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Abstract: Nanoporous VSB-5 nickel
phosphate molecular sieves with rela-
tively well controllable sizes and mor-
phology of microspheres assembled
from nanorods were synthesized at
140°C over a short time in the pres-
ence of  hexamethylenetetramine
(HMT) by a facile hydrothermal
method. The pH value, reaction time,
and ratio of HMT to NaHPO,-H,O
crucially influence the morphology and
quality of the final products. By adjust-

solution, the morphology changes from
disperse rods to microspheres assem-
bled from rods and finally to a large
quantity of fibers, and the diameters of
the VSB-5 rods can be varied. The cat-
alytic activity of VSB-5 in selective hy-
drogenation of several unsaturated or-
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ganic compounds was tested. Nickel(II)
in VSB-5 can selectively catalyze hy-
drogenation of C=C in trans-cinnamal-
dehyde and 3-methylcrotonaldehyde.
In addition, since nitrobenzene (NB)
and 2-chloronitrobenzene could be re-
duced to aniline (AN) and 2-chloroani-
line with high selectivity, VSB-5 could
have potential applications in synthe-
sizing dyes, agrochemicals, and phar-
maceuticals.

ing the pH value of the initial reaction

Introduction

As important intermediates for dyes, urethanes, agrochemi-
cals, and pharmaceuticals, chloroanilines are commonly pre-
pared by selective hydrogenation of nitro compounds.!"
However, besides the chloroaniline main product, several in-
termediates and side products, such as nitrobenzene (NB),
aniline (AN), azoxybenzene (AOB), azobenzene (AB), and
hydrazobenzene (HOB), have also been reported.” Selec-
tive hydrogenation of o,-unsaturated aldehydes, which
would have great significance for the production of fine
chemicals, especially for use in the fragrance and flavor in-
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dustry,>¥ suffers from the same problem. Thus, increasing
efforts have been devoted to searching for new catalysts
with outstanding catalytic performance. In general, they can
be divided into two categories: single metals such as Pd, Pt,
Ru, or Ni supported on materials like MCM-41, a-alumina,
and SiO,,”! and alloys (e.g., NiB, CoB, NiP) or bimetallic
compounds (Ni-Cu, Ru—Cu, etc.).!”) Most nickel catalysts for
selective hydrogenation consist of Ni’ loaded on a support,
or framework Ni' is reduced to Ni’.”! Until now, few investi-
gations on selective hydrogenation with unreduced Ni" cata-
lysts have been reported.

As a newly emerging nanoporous material with open
framework, the nickel phosphate VSB-5, which has out-
standing properties such as high BET surface area, ion-ex-
change capability, and shape-selective catalysis with high
thermal stability, has aroused considerable attention. In con-
trast to traditional aluminosilicate zeolites, the different va-
lences and various coordination numbers of the nickel ions
make VSB-5 one of the most promising materials for appli-
cations in optical, electronic, and magnetic fields. Guillou
et al.®! concluded that Ni exists as Ni'! in VSB-5, and they
also studied the catalytic activity of reduced VSB-5 in selec-
tive hydrogenation of 1,3-butadiene. Before being used in
hydrogenation, VSB-5 was activated in H, at 350°C for sev-
eral hours, and the conversion rate of 1,3-butadiene in-
creased with increasing activation time. From this point of
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view, VSB-5 has no essential differences to other Ni cata-
lysts.”! After activation, Ni'' in VSB-5 has been reduced to
Ni’, which takes part in the reactions. Paul et al. investigated
hydrogen adsorption at 77 K of VSB-5 in comparison with
VSB-1, which showed the existence of coordinatively unsa-
turated Ni** sites accessible to H, molecules in the pores of
VSB-5.1! Jhung et al. studied isomorphous substitution of
transition metal ions!"!! in nanoporous VSB-5, and such sub-
stituted sites may impart important redox and catalytic
properties. Gao et al. assembled Ag'? and CdS™ nanoar-
rays in the porous channels of VSB-5, in attempts to obtain
multifunctional catalysts with novel properties. Jhung et al.
used VSB-5 as a shape selective catalyst for epoxidation of
cyclic olefins with hydrogen peroxide.'¥ Nevertheless, little
research on the catalytic activity of Ni" in unreduced VSB-5
in selective hydrogenation of nitro compounds and a,f3-unsa-
turated aldehydes has been reported until now. Thus, explor-
ing the catalytic properties of Ni'! in VSB-5, which would
have a completely different catalytic mechanism for selec-
tive hydrogenation, should have great significance for the
emergence of new kinds of catalysts.

