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ABSTRACT

The synthesis and characterization of SBA-15 type mesoporous silica containing surfaces functional-
ized with aminopropyl and methyl groups (NH,&CH3-SBA-15) were reported. The Ni-B amorphous alloy
deposited on such support showed higher activity and selectivity in liquid-phase hydrogenation of p-
chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN) owing to the synergetic promotions from both
the aminopropyl and methyl groups. The aminopropyl could greatly enhance the dispersion of Ni-B alloy
particles via coordination with Ni?* ions, leading to high activity. While, the methyl could enhance the
surface hydrophobicity which facilitated the desorption of the target product p-CAN and thus inhibited
its further dechlorination. Besides, the strong hydrophobicity also enhanced the B-content in the Ni-B
alloys, which favored the activation and hydrogenation of the NO,-group in p-CNB molecule, leading to
high selectivity. This work clearly reveals the importance of organization of different functional groups

p-chloroaniline

on the surface of heterogeneous catalysts.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Amorphous alloys have proven powerful metal catalysts owing
to their unique long-range disordering while short-range order-
ing structure [1-3], among which Ni-B amorphous alloy is one of
the most thoroughly investigated catalysts. To increase the active
surface area and improve the thermal stability, supported Ni-B
catalysts have been synthesized through impregnation-reductant
method [4-7]. Because of high surface areas, ordered pore channel,
and uniformity in pore size, highly ordered mesoporous materials
can act as promising carriers for depositing Ni-B amorphous alloy
nanoparticles [8-11]. However, it is found that the supported Ni-B
catalyst by using pure mesoporous silica usually exhibit nonuni-
form distribution of Ni-B particles and even blockage of the pore
entrance, which eventually limits the activity and especially, the
selectivity [8].

Organic-inorganic hybrid materials represent a new class of
materials [12-16]. Incorporation of multifunctional groups into the
channel of ordered mesoporous materials allows for molecular-
level fine-tuning of catalytic performances [17-19]. Moreover,
the surface hydrophilic-hydrophobic properties of the ordered
mesoporous materials can be modified through immobiliza-
tion of organic groups, which is essential in order to optimize
the catalysis for some structure-sensitive reactions [20]. For
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example, one reaction requiring heterogeneous catalysts with
proper surface properties is the liquid-phase hydrogenation of
p-chloronitrobenzene (p-CNB) to p-chloroaniline (p-CAN). This
reaction is of industrial importance in manufacturing dyes, drugs,
herbicides, pesticides, and other fine chemicals, and is always cat-
alyzed by metal catalysts [21]. Increasing the surface hydrophobic
property of catalysts can enhance p-CAN selectivity, since p-CAN
is a polar molecule that is easily desorbed from the hydropho-
bic catalyst surface and the side reactions such as dechlorination
are therefore suppressed [22]. Recently, we had demonstrated that
Ni-based catalysts, including Ni-based amorphous alloys, were suit-
able catalysts for p-CNB hydrogenation [23-25]. More interestingly,
the surface composition of Ni-based amorphous alloys, especially
the boron content, could be adjusted based on the preparation
method, which had significant effect on the catalytic properties
[23,24]. However, the preparation of Ni-B amorphous alloy sup-
ported on organic-inorganic hybrid materials and the effects of
organic groups on their composition and thus, their catalytic per-
formances, had never addressed so far.

Herein, we report a novel Ni-B amorphous alloy catalyst sup-
ported on aminopropyl and methyl co-functionalized silica with
ordered mesoporous structure similar to SBA-15, which is syn-
thesized by co-condensation of tetraethoxysilane (TEOS) and
organosilanes containing aminopropyl and methyl groups in the
presence of P123 template. This catalyst exhibits high activity and
selectivity during liquid-phase hydrogenation of p-CNB to p-CAN.
The synergetic promoting effects from both the aminopropyl and
the methyl functionalities are well established.
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2. Experimental
2.1. Catalyst preparation

Pure SBA-15 silica was synthesized according to the method
reported by Zhao et al. [26]. In a typical run of syntheses, 2.0 g P123
surfactant was dissolved at 313 K in a solution comprised of 15 mL
water and 60 mL 2 M HCI, followed by adding 4.5 mL TEOS. After
being stirred at 313K for 24 h and aged at 373K for another 24 h,
the solid product was thoroughly washed with water, followed by
drying in vacuum at 353 K for 8 h. The surfactant and other organic
residues were extracted by refluxing the sample in ethanol (EtOH)
at353 Kfor 24 h. The SBA-15 sample was finally obtained after being
dried at 353 K under vacuum for 8 h.

