sample
was treated at 873 K, as shown in Fig. 1f. By using the unsup-
ported Ni–P amorphous alloy to eliminate the dispersing
effect from the support, the XRD patterns clearly demon-
strated that the Ni3P phase really formed simultaneously
with the crystallized Ni phase, as shown in Fig. 2. In addition,
the gradual formation of the Ni3P phase could also be ob-
served by using the Ni–P/SiO2 sample with higher Ni load-
ing (12.2 wt%). Therefore, it could be concluded that the
crystallization process of the Ni–P/SiO2 amorphous cata-
lyst proceeded stepwise during which both the crystallized
Ni and Ni3P phase formed simultaneously. The crystalliza-
tion process was eventually completed around 873 K, since
the XRD patterns remained unchanged when the treating
temperature was further increased.

The structural transformation of Ni–P/SiO2 sample dur-
ing heating pretreatment was further confirmed by EXAFS.
Figure 3 shows the radial distribution functions (RDF) ob-
tained from χ (k)k3 Ni edge by the fast Fourier transforma-
tion. As shown in Figs. 3a and 3b, only one broad FT am-
plitude peak around R= 1.3∼2.8 Å was observed for both
the Ni–P/SiO2 and the unsupported Ni–P samples, indicat-
ing that they were present in a typical amorphous structure
with no long-range but only short-range ordering structure
confined within the first-near-neighbor atom layer (43). Af-
ter being treated at 873 K, as shown in Fig. 3c, the strength
of the original peak increased considerably and two small
additional peaks appeared at longer distance (R= 4∼5 Å),
indicating the transformation from the amorphous struc-
ture to a well ordered crystalline structure during the heat-
ing treatment. The similar RDF curve in Fig. 3c and that in
Fig. 3d obtained from the Ni foil demonstrated a complete
crystallization of Ni–P/SiO2 sample at 873 K.

Figure 4 shows the change in the SEM morphologies of
Ni–P/SiO2 amorphous catalyst during the heating pretreat-
ment. For the fresh sample, the support was covered by a

thin layer of the cotton like clusters of Ni–P amorphous al-
loy, which was composed of thousands of small particles of
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FIG. 2. XRD patterns of unsupported Ni–P amorphous alloy film
treated at (a) 570, (b) 580, (c) 590, and (d) 610 K. The unsupported Ni–P
amorphous alloy crystallized at lower temperature than the corresponding
Ni–P/SiO2 amorphous catalyst further confirmed the stabilizing effect of
the silica support.

Ni–P amorphous alloy. Due to the resolution limit of the
available SEM, the TEM was employed instead of SEM to
show the shape and size of the Ni–P alloy particles on the
SiO2 support. By using the unsupported Ni–P amorphous
catalyst instead of the Ni–P/SiO2 amorphous catalyst, the
TEM morphology clearly revealed that the Ni–P particles
were spherical with the average particle size around 100 nm,
as shown in Fig. 5. It was reasonable to conclude that the
Ni–P alloy particles on the SiO2 support exhibited simi-
lar shape and particle size since both the unsupported and
supported Ni–P amorphous catalysts were prepared in the

same procedure and under the same conditions. Further-
more, the hydrogen chemisorption also demonstrated that
AL.

TABLE 1

Characters of the As-Prepared Catalysts before and after
Heating Pretreatment

Surface active
Ni loading Sactive Ni atoms

Catalyst Composition (wt%) (m2/g Ni) (×1019)a

Fresh Ni–P/SiO2 Ni86P14 3.0 25 1.2
Treated Ni–P/SiO2

b Ni86P14 3.0 15 0.69
Fresh Ni/SiO2 Ni 3.0 32 1.5
Treated Ni/SiO2

b Ni 3.0 17 0.78

a Calculated assuming that the average area of one Ni atom is
6.5× 10−20 m2.

b Treated at 873 K for 2.0 h.

the surface active areas (Sact) of both the two catalysts were
nearly the same. When the sample was treated from 673
to 873 K, these small Ni–P alloy particles gradually gath-
ered into big lumps and finally, the fine crystalline particles
were observed. Consistent with the XRD patterns, it also
demonstrated that the crystallization of Ni–P/SiO2 amor-
phous catalyst started at 673 K and completed at 873 K
since the surface morphology did not change considerably
at temperatures higher than 873 K.