Reported methods for the preparation of VSB-5 are hy-
drothermal synthesis at 180°C for 5 days with organic dia-
mines as templates and microwave irradiation at 180°C for
4h with inorganic bases.'>! Both synthetic methods can
produce VSB-5 materials with a morphology of disordered
microrods. Until now, controllable synthesis of VSB-5 with
different morphologies and sizes has rarely been reported.['”]
Both shape and size control play significant roles in the fab-
rication of nanoscale catalytic devices for wider use of this
nanoporous material.'">'*?*") Furthermore, the exact growth
mechanism of VSB-5 is yet to be fully understood.

Here we report a facile hydrothermal approach for pro-
ducing VSB-5 microspheres assembled from nanorods with
control of the precipitation rate of a-Ni(OH), and rate of
reduction of HPO,™ to PO,’” at 140°C for about 6h by
using HMT as structure-directing agent and NaH,PO, as re-
ducing agent and phosphorus source. Simply by adjusting
the pH value of the reaction solution, VSB-5 microspheres
assembled from wires and rods with different ranges of di-
ameters and aspect ratios can be obtained conveniently. The
growth mechanism of the VSB-5 microspheres was investi-
gated. In addition, the catalytic activity of this material in
selective hydrogenation of organic compounds such as sty-
rene, nitrobenzene (NB), trans-cinnamaldehyde (CAL), 3-
methylcrotonaldehyde (MCA), and 2-chloronitrobenzene
(2-CNB) was studied.

Results and Discussion

Controllable synthesis of VSB-5 microspheres assembled
from nanowires and rods

Effect of reaction time: Figure 1 shows the X-ray diffrac-

tion (XRD) patterns of the as-prepared products ob-
tained at 140°C and pHS558 with the same
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Figure 1. XRD patterns of the products obtained after reactions at 140°C
for different reaction times and molar ratio 1:10:15. a) 1, b) 2, ¢) 3, d) 4,
e)5,and f) 6 h.

NiCl,-6 H,O:HMT:NaH,PO,-H,0O molar ratio (MR) of
1:10:15 for different reaction times. As the reaction time in-
creased from 1 to 6 h, the crystallinity of the product im-
proved. All peaks in Figure 1d—f can be readily indexed as
those of typical VSB-5 phase reported previously. ! The X-
ray fluorescence (XRF) data (Table 1) provide further con-

Table 1. XRF data of VSB-5.

Element Weight % Atom %
Ni 70.03 47.95
P 21.86 28.35
C 2.06 6.90
N 5.56 15.94
Na 0.49 0.86
total 100 100

firmation. The Ni:P atomic ratio of 1.69 is almost the same
as that of 1.67 reported by Park et al.®! The presence of C
and N in the product may be due to incompletely decom-
posed product Ni(OH), (A"),,(HMT),-z-H,0 (A=PO,”,
HPO,, HPO,).P!