Functionalized SBA-15 samples were synthesized through P123
directed co-condensation of TEOS with aminopropyl triethoxysi-
lane (APTES) and/or methyl triethoxysilane (MTES) in an acid
solution, during which TEOS was pre-hydrolyzed at 313K for 3h
[27]. Other procedures are the same as those for preparing SBA-15.
The as-prepared samples were denoted as NH,-SBA-15, CH3-SBA-
15 and NH,&CH3-SBA-15. In most cases, the molar ratios of methyl
and aminopropyl to total silicon in the mother mixture were fixed
at 7.1%.

The supported Ni-B samples were prepared according to the fol-
lowing procedure. 1.0g of a support was impregnated by 3.0 mL
0.85M NiCl, aqueous solution overnight. After being dried under
microwave irradiation at 393K for 35min, 5.0mL 2.0M KBH4
aqueous solution was added dropwise at 273K and was stirred
continuously until no bubbles released. The solid was washed free
from Cl- or K* ions with water until a pH~ 7 was achieved, fol-
lowed by three washing with EtOH, and finally soaked in EtOH until
use.

2.2. Characterization

The composition of catalysts was analyzed by means of induc-
tively coupled plasma (ICP; Jarrell-Ash Scan 2000). N, adsorption
isotherms were measured at 77 K on a Quantachrome NOVA 4000e
apparatus. Based on the desorption branches, the surface area
(Sget), the pore size distribution, the average pore size (Dp), and the
pore volume (Vp) were calculated by using Barrett-Joyner-Halenda
(BJH) model. Transmission electron microscopy (TEM) images and
selected area electron diffraction (SAED) patterns were obtained
on a JEOL JEM-2010 electron microscope, operated at an acceler-
ation voltage of 200kV. Solid-state NMR spectra were obtained
on a Bruker AV-400 NMR spectrometer. Fourier transform infrared
(FTIR) spectra were recorded on a Nicolet Magna 550 spectrometer
by KBr technique. Thermogravimetric analysis (TGA) was carried
out on a Du Pont 951 thermogravimetric analyzer with a ramp-
ing rate of 10K/min in 50 mL/min of air flow. Low-angle and
high-angle X-ray diffraction (XRD) patterns were collected on a
Rigaku Dmax-3C diffractometer with Cu Ka radiation. X-ray pho-
toelectron spectroscopy (XPS) measurements were performed on
a Perkin-Elmer PHI 5000C ESCA system. All the binding energies
were calibrated by using the contaminant carbon (C 1s=284.6eV)
as a reference. When conducting the XPS experiment, the sam-
ple soaked in ethanol solution was mounted on the sample plate.
After removing solvents in Ar flow, the sample was degassed in
the pretreatment chamber under 1 x 10~6 Torr for 4h and then
transferred to the analyzing chamber by means of probe inser-
tion. All the pretreatments and XPS characterization were carried
out in the Ar atmosphere so that, the oxidation of surface Ni
can be avoided. Hydrogen chemisorption were conducted on a
Quantachrome CHEMBET 3000 instrument, from which the active
surface area (Sact) was calculated assuming H/Ni(s)=1 and a surface
area per Ni atom=6.5 x 10-29 m? [28].

2.3. Activity test

Liquid-phase hydrogenation of p-CNB was performed at 1.0 MPa
H, and 373 K in a 200 mL stainless steel autoclave containing 1.0 g
catalyst, 20 mmol of p-CNB, and 60 mL EtOH. The reaction system
was stirred vigorously (1000 rpm) to eliminate the diffusion effect.
The reaction mixture was sampled at equal intervals for product
analysis on a gas chromatograph (GC 9800) equipped with a flame
ionization detector (FID) and an AC-5 column using n-C13H50H as
internal standard, from which both the conversion and the selectiv-
ity were calculated. Reproducibility was checked by repeating the
runs at least three times and was found to be within acceptable
limits (£5%). Supports alone did not show any catalytic activity.