Some of the structural characters of the Ni–P/SiO2 and
the corresponding Ni/SiO2 samples with and without heat-
ing pretreatment are summarized in Table 1. One can see

FIG. 3. RDF curves of (a) the fresh Ni–P sample, (b) the fresh Ni–P/

SiO2 sample, (c) the Ni–P/SiO2 sample being treated at 873 K, and
(d) the pure Ni foil.
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FIG. 4. SEM morphologies of Ni–P/SiO2 sample (12.2 w

that both the Sact and the number of surface active Ni atoms
decreased greatly after being treated at high temperature,
while no significant change in the Ni loading and the com-
position of Ni–P alloy was observed.
5. TEM morphology of unsupported fresh Ni–P sample.
Ni) pretreated at (a) 363, (b) 673, (c) 773, and (d) 873 K.

The XPS spectra of the as-prepared catalysts are shown in
Fig. 6. In Ni2P3/2 level, one can see that nearly all the nickel
species in the as-prepared Ni–P, Ni–P/SiO2, and Ni/SiO2

samples are present in the metallic state corresponding
to the binding energy (BE) around 853.1 eV. Similarly, as
shown in the P2P level, most of the phosphorus species are
also present in P0 state (here, the superscription means the
oxidation number of P is equal to 0) corresponding to the
BE of 130.0 eV. According to Fig. 6, the following con-
clusions could be obtained. (1) The electronic interaction
between Ni and P in the Ni–P alloy could be neglected since
the BE values of Ni and P are exactly the same as those of
pure nickel foil and pure red phosphorus, respectively (44).
It should be noted that the electron transfer between Ni
and P in Ni–P amorphous alloy was inconsistent in the lit-
erature. Some reported that the electron transferred from
Ni to P (23, 45–47); some reported that there was no elec-
tron transfer between Ni and P (48); While others reported
that the electron transferred from P to Ni (49–50). Our
results revealed that the direction of the electron transfer
was strongly dependent on the surface content of P. When P
content is very high, Ni donates electrons to P; when P con-
tent is very low, Ni accepts electrons from Ni; when P con-
tent is about 25 atom% (i.e., Ni3P), no significant electron
transfer between Ni and P could be observed. These results

were supported by the calculation of the charge density on
Ni and P atoms in NiMP amorphous alloy with the DFT
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FIG. 6. XPS spectra of Ni2P3/2 and P2P of the pure Ni foil, pure red P, an
sample, (c) the Ni–P/SiO2 sample being treated at 873 K, (d) the fresh NiP/S

method (Table 2), where M represents the atom% of Ni in
the Ni–P alloy. No significant electron transfer between Ni
and P was observed in the present Ni–P/SiO2 amorphous
catalyst since the surface P content was about 27 atom%,
which was close to that of Ni3P. (2) The similar BE values
of supported and unsupported Ni–P samples demonstrated
that there is no significant electronic interaction between
Ni–P alloy and the silica support. (3) After crystallization,
no significant BE shift of either Ni or P was observed pos-
sibly due to the formation of only Ni3P alloy (25 atom% P
content) on one hand and the lack of electronic interaction
between Ni and SiO2 or P and SiO2 on the other hand. (4)

TABLE 2

Charge Distribution on Ni and P Atoms in NiMP
Amorphous Alloya

Sample P Ni[1]b Ni[2] Ni[3] Ni[4] Ni[5] Ni[6]

NiP −0.1221c 0.1221
Ni2P −0.1463 0.0454 0.1009
Ni3Pd −0.0163 0.0061 0.0051 0.0051
Ni6P 0.1518 −0.0153 −0.0303 −0.0303 −0.0153 −0.0303 −0.0303

a M represents the atom% in the Ni–P amorphous alloy.
b The number in [ ] represents the different Ni atoms. For example, there

is only one Ni atom in NiP alloy while there are 6 Ni atoms in Ni6P.
c Negative value represents electron-rich and positive value represents

electron-deficient.

d Although the calculation shows some electron transfer between Ni

and P in Ni3P, however, the value is too small to be detected by XPS.
(a) the fresh Ni–P amorphous alloy, (b) the fresh Ni–P/SiO2 (3.0 wt% Ni)
O2 (3.0 wt% Ni) sample, and (e) the Ni/SiO2 sample being treated at 873 K.