The growth process of these structures in the closed auto-
clave was carefully monitored by time-dependent experi-
ments. The XRD patterns in Figure 1 and FESEM images in
Figure 2 clearly reflect the transformation process of the mi-
crospheres. Initially, many aggregates linked like necklaces
were present in the products (Figure 2 A), which the XRD
pattern confirmed to be amorphous (Figure 1a). After reac-
tion for 2h, the surfaces of the necklace-like aggregates
became coarse and bushy (Figure 2B). After 3 h, the prod-
uct consisted of disperse VSB-5 rods and numerous flower-
like microspheres assembled from thin films, which could be
identified as a-Ni(OH), (Figure 2C).?Y) The images in Fig-
ure 2D and E suggest that the preformed o-Ni(OH), acted
as a sacrificial template for the formation of VSB-5 micro-
spheres. On further reaction, more and more VSB-5 wires
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Figure 2. FESEM images of products prepared at 140°C and MR=
1:10:15 for different reaction times. A)1, B)2, C)3, D), E)5, and
G) 6 h, F) magnified view of G), H) TEM image of the sample shown in
G).

were observed in the product, and microspheres assembled
from wires gradually formed (Figure 2 G).

The general overview FESEM image in Figure 2G shows
that the product consists of relatively uniform urchinlike mi-
crospheres with an average size of 10-17 um assembled
from many hexagonal wires with an average diameter of
195 nm and lengths of up to 17 um. From the transmission
electron microscopy (TEM) image in Figure 2H, the wires
did not grow from one core while just overlapping together.
During TEM observations, the relatively long exposure of
the sample to the electron beam leads to destruction of the
microspheres, accompanied by formation of amorphous bent
rods.

Effect of the amount of NaH,PO, H,O: The influence of the
amount of NaH,PO,-H,O on the phase transformation was
investigated (Figures3 and 4). When the amount of
NaH,PO,-H,O was kept at 5 mmol in the reaction system,
the product became completely a-Ni(OH),, as could be con-
firmed by the corresponding XRD pattern in Figure 3 a
(JCPDS 38-0715), and flowerlike a-Ni(OH), spheres con-
structed from nanosheets were observed (Figure 4B). A
mixture of VSB-5 and o-Ni(OH), was obtained when the
amount of NaH,PO,-H,O increased to 8 mmol (Figure 3b,
Figure 4 A). When the amount of NaH,PO,-H,0 was in-
creased to 15 mmol, the resultant product was pure VSB-5
with urchinlike microspherical shape, as shown in Fig-
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Figure 3. XRD patterns of products prepared at 140°C for 6 h with differ-

ent molar ratio. a) 1:10:5, b) 1:10:8, and c) 1:10:15.

Figure 4. FESEM images of products prepared at 140°C for 6 h with dif-
ferent molar ratio. A) 1:10:8 and B) 1:10:5.

ure 2 G. Thus, suitable amounts of NaH,PO,-H,O and HMT
are essential for formation of the VSB-5 microspheres.

Effect of pH: The influence of the pH value on the final
products was investigated. Reactions that took place outside
the pH range of 4.2 to 9.0 did not form VSB-5. Figure 5 il-
lustrates that the shape of VSB-5 is strongly dependent on
pH. With increasing pH, the morphology of VSB-5 changes
from disperse rods, through urchinlike microspheres assem-
bled from wires, to a large number of fibers. Thus, pH value
is another key parameter for formation of VSB-5 micro-
spheres. Moreover, it is vital for manipulating the diameters
and aspect ratios of the final products. When the initial pH
of the reactant solution was adjusted to as low as 4.21
before introduction into the autoclave, homogeneous short
rods with well-defined hexagonal-prismatic shape (Sam-
ple A) with an average diameter of 800 nm and aspect ratio
of about 15 were obtained (Figure 5A and inset). With in-
creasing pH, the diameter decreased and the aspect ratio in-
creased. For example, the product obtained at pH 8.1 is
composed of a majority of rods with a diameter of 140 nm
(Figure SE, see also Figure S1 in the Supporting Informa-
tion). At pH 9.0, the diameter decreased to about 120 nm
and the aspect ratio of the VSB-5 fibers increased to 100 or
more (Figure SF). Detailed data are listed in Table 2. This
phenomenon could be explained rationally by a series of
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Figure 5. FESEM images of products prepared at 140°C with the molar
ratio 1:10:15 at different pH values. A)4.21, B)5.58, C) 6.01, D) 7.02,
E) 8.10, and F) 9.00.

Table 2. Analytical data of samples prepared at different pH values with
other conditions unchanged.