3. Results and discussion
3.1. Structural characteristics

The XPS spectra (Fig. 1) demonstrated that all the Ni species
were present in metallic state with the binding energy (BE) around
853.0eV in the Ni 2p3; level [29]. However, the B-species were
present in the elemental B and the oxidized B, corresponding to
the BE around 188.2 and 192.3 eV in B 1s level, respectively. The BE
of the elemental B was 1.1 eV higher than that of pure B (187.1 eV)
[30], suggesting that the elemental B was not present in free state
but alloyed with the metallic Ni, in which partial electrons trans-
ferred from B to Ni, though no significant BE shift of Ni was observed
due to its bigger atomic size [30]. The XRD patterns (Fig. 2) demon-
strated that, besides a broad peak around 26 = 22° corresponding to
amorphous SiO; [31], all the Ni-B samples displayed only one broad
peak around 26 =45° indicative of the typical amorphous structure
[32]. The combined results from both the XRD and the aforemen-
tioned XPS demonstrated that all the samples were present in Ni-B
amorphous alloys. Calcination of these samples at 873 Kfor2 hin N,
flow resulted in various diffraction peaks corresponding to metallic
Ni and crystalline Ni-B alloy appeared, implying the occurrence of
crystallization process, together with partial decomposition of the
Ni-B alloy into metal Ni.

The FTIR spectrain Fig. 3 revealed that the pure SBA-15 displayed
a broad absorbance band between 3600 and 3200cm™!, corre-
sponding to the stretching vibration of the O-H bonds in the surface
silanol groups and the adsorbed water molecules. The absorbance
band at 1635cm~! was assigned to the deformational vibrations
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Fig. 1. XPS spectra of (a) Ni-B/SBA-15, (b) Ni-B/NH,-SBA-15, (c) Ni-B/CH;-SBA-15,
and (d) Ni-B/NH,&CH3-SBA-15.
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Fig. 2. Wide-angle XRD patterns of (a) Ni-B/SBA-15, (b) Ni-B/NH,-SBA-15, (c) Ni-
B/CH3-SBA-15, (d) Ni-B/NH,&CH3-SBA-15, and (e) Ni-B/NH,&CH3-SBA-15 treated
at 873K for 2h in N; flow.

from adsorbed water molecules [33]. While, the absorbance
bands around 960 and 1100cm~! could be attributed to the Si-O
stretching vibration from silanol groups and the Si-O-Si vibration
of siloxane, respectively. Besides these absorbance bands, all the R-
SBA-15 samples (R=NH,- and/or CH3-groups) displayed additional
absorbance bands at 2926, 2847, 1463 and 722 cm™! indicative of
asymmetric stretching, symmetric stretching, bending vibrations
of aliphatic C-H bonds [34] and the vibration of Si-C bonds [35].
In addition, both the NH,-SBA-15 and the NH,;&CH3-SBA-15
displayed absorbance band at 1521cm~! characteristic of N-H
bending vibration. All of these results demonstrated the successful
incorporation of aminopropyl and methyl groups into the silica
network, which could be further confirmed by the solid-state NMR
spectra. As shown in Fig. 4, the 29Si CP MAS NMR spectra displayed
three up-field resonance peaks for the siloxane corresponding to
Q* (8=—111ppm), Q3 (§=—103ppm), Q% (§=-93 ppm), where
Q" =Si(0Si),(OH)4_, (n=2-4). Two down-field organosilane sig-
nals were observed at —66 and —55 ppm, corresponding to T3 and
T2, where T™ =RSi(0Si)n(OH)3_n (m=1-3), which confirmed the
incorporation of the organic groups into the silica framework via
forming C-Si bond [36]. In comparison with the pure SBA-15, all
the R-SBA-15 samples showed lower signal intensities of Q3/Q* due
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Fig.3. FTIRspectraof(a)SBA-15,(b)NH,-SBA-15,(c) CH3-SBA-15,and (d) NH,&CHj3-
SBA-15.
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Fig. 4. 29Si MAS NMR spectra of (a) SBA-15, (b) NH,-SBA-15, (c) CH3-SBA-15, and
(d) NH,&CH3-SBA-15.