The surface compositions of the fresh and the crystallized
Ni–P/SiO2 samples were determined as Ni73P27 and Ni93P7,
respectively. One possible reason for the decrease in sur-
face P content was the sublimation of P at high temperature
since the melting point of free P is only about 873 K. How-
ever, as reported previously, the P in the Ni–P alloy was
very stable (25). According to the ICP analysis, it was also
found that no significant change in the bulk composition of
Ni–P/SiO2 sample was observed after being treated at 873 K
for 2 h, as shown in Table 1. Therefore, the decrease in the
surface P content of Ni–P/SiO2 sample after crystallization
was mainly attributed to the spillover of the P species into
the silica matrix at high temperature.

The Stabilizing Effect of the Support on the Ni–P
Amorphous Alloy

Figure 7 shows the DSC curves of Ni–P/SiO2 amorphous
catalyst with different Ni loadings and the unsupported Ni–
P amorphous alloy. Besides the endothermic peak around
373 K owing to the loss of the absorbed water from the
samples, the exothermic peaks were attributed to the crys-
tallization of the Ni–P amorphous alloy since it was thermo-
dynamically metastable (32). The peak temperature could
roughly represent the crystallization temperature (Tc) of
the Ni–P amorphous alloy (2). Therefore, the higher Tc

of the Ni–P/SiO2 than that of the Ni–P amorphous alloy

demonstrated the stabilizing effect of the support, which
could be understood by considering the following factors:
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FIG. 7. DSC curves of the Ni–P/SiO2 amorphous catalysts with Ni
loading (wt%) of (a) 3.0, (b) 12.2, and (c) unsupported Ni–P amorphous
alloy.

(A). The dispersion of Ni–P amorphous alloy on the sup-
port. As shown in Fig. 7 and Table 3, with the increase of
Ni loading, both the Tc and the dispersion of the Ni–P/SiO2

amorphous catalyst decreased, showing the promoting ef-
fect of the dispersion on the thermal stability of the Ni–P
amorphous alloy. According to our previous study on the
crystallization process of Ni–P amorphous alloy film (25),
the gathering of small Ni–P alloy particles and the segrega-
tion of various crystallites occurred during the crystalliza-
tion process. Such phenomena were also observed by XRD
and SEM during the crystallization of the present Ni–P/SiO2

TABLE 3

Ni Loading, Composition, Dispersion, and the Crystallization
Temperature (Tc) of Ni–P Based Amorphous Catalysts

Composition Dispersion
Catalyst (atom %) (%) Tc (K)

Ni–P/SiO2 (3.0 wt% Ni) Ni86P14 4.0 713
Ni–P/SiO2 (5.2 wt% Ni) Ni86P14 3.0 673
Ni–P/SiO2 (12.2 wt% Ni) Ni86P14 1.2 623
Ni–P/γ -Al2O3 (3.0 wt% Ni) Ni86P14 4.2 745

Unsupported Ni–P Ni87P13 1.0 558
TIVATION OF Ni–P/SiO2 217

amorphous catalyst, as shown in Figs. 1 and 4, respectively.
This implied that the diffusion of the component elements
in the Ni–P amorphous alloy was essential for the crystal-
lization process of all Ni–P amorphous alloys. Therefore,
the promoting effect of the dispersion on the thermal sta-
bility of Ni–P amorphous alloy could be attributed to its ef-
fective inhibition on the diffusion and gathering processes
during the heating treatment.