Sample  pH MR d,"'[nm]  Ager[m?g']  Reaction
time [h]

A 4.21 1:10:15 800 285.30 17

B 5.58 1:10:15 195 184.44 6

C 6.01 1:10:15 185 204.70 6

D 7.06 1:10:15 175 212.24 8

E 8.10 1:10:15 140 161.652 8

F 9.00 1:10:15 120 122.859 6

[a] Average diameter of most rods.

chemical reactions occurring in this system. The competition
of nucleation with growth was always accompanied by a
change in pH value in the whole reaction system, which
result in such changes in diameter and aspect ratio.

FTIR and thermogravimetric analysis of nanoporous VSB-
5: The FTIR spectrum in Figure 6 shows bands at 3443,
3379, 1620, 1461, 1394, 1325, 1104, 1031, 973, 592, 509,
450 cm™'. The wide band at 3443 cm™' is attributed to the
voy Vvibration of H-bonded water molecules located in the
structure of VSB-5. The bending vibrational mode of the in-
terior water molecules is found at 1620 cm~'. The narrow
peak at 3379 cm™' could be assigned to the vyy vibration.
The series of bands at 1461, 1394, 1325 cm ™' are characteris-
tic for ven. The band at 592 cm ™ could be attributed to 8.,
u- The peaks at 509 and 450 cm ™' are assigned to M—O and
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Figure 6. FTIR spectrum of urchinlike VSB-5 microspheres.

M-O-H bending vibrations (vyio and Oyio.y). The absorp-
tions between 1031 and 592 cm™! are attributed to P—O vi-
brations of the PO, tetrahedra in the VSB-5 structure. The
XRF data in Table 1 further confirmed the FTIR data of
VSB-5 material.

The thermogravimetry/differential thermal analysis (TG/
DTA) plot in Figure 7 shows four steps with distinctive net
weight losses of 12.49 (step A, up to 250), 2.17 (step B, 250
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Figure 7. TG/DTA curves of urchinlike VSB-5 microspheres. The dashed
line shows the DTA curve in the process.

to 380), 6.26 % wt (step C, from 380 to 460), and 1.36 wt %
(step D, from 460 to 800°C). The total weight loss of
21.28 wt% is a little higher than that reported previously,®
which could be attributed to the incompletely decomposed
product Ni(OH), (A""),,(HMT),.z-H,0.7>* The product
after thermogravimetric analysis was examined by XRD,
and its pattern could be indexed to that of the condensed
Ni;(PO,), phase (JCPDF Card No. 70-1796; see Figure S2 in
the Supporting Information).

BET analysis of nanoporous VSB-5: The BET surface areas
of all samples were determined by N, adsorption with an
ASAP-2020 surface area analyzer (Table 2). Sample A pre-
pared at pH4.21 has the largest BET surface area
(285.3 m*g™"), most of which is contributed by micropores
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(ca. 256.3m’¢"). The N, adsorption/desorption isotherm
and the pore size distribution curve of sample A are shown
in Figure 8. Hysteresis of the desorption branch is due to
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Figure 8. N, adsorption/desorption isotherm and pore size distribution
(inset) of sample A

hindered desorption, which is often observed in particulate
samples.?"! The inset curve of Figure 8 shows that the VSB-5
retained a uniform framework with pore size distribution
centered around 0.9 nm, only slightly different from the
value of 1.1 nm reported previously.">" From the data in
Table 2, it can be concluded that the BET surface area in-
creases with decreasing pH.

Reaction mechanism: The reactions occurring in this system
can be described by Equations (1)—(7).