to the substitution of Si-O bonds by Si-C bonds. The T™/(T™ + Q")
ratios were determined as 7.5%, 7.3%, and 14.8% in the NH,-SBA-15,
CH3-SBA-15 and the NH,&CH3-SBA-15 samples, respectively,
which were almost the same as the contents of organic groups
in initial mixture, suggesting that the organosilicane completely
co-condensed with the TEOS, i.e., the loss of organic groups
during the co-condensation process could be neglected. The TGA
curves (Fig. 5) demonstrated that the decomposition of organic
groups anchored on SBA-15 occurred between 463 and 873 K. The
NH,&CH3-SBA-15 and Ni-B/NH,&CH3-SBA-15 samples exhibited
weight loss of organic groups about 20% and 17%, respectively. Tak-
ing into account that the Ni loading in Ni-B/NH,&CH3-SBA-15 is 12
wt%, a rough estimation gave a weight loss in Ni-B/NH,&CH3-SBA-
15 should be 18%. These results indicated no significant leaching of
organic groups during impregnation with Ni2* ions, pretreatment
under microwave and the subsequent reduction with BH4 ™.

As shown in Fig. 6, all the R-SBA-15 and the Ni-B/R-SBA-15
samples with different contents of NH,- and/or CH3-groups (see
Table 1) displayed well-defined type-IV N, adsorption-desorption
isotherms with H; hysteresis loop characteristic of two-
dimensional hexagonal mesoporous structure. By applying
the BJH method to the desorption branches, narrow pore size
distributions were obtained (see the attached).

Meanwhile, the low-angle XRD patterns (Fig. 7) revealed that
the pure SBA-15, the functionalized SBA-15 and the supported
Ni-B samples displayed an intense (10 0) diffraction peak around
20=0.77° and two weak peaks at 260=1.4 and 1.6° indicative of
(110) and (200) diffractions, which are characteristic of the 2D
hexagonal (P6mm) structure [26]. Functionalization with organic
groups and deposition with Ni-B nanoparticles caused significant
decrease in the intensity of the (1 0 0) diffraction peaks and even the
disappearance of the (110) and (2 00) diffraction peaks, implying
the reduced ordering degree of the mesoporous structure which
could be mainly attributed to the occupation of organic groups and
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Fig. 5. TGA and DTA curves of (a) NH,-SBA-15, (b) CH3-SBA-15, (¢) NH,&CH3-SBA-15, and (d) Ni-B/NH,&CH3-SBA-15.

Ni-B nanoparticles in the pore channels. A marked shift of the (10 0)
diffraction peak towards larger 26 angles demonstrated a shrinkage
of the cell dimension of the resulting mesostructured materials.
Fig. 8 shows the TEM morphologies and SAED images (the
inset) of the R-SBA-15 and the Ni-B/R-SBA-15 samples. From SAED
images, one could see that all the Ni-B/R-SBA-15 samples dis-

played successive diffraction halos indicative of typical amorphous
alloy structure [37], in agreement with the above XRD character-
izations. Meanwhile, the TEM images demonstrated the ordered
mesoporous structure. In the Ni-B/SBA-15 sample, most of Ni-
B nanoparticles were deposited on the outer surface, the Ni-B
nanoparticles in Ni-B/NH,-SBA-15 were uniformly distributed in

Table 1

Physical characteristics of various silicas and supported catalysts?.

Sample Cnw, (%) Cen, (%) dioo (nm) a(nm) Sger (m? g~1) Vp (cm?g~1) Dp (nm) Cier
SBA-15 0 0 1.5 13.3 777 13 8.0 140
Ni-B/SBA-15 0 0 10.9 12.5 684 1.2 7.1 129
NH,-SBA-15(a) 4.5 0 11.3 13.0 589 0.8 6.5 94
NH,-SBA-15 7.1 0 11.1 12.8 550 0.7 5.3 86
NH,-SBA-15(b) 9.1 0 10.9 12.5 535 0.6 4.8 70
NH,-SBA-15(c) 14 0 10.7 12.3 499 0.3 3.5 64
Ni-B/NH;-SBA-15 7.1 0 11.0 12.7 501 0.6 3.7 76
CH3-SBA-15(a) 0 4.5 10.5 12.1 685 1.0 6.4 77
CH3-SBA-15 0 7.1 104 12.0 586 0.8 5.6 70
CH3-SBA-15(b) 0 9.1 10.4 12.0 484 0.7 4.4 56
CH3-SBA-15(c) 0 14 10.2 1.7 462 0.6 41 34
Ni-B/CH3-SBA-15 0 7.1 10.4 12.0 524 0.5 3.8 65
NH,&CH3-SBA-15(a) 4.5 4.5 10.7 12.3 583 0.8 5.0 59
NH,&CH3-SBA-15 7.1 7.1 10.5 12.1 571 0.7 4.4 53
NH,&CH3-SBA-15(b) 9.1 9.1 10.1 11.6 521 0.6 42 50
Ni-B/NH,&CH3-SBA-15 7.1 71 10.1 11.6 523 0.5 3.8 51

? Cnn, and Cey, refer to the molar ratios of NH/Si and CH3/Si, respectively. a = 2d100/+v/3.