(B). The support function as a heat sink. According to
the DSC curves in Fig. 7, the crystallization of Ni–P amor-
phous alloy is an exothermic process occurred at high tem-
perature. The released heat would raise the temperature
resulting in an acceleration of the further crystallization.
In the presence of the support, the released heat could be
transferred from the surface to the support matrix (41),
which inhibited the increase of the surface temperature and
in turn, improved the thermal stability of Ni–P amorphous
alloy on the support surface.

(C). The interaction between the Ni–P amorphous alloy
and the support. Although no significant electronic inter-
action between Ni–P alloy and silica support was detected
by XPS spectra, we still believe that there was a certain
kind of interaction between the Ni–P alloy and the silica
support based on the following results. (1) As shown in
Table 3, the 12.2 wt% Ni–P/SiO2 amorphous catalyst still
exhibited much higher thermal stability than that of the un-
supported Ni–P even though their dispersions were nearly
the same; (2) As can be seen from the data in Table 3, the
Ni–P/Al2O3 amorphous catalyst exhibited much higher Tc

than that of Ni–P/SiO2 at the same dispersion. This could
be attributed to the stronger interaction between metal-
lic Ni and Al2O3 support than of SiO2, although there was
also no electronic interaction between the Ni–P alloy and
the Al2O3 support according to the XPS characterization;
(3) As shown in Fig. 8, the TPO curve revealed that the
12.2 wt% Ni–P/SiO2 sample could not be oxidized until
573 K. However, the unsupported Ni–P amorphous alloy
whose dispersion degree was almost the same as that of the
Ni–P/SiO2 sample could be easily oxidized in the air even
at room temperature; (4) In addition, the higher TPR peak
temperature of the supported NiCl2 than that of the unsup-
ported NiCl2, as shown in Fig. 9, could also be attributed to
the interaction between Ni2+ ions and the SiO2 support. In
contrast to the interaction between the Ni–P alloy and the
SiO2 support, the electronic interaction between Ni2+ ions
and the SiO2 support was determined by XPS. As a sum-
mary, we concluded there was a certain kind of interaction
between the Ni–P alloy and the silica support. Possibly, it
could be attributed to the affinity of the SiO2 support for
the Ni–P alloy. Such an interaction had no effect on the sur-
face electronic states of Ni and P, but it could prevent the
contact of the Ni–P alloy with oxygen and also prevent the

gathering of Ni–P alloy particles at high temperature (51–
54), which resulted in the higher TPO peak temperature
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FIG. 8. TPO curve of the fresh Ni–P/SiO2 amorphous catalyst
(12.2 wt% Ni).

and the higher crystallization temperature of the Ni–P/SiO2

amorphous catalyst. The affinity of the SiO2 support for the
Ni–P alloy was further supported by the fact that only less
than 1 ppm Ni species was detected by ICP in the reac-
FIG. 9. H2 TPR curves of (a) NiCl2/SiO2 sample and (b) the pure
NiCl2 sample.
AL.

tion solution after the Ni–P/SiO2 amorphous catalyst was
employed in the hydrogenation for more than 24 h under
the present reaction conditions. The leaching away of Ni
species in the Ni–P/SiO2 amorphous catalyst during the re-
action could be neglected due to the affinity of SiO2 for
Ni–P alloy particles.

Crystallization Deactivation of Ni–P/SiO2

Amorphous Catalyst

The following reactions possibly occurred during the
catalytic hydrogenation of benzaldehyde (BA) in liquid
phase:

Under the present reaction conditions (pH 4.0), only the
toluene (III) was identified as the reaction product. De-
tailed reaction parameters, such as RH2 , the conversion
of BA, the TOF value, the general kinetic equation, and
the apparent activation energy (Ea), are summarized in
Table 4. As the reaction was first-order with respect to PH2