(CH,)¢N, + 6 H,0 — 6 HCHO + 4NH, (1)
NH, + H,0 — NH,* + OH" 2)
Ni>* +20H" — o-Ni(OH), 3)

H,PO,” +2HCHO +2H,0 = PO,* +2HCH,OH +2H"

(4)
PO, +2H" — H,PO,” (5)
PO, + H* — HPO,> (6)
20Ni*" +120H" +4PO,*” + 8HPO,* + 18 H,0 7

- Nizo[(OH)1z(H2O)6}[(HPO4)8(PO4)4] -12H,0

Decomposition of HMT could result in several chemical
reactions. The resulting products HCHO and NH; play dif-
ferent roles in the whole reaction process: HCHO oxidizes
H,PO, to PO,’", and NH;, is the origin of the OH™ in a-
Ni(OH),.”? From the structural formula of VSB-5, it is clear
that the molar ratio of (PO,>~+HPO,*") to OH™ is 1:1. The
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decomposition of each three HMT molecules will produce
9(PO, +H,PO,  +HPO,*") and 120H" simultaneously if
all the resultant products can be taken advantage of effec-
tively. Hence, an initial excess of OH™ in the system results
in the formation of flowerlike o-Ni(OH),, formed as report-
ed by us previously.”)) The whole reaction process proceeds
with accompanying competitive reactions of Ni’" ions with
PO, and OH . At the beginning, the amount of OH" is ex-
cessive, and its reaction with Ni’* jons dominates. Then
abundant OH™, a small quantity of PO,’", and undecom-
posed HMT react together to form a-Ni(OH), hybrid inor-
ganic-organic composites.”!! As the reaction proceeds, the
amount of PO,*~ and HPO,*™ increases gradually. Since the
thin films with thickness of about 15-50 nm assembled into
spinous 0-Ni(OH), flowers, the surface energy is higher
here than elsewhere because of the slender diameter.
Hence, these areas are the most easily dissolved and at-
tacked by PO,*>~ and HPO,* ions. Recrystallization should
occur via Ostwald ripening with dissolved Ni** and OH~
ions from the triple junctions of a-Ni(OH), microspheres
and enough PO,*~ and HPO,’™ ions in the vicinity growing
to VSB-5 nanorods.™ As the reaction proceeds, a-Ni(OH),
dissolves gradually and microspheres of VSB-5 assembled
from nanorods form simultaneously if enough resultant
PO, and HPO,*” ions are near the a-Ni(OH),. When the
concentrations in the vicinity are too low to produce VSB-5,
then the dissolved Ni’* and OH~ would gradually disperse
in the whole aqueous solution and react to form unordered
VSB-5 rods. This process also accelerates the dissolution
rate of a-Ni(OH),. In acid solution, the equilibrium of
Equation (4) evidently shifts to the left. The restricted pro-
duction rate of PO,*>~ ions leads to a decreased nucleation
rate of VSB-5, which favors formation of VSB-5 rods with
larger diameters, because the nucleation rate is lower than
the growth rate. Nevertheless, the reaction time to obtain
complete VSB-5 rods was prolonged due to the restraining
effect of H*, which is illustrated clearly in Table 2. In con-
trast, superlong and much thinner VSB-5 wires were pro-
duced on a large scale after a much shorter reaction time. In
fact, in the whole growth process of VSB-5, competition be-
tween growth and nucleation rates cooperate with the com-
petition between OH™ and PO,*" ions for reaction with Ni**
. In summary, by controlling the transformation process of
relative amounts of OH~ and PO,* ions in solution, VSB-5
microspheres assembled from superlong nanowires, which
have not been reported so far, and a series of VSB-5 fibers
with controlled sizes can be prepared by the present facile
hydrothermal method in much shorter time at low tempera-
ture.

Catalytic properties of VSB-5 in selective hydrogenation:
We tested the catalytic properties of the sample of VSB-5
obtained at pH 4.21 in selective hydrogenation of aromatic
nitro compounds and o,f-unsaturated aldehydes [Egs. (8)-
(12)]; the results are summarized in Table 3.