H. Li et al. / Journal of Molecular Catalysis A: Chemical 307 (2009) 105-114

900
800
700 L
600
500
400

300

Volume adsorbed (cm” STP g)

200

100

f"ﬂﬁ“ —e—SBA-15
oFE —o— Ni-B/SBA-15
. . . L
0.0 0.2 0.4 0.6 0.8 1.0
PIP,
1200 F,
4 (c)
1000 "
panuguan®
o =1
e e o !
- 9
& s "{.'(...-;.,.oo-'
[ J
2 el F/ A
“ s o *‘.b‘
-] / / ‘A:i
&, . .l:/“,‘
= B L] /
.g .....'. / ‘/
g . s
% {’ adatT cpr
a0l aanadd
§ ‘A‘ / of
= Wt * 5000000
; PPt Ll o e
200 [a** oo0 ™~ NHSBA15)
Pt —e—NH,-SBA-15
0500 —4&— NH,-SBA-15(h)

—%— NH_-SBA-15(c)

) _ —0— NI-B/NH,-SBA-15
0.0 0.2 0.4 0.6 0.8 1.0

PIP,

109

1200

1050 %

900

750

600
A&
.“ AA‘
450 !'.‘.AAA-‘“‘ &*i*‘ttiﬁ\ttt*;}*
T 00
***'/:f*tzooogom
;A*‘**** /O/ d
300 [ -

/502 a CH,-SBA-15()

Volume adsorbed (ch STP g")

o
ok 00009 —e— CHSBA-15
—a— CHLSBA-IS(H)
— 4 CHLSBA-156)
0 —o— NiWCIL SBA-1S
Il 1 1 1
00 02 04 06 08 10
PIP,
1200 @
1100
1000 -
o AN _)...--I.]I'll"
P
: L /
= [ ]
& s00f [ ’-
; [ |ll{' ol ,n-.' . .,u'.'.
- - ' &
g O e /.p ,/
= f- ,'
= 600 & Wi
2 L el *“*‘
S suf eeer®™ At A
2 [ gue’ !A’ /‘
=
g 4 £ A .
| abd 00000000¢
- E e o000 g
5 30 " Lkt "
200 [F 0065-— NH&CH,SBA-15()
[ oo™ —®— NHL&CH -SBA-15
100 | —A— NIL&CH,-SBA-15(h)
—O— Ni-| ly'\“ 6.( f[ -SBA-15
" 1 i "
0

0. 0.4 0.6 U.H 1.0

PIP,

Fig. 6. N, adsorption-desorption isotherms and pore size distributions (inset) of (a) SBA-15 and Ni-B/SBA-15, (b) CH3-SBA-15(x) and Ni-B/CH3-SBA-15(x), (c) NH;-SBA-15(x)

and Ni-B/NH,-SBA-15(x), and (d) NH,&CHs3-SBA-15(x) and Ni-B/NH,&CH;-SBA-15.

the mesoporous channels with much smaller size. This could be
attributed to the coordination of the Ni2* ions with the NH;-groups
originally incorporated into the pore channels of SBA-15. Reduction
of these coordinated Ni%* jons with BH4~ led to the Ni-B nanoparti-
cles located inside the mesoporous channels. The uniform particle
size could be attributed to the smooth reduction between the coor-
dinated Ni2* ions and BH4~ in comparison with the direct reduction
between free NiZ* ions and BH4~, which might diminish the parti-
cle agglomeration taking into account that the reduction is strongly
exothermic. Meanwhile, the pore channels also confined the parti-
cle growth and gathering. The presence of CH3-groups could also
improve the particle distribution owing to the dispersing effect of
the hydrophobic groups [38].