and zero-order with respect to the BA concentration over
all the as-employed catalysts, it is reasonable that the TOF
value calculated from the BA conversion after reaction for
4 h at 1.0 MPa PH2 also represents the initial rate of reac-
tion since the rate remains constant at constant PH2 when
the BA conversion is not very high. On one hand, both
the Ni–P/SiO2 and the Ni/SiO2 catalysts exhibited a pro-
nounced decrease in the hydrogenation activity after crys-
tallization, possibly due to gathering of Ni particles at high
temperature, which resulted in the decrease in the surface
active Ni atoms (nearly 50% as shown in Table 1). On the
other hand, they also exhibited some different catalytic be-
haviors. (1) The fresh Ni–P/SiO2 catalyst exhibited much
higher activity than the corresponding Ni/SiO2 owing to the
unique structural characteristics of the Ni–P amorphous al-
loy (24); (2) the decrease in the activity of the Ni–P/SiO2

amorphous catalyst was much more rapid than that of the
Ni/SiO2 catalyst; (3) no significant changes in the general
kinetic equation, the TOF value, and the Ea were observed
after the Ni/SiO2 catalyst was treated at 873 K, indicating
that the decrease in its activity was mainly attributed to

the decrease in the surface Ni active atoms. However, a
significant crystallization deactivation could be concluded
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(s) and (b) Ni/S
The Ni loading i
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TABLE 4

Change in the Performance of the As-Prepared Catalysts after Heating Pretreatmenta

RH2
b Kinetic Ea Conv. TOFc

No. Catalyst (mol/h · g Ni) equation (kJ/mol) (%) (10−3/s)

1 Fresh Ni–P/SiO2 0.107 r1= k1PH2 41.7 6.2 2.2
2 Treated Ni–P/SiO2

d 0.030 r2= k2PH2 51.5 1.7 1.0
3 Fresh Ni/SiO2 0.054 r3= k3PH2 55.6 3.2 0.88
4 Treated Ni/SiO2

d 0.021 r4= k4PH2 56.4 1.7 0.87

a Reaction conditions: 1.0 g catalyst (3.0 wt% Ni), T= 393 K, PH2 = 1.0 MPa.
b Initial rate.

c
 The number of toluene molecules produced per sec
d Treated at 873 K for 2.0 h.

since an impressive decrease in the TOF value and a sig-
nificant increase in the Ea were observed after the crys-
tallization of the Ni–P/SiO2 amorphous catalyst. This was
further confirmed by determining the dependence of the
activity on the treating temperature. As shown in Fig. 10.
the activity of Ni/SiO2 catalyst decreased smoothly with
the increase of the treating temperature, while, an impres-
sive decrease in the activity of Ni–P/SiO2 amorphous cata-
lyst was observed in the temperature range from 673 to
873 K, corresponding to the stepwise crystallization of Ni–
P/SiO2 amorphous catalyst. Since the above XPS spectra
demonstrated that the electronic interaction between Ni
and P or Ni and SiO2 was not important, such a crystal-
lization deactivation was mainly attributed to the change in

FIG. 10. Dependence of RH2 of (a) Ni–P/SiO2 amorphous catalyst

iO2 crystalline catalyst (h) on the treating temperature.

s 3.0 wt% for each.
ond and per surface Ni atom.

the structural properties of the Ni active sites described as
follows.

(A). The transformation of the Ni–P alloy from the
amorphous structure to the crystalline structure. As deter-
mined by XRD in Fig. 1, the amorphous Ni–P alloy was
homogeneous in its texture with the average composition
of Ni86P14 while its corresponding crystallized form was rel-
atively heterogeneous, in which the alloy separated into sev-
eral crystalline species (at least the Ni and the Ni3P phases).
The calculation from the EXAFS spectra (Fig. 3) revealed
that the Ni active sites in the Ni–P/SiO2 amorphous catalyst
were more highly unsaturated than those in the correspond-
ing crystallized Ni–P/SiO2 catalyst. These could account
for the higher activity of the Ni–P/SiO2 amorphous cata-
lyst than that of the crystallized Ni–P/SiO2 catalyst, since
the homogeneous distribution of the highly unsaturated
Ni active sites are in favor of the hydrogenation reactions
(5, 55, 56).