The conversion of styrene to ethylbenzene can reach
17.9%, and thus Ni" in VSB-5 clearly shows catalytic activi-

Chem. Eur. J. 2008, 14, 4074 —4081
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Table 3. Results of selective hydrogenations of several unsaturated compounds with VSB-5.1%
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thus decrease the reaction

Run  Substrate  Product Solvent ~ T[°C] t[h] Conversion[%] Selectivity [%] rate.”® It has been proposed
1 styrene ethylbenzene benzene 40 4 179 - that for efficient reduction of
2 CAL hydrocinnamaldehyde ~ hexane 60 5 115 100 larger organic molecules, pores
3 MCA 3-methylbutyraldehyde  hexane 50 10 40.6 99.1 with diameters exceeding
4 NB aniline ethanol 50 10 6.3 89.8

5  2CNB  2-chloroaniline hexane 50 10145 9.6 1.5 nm are necessary to host the

hydrogenation active site and

[a] Reaction conditions: substrate 1 mmol, solvent 2 mL; molar ratio of substrate:VSB-5 50:1; H, pressure

@CH:CH2 . H ©7CH;CH3 ®

CHO
—_— ©)

(HCAL

X CHO
+ H
mCAL)

>—=-CHO(ycn) + H, —— >—""O(upa) (10

% — O ™y OO ™
(NB) (AN) (AB)

NO, NH, NH NO
O:cn (2cng) + o _’©:C| {2-cAN) * @ N @ (N23) "

ty in this hydrogenation reaction. Although conversion is
low, it is proof of the hydrogenation activity of Ni", which
has rarely been reported until now.

To further examine the catalytic activity of VSB-5 in se-
lective hydrogenation of other functional groups, trans-cin-
namaldehyde (CAL), 3-methylcrotonaldehyde (MCA), ni-
trobenzene (NB), and 2-chloronitrobenzene (2-CNB) were
chosen. Hydrogenation of the unsaturated aldehydes CAL
and MCA gave hydrocinnamaldehyde (HCAL) and 3-meth-
ylbutyraldehyde (MBA), respectively. These two reactions
prove that VSB-5 can hydrogenate a C=C bond selectively
as opposed to the C=0 bond in unsaturated aldehydes. Hy-
drogenation of NB gave aniline with high selectivity
(89.8%), while in the reduction of 2-CNB the selectivity for
2-chloroaniline (2-CAN) reached 96.6 %. Thus, nearly all of
the selected hydrogenation reactions could be performed
with VSB-5 catalyst with high selectivity, although it still has
the disadvantage of lower catalytic activity. This may be at-
tributable to the 0.9 nm pore size of the VSB-5 prepared
here, which may affect diffusion of larger molecules and
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the molecules at the same
time.?”

To investigate the catalytic
activity of VSB-5 prepared at
different pH values, we chose
the selective hydrogenation of
2-CNB (Table 4). The VSB-5
catalysts have high selectivity
for 2-CAN regardless of the pH
at which they were prepared.
Keeping all other catalytic pa-
rameters the same as above, we
found that alkaline preparation
of catalysts seems to be benefi-
cial for the conversion of 2-
CNB to 2-CAN. Both catalysts
obtained in alkaline solution
gave yields of 2-CAN higher
than 70.0%, which is unusual
for this catalyst. In contrast,
conversion was only 14.5, 11.0,
and 34.6% for catalysts pre-
pared at pH 4.21, 6.01, and 7.06,
respectively. However, a special
case was the sample prepared at
pH 5.58, for which conversion
reached 78.5%, although the
reason is still unclear. Despite

Table 4. Results of selective hydrogenation of 2-CNB with VSB-5 at dif-
ferent pH values

pH value 5.58 6.01 7.06 8.10 9.00
conversion [% ] 78.5 11.0 34.6 713 72.0
selectivity [%] 98.7 99.1 973 98.2 98.6

this, we could conclude that the conversion rate of 2-CNB
can be more influenced by preparing catalysts at different
pH values than by morphology. Considerable work is still
needed to improve the catalytic activity and to explore the
exact mechanism of selective hydrogenation with Ni in
VSB-5 prepared under different conditions.