Based on the desorption branches of N, sorption isotherms,
some structural parameters were calculated and listed in Table 1.
The decreases in the digg spacing and in the lattice parameter
(a=2d19o/+/3) with the enhanced contents of organic groups
could be explained by the perturbation of the self-assembly of the
silica precursor caused by APTES and/or MTES [39]. The incorpora-
tion of the organic groups into SBA-15 caused significant decrease
in the Sger, Vp and Dp, which could be mainly attributed to the
increase of the wall thickness due to the coverage of the wall
surface with these organic groups. The supported Ni-B samples
exhibited even lower Sggt, Vp and Dp values, obviously due to the

occupation of the Ni-B nanoparticles on pore surface and in pore
channels. Meanwhile, the BET constant (Cggr) value of CH3-SBA-15
and NH,-SBA-15 samples was much lower than the pure SBA-15,
showing that the functionalization of SBA-15 with organic groups
led to enhanced hydrophobicity [40]. The functionalization with
MTES (CH3) displayed higher surface hydrophobicity than the func-
tionalization with APTES (NH,-CH,;-CH,-CH;), which could be
understood by considering the hydrophilicity of the NH, termi-
nal. The NH,&CH3-SBA-15 exhibited higher surface hydrophobicity
than either the NH;-SBA-15 or the CH3-SBA-15 with the same con-
tents of NH;- or CH3-groups owing to the synergetic effects from
the co-functionalization.

The Ni loadings on the support and the bulk compositions
of the Ni-B amorphous alloys were determined by ICP analysis,
which revealed that all the supported catalysts possessed the sim-
ilar Ni loading around 12 wt% and the similar bulk composition
regardless of the surface functionalization with organic groups. The
surface compositions of the Ni-B amorphous alloys were calculated
according to XPS spectra by using 0.13 and 2.50 as the PHI sensi-
tivity factors to B 1s and Ni 2p3j; [30]. As shown in Table 2, the
surface composition data demonstrated that the Ni-B amorphous
alloys deposited on the R-SBA-15 supports are slightly surface
enriched with B-species. On one hand, the B-enrichment could be
attributed to the enhanced surface hydrophobicity, which could
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Table 2

Structural and catalytic properties of different Ni-B catalysts?.

Catalyst Surf. composition (atomic ratio) Sni (m?g1) TOF® (s71) Yieldmax© (%) (reaction time, min)
Ni-B/SBA-15 Nig3B17 15 0.015 80(390)
Ni-B/NH;-SBA-15(a) NizgB22 19 0.031 85 (180)
Ni-B/NH;-SBA-15 Ni75Bas 20 0.039 87 (120)
Ni-B/NH,-SBA-15(b) Ni7sBas 25 0.038 77 (100)
Ni-B/NH;-SBA-15(c) Ni74B2s 28 0.039 68 (80)
Ni-B/CH3-SBA-15(a) Nig1B1o 16 0.018 82 (360)
Ni-B/CH3-SBA-15 NigoBa2o 16 0.026 88 (240)
Ni-B/CH3-SBA-15(b) NigoBao 18 0.025 88 (240)
Ni-B/CH3-SBA-15(c) Ni7gBay 18 0.026 89 (225)
Ni-B/NH,&CHs-SBA-15(a) NigoBao 18 0.024 89 (255)
Ni-B/NH,&CH3-SBA-15 Ni75Bas 19 0.040 90 (120)
Ni-B/NH,&CH;-SBA-15(b) Ni7sBys 21 0.038 84 (120)

2 Reaction conditions: 1.0 g of catalyst, 20 mmol of p-CNB, 60 mL of EtOH, T=353 K, Py, = 1.0 MPa, and stirring rate = 1000 rpm.
b TOF is expressed as the number of p-CNB molecule converted per second on per surface Ni site.
¢ The maximum yield of the target product p-CAN and the time needed to reach the maximum yield.
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Fig. 8. TEM images of (a) SBA-15, (b) Ni-B/SBA-15, (c) NH,-SBA-15, (d) Ni-B/NH,-SBA-15, (e) CH3-SBA-15, (f) Ni-B/CH3-SBA-15, (g) NH,&CH3-SBA-15, and (h) Ni-B/NH,&CHs -
SBA-15. Insets are the SAED patterns of the Ni-B particles.
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Fig. 9. Hydrogenation of p-CNB over Ni-B/NH,&CH3-SBA-15 amorphous alloy cata-
lyst as a function of reaction time. (W) p-CNB, (OJ) p-CAN, (o) NB, and (A) AN. Reaction
conditions are listed in Table 2.