(B). The change of surface composition. The aforemen-
tioned XPS results revealed that the fresh Ni–P/SiO2 was
P-enrich in comparison with the crystallized Ni–P/SiO2

samples. This could also account for the crystallization de-
activation of the Ni–P/SiO2 amorphous catalyst since the
alloying P at low content has been proved to be a promoter
on the hydrogenation activity of the Ni-P amorphous cata-
lyst (1, 7, 24).

(C). The change in the strength of hydrogen chemisorp-
tion. Since the liquid phase BA hydrogenation reaction
is first order with respect to the hydrogen pressure, the
strength of hydrogen chemisorption by the Ni–P/SiO2

amorphous catalyst had an important influence on its hy-
drogenation activity, especially its TOF value. As shown in
Fig. 11, the hydrogen TPD curves revealed that the desorp-
tion of the hydrogen from the Ni–P/SiO2 amorphous cata-
lyst occurred at lower temperature than that from the crys-
tallized Ni–P/SiO2 catalyst, indicating a stronger absorption
bonding between the hydrogen atoms and the active sites in
crystallized Ni–P/SiO2 catalyst. Until now, no quantitative

description of the relationship between the TPD results
and catalytic behaviors has been reported. According to
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FIG. 11. H2 TPD curves of (a) the Ni–P/SiO2 amorphous catalyst
(3.0 wt% Ni) and (b) the crystallized Ni–P/SiO2 catalyst (3.0 wt% Ni).

the well-established catalysis theory, the adsorption bond-
ing for the hydrogen should not be too weak and also not
too strong. On one hand, very weak adsorption bonding is
unfavorable for the hydrogenation since only very few hy-
drogen can be adsorbed on the Ni active sites and the dis-
sociation of the hydrogen molecules into hydrogen atoms
would be difficult (remember that the BA hydrogenation
was first-order with respect to PH2 ). On the other hand,
very strong adsorption bonding is also unfavorable for the
surface hydrogenation reactions since the transfer of the
adsorbed dissociated hydrogen atoms to the BA molecules
adsorbed on the neighboring Ni active sites would be very
difficult, sometimes, nearly impossible. Although the ad-
sorption bonding of Ni–P/SiO2 amorphous catalyst for hy-
drogen was weaker than that of the corresponding crys-
tallized Ni–P/SiO2 catalyst, by comparing the areas of the
hydrogen desorption peaks in Fig. 11, it was obvious that
the Ni–P/SiO2 amorphous catalyst adsorbed more hydro-
gen than the corresponding crystallized Ni–P/SiO2 catalyst,
indicating that the Ni–P/SiO2 amorphous catalyst had much
more surface Ni active sites (as could be seen from the re-
sults of the hydrogen chemisorption) and the adsorption
bonding strength of Ni–H was not too weak to cause a
significant decrease in the amount of the adsorbed hydro-
gen atoms. Therefore, the fact that Ni–P/SiO2 amorphous
catalyst exhibited higher hydrogenation activity than the
crystallized Ni–P/SiO2 catalyst could also be attributed to
its relatively weaker Ni–H bonding, which could facilitate
the transfer of the adsorbed hydrogen atoms to the BA

molecules adsorbed on the neighboring Ni active sites and,
in turn, enhance the surface hydrogenation reactions.
AL.

CONCLUSION

The above experimental results revealed that the crystal-
lization process of Ni–P amorphous alloy occurred sponta-
neously during the pretreatment at high temperature, re-
sulting in the impressive decrease of its catalytic activity
during the liquid phase BA hydrogenation. Depositing the
Ni–P amorphous alloy on the support could greatly improve
its thermal stability and in turn its catalytic properties owing
to the stabilizing effect of the support, which were mainly
attributed to the high dispersion of Ni–P alloy particles on
the support, the affinity of SiO2 support for the Ni–P alloy
particles, and the heat sink of the support. The decrease
in the surface active Ni atoms, the decrease in the P con-
tent in the surface composition, the transformation from
the amorphous structure to the crystalline structure, and
the increase in the strength of hydrogen adsorption were
the main factors responsible for the decrease in both the
hydrogenation activity per gram Ni and the TOF value of
the Ni–P/SiO2 amorphous catalyst during its crystallization
process.
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