Conclusion

Large-scale synthesis of nanoporous VSB-5 materials with
urchinlike microspherical morphology and controllable
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aspect ratios and diameters has been realized by a conven-
ient hydrothermal process in shorter reaction time at low
temperature. By controlling the rate of release of Ni** in a
preformed sacrificial template of a-Ni(OH),, the rate of oxi-
dation of HPO,™ to PO,*", and pH value, urchinlike VSB-5
microspheres can be produced. In addition, VSB-5 micro-
rods with different diameters and urchinlike microspheres
assembled from wires can be obtained on a large scale
simply by adjusting the pH of the reaction solution. Reac-
tion time, pH value, and ratio of HMT to NaHPO,-H,O sig-
nificantly influence the morphology and quality of the final
products. The catalytic activity of Ni! in VSB-5 for selective
hydrogenation of several unsaturated organic compounds
was tested. It could catalyze reduction of nitrobenzene and
2-chloronitrobenzene to aniline and 2-chloroaniline, and
also showed relatively high selectivity for hydrogenation of
C=C as opposed to C=0O in unsaturated aldehydes, which
would have potential applications in synthesizing dyes, agro-
chemicals, pharmaceuticals, and fragrances.

Experimental Section

Chemicals: The following analytical-grade reagents were purchased from
the Shanghai Chemical Reagents Company and used without further pu-
rification: NiCl,-6 H,O, hexamethylenetetramine (HMT, CsH;,N,), NaH-
PO,-H,0, benzene, hexane, ethanol, styrene, nitrobenzene (NB), trans-
cinnamaldehyde (CAL), 3-methylcrotonaldehyde (MCA), and 2-chloro-
nitrobenzene (2-CNB).

Synthetic procedures: In a typical procedure, 1 mmol of NiCl,-6H,0,
10 mmol of HMT, and different amounts of NaHPO,-H,O were added
into 25 mL of deionized water with stirring until the solution was clear.
Then, HCI (1m) or NH;-H,O (1M) was used to adjust the pH of the solu-
tion to the desired value. Then the solution was transferred to a Teflon-
lined autoclave with a volume of 35 mL. The autoclave was sealed and
maintained at 140°C for several hours, and then allowed to cool to room
temperature. After the reaction, the green or gray-green precipitate was
separated from the solution by centrifugation, washed with deionized
water and absolute ethanol several times, and dried under vacuum at
60°C for 4 h. The dried sample was dehydrated at 350°C for 1 h under
vacuum and kept in a closed desiccator. Based on elemental nickel, the
final yield of VSB-5 can be as high as 91.4%.

Selective hydrogenation: The reaction was performed in a 50 mL stain-
less steel autoclave reactor with a magnetic stirrer. A definite quantity of
the catalyst, organic precursor, and solvent were put into the reactor
under nitrogen atmosphere and the reaction was carried out with contin-
uous stirring at the desired temperature and a hydrogen pressure of
5MPa). After the reaction, the reaction mixtures were centrifuged and
analyzed by gas chromatography with an FID detector (Shimadzu GC-
2010) and a chiral capillary column (Rtx@-50, 30 m x 0.25 m x 0.25 pum).

Characterization: The products were characterized by X-ray diffraction
pattern, recorded on a MAC Science Co. Ltd. MXP 18 AHF X-ray dif-
fractometer with monochromatized Cug, radiation (1=1.54056 A).
Transmission electron microscopy (TEM) was performed on a Hitachi
(Tokyo, Japan) H-800 transmission electron microscope at an accelerating
voltage of 200 kV. FESEM images were taken on a JEOL JSM-6700F
field emission scanning electron microscope at 10 kV; the IR spectrum
was obtained on a Magna-IR-750 spectrometer; thermogravimetric analy-
sis (TGA) was carried out on a TGA-50H thermal analyzer (Shimadzu
Corporation) with a heating rate of 10°Cmin™" in flowing air. X-ray fluo-
rescence (XRF) measurements were performed on a XRF-1800 X-ray
fluorescence spectrometer (Shimadzu Corporation) at room temperature.
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N, adsorption was determined by BET measurements with an ASAP-
2020 surface area analyzer.
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