slow down the reaction rate between Ni2* and BH4~. Taking into
account that the reduction of Ni2* by BH4 ™~ is strongly exothermic,
the smooth reaction could effectively inhibit the breakage of Ni-
B bonds, leading to the higher B-content in the Ni-B alloy [41].
The NH,-functionalization could further enhance the B-content
in the Ni-B alloy owing to the coordination of NH;-ligands with
Ni2*, making the reaction between Ni2* and BH,~ proceeded even
more smoothly [42]. The smooth reaction could also account for the
higher Sy; values of the Ni-B/R-SBA-15 amorphous catalysts than
that of the Ni-B/SBA-15. Meanwhile, the increase of Sy; with the
enhanced contents of organic groups on the SBA-15 support could
also be explained in this way.

3.2. Catalytic behaviors

Fig. 9 shows the reaction profile of p-CNB hydrogenation over
Ni-B/NH,&CH;3-SBA-15. Besides the main product (p-CAN), only
aniline (AN) and nitrobenzene (NB) were identified as byproducts
under the present conditions, which were also observed over other
catalysts, suggesting that the p-CNB hydrogenation possibly fol-
lowed the pathways described in Scheme 1. As shown in Fig. 10, the
p-CNB conversion increased almost linearly with the reaction time
over Ni-B amorphous alloy catalysts supported on pure SBA-15,
NH,-SBA-15, CH3-SBA-15, and NH,&CH3-SBA-15, implying that the
p-CNB hydrogenation was zero-order with respect to p-CNB con-
centration. Based on the reaction profiles, the catalytic parameters
(TOF, the maximum yield of the target product and the correspond-
ing reaction time) of different catalysts were calculated. From the
data in Table 2 and the conversion-time curves in Fig. 10, the fol-
lowing conclusions were drawn:

1. All the Ni-B/R-SBA-15 catalysts exhibited much higher activity
than Ni-B/SBA-15 and activity increased with the enhanced con-
tents of R-groups incorporated in the SBA-15 support, showing
the promotional effect of surface functionalization with organic
groups. This could be mainly attributed to the enhanced sur-
face hydrophobicity, which could improve the dispersion of Ni-B
nanoparticles, leading to higher metallic surface (Sy;). Mean-
while, the enhanced surface hydrophobicity resulted in surface
B-enrichment in the Ni-B alloys. Since the aforementioned XPS
spectra demonstrated that B donates partial electrons to Niin the
Ni-B alloy [41], the higher B-content in the Ni-B alloy made the
metallic Ni more electron-enriched. On one hand, higher elec-
tron density in Ni active sites might facilitate the formation of
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Fig. 10. Time-conversion curves of p-CNB hydrogenation over Ni-B/SBA-15 and Ni-B
catalysts supported on (a) NH,-SBA-15(x), (b) CH3-SBA-15(x), and (c) NH,&CH;3-SBA-
15(x). Reaction conditions are listed in Table 2.

H~ species [43], leading to higher TOF since the rate determin-
ing step was a nucleophilic attack of hydride ion on the nitrogen
atom of the nitro group [44]. On the other hand, the electron-
enrichment in Ni was also favorable for activating the adsorbed
NO,-group through a back electron-donation from dxziyz orbital
of Ni to m*Ny=—p anti-bonding orbital of N=0O group, which could
further enhance the TOF [45].

2. Although the weaker hydrophobicity, the Ni-B/NH,-SBA-15 cata-
lysts were more active than the Ni-B/CH3-SBA-15 with the same
content of organic groups. This could be mainly attributed to
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Scheme 1. A plausible pathway of p-CNB hydrogenation.

the smooth reduction of Ni2* by BH4~ owing to the coordina-
tion of Ni%* with NH,-groups incorporated into the mesoporous
channels of SBA-15, which could promote the dispersion of Ni-B
nanoparticles and also enhance the B-content in the Ni-B alloy,
leading to higher Sy; and enhanced TOF.

. Fig. 11 illustrated the dependence of p-CAN selectivity on p-CNB
conversion during p-CNB hydrogenation over various supported
Ni-B amorphous alloy catalysts, from which the maximum yields
of p-CAN were calculated and listed in Table 2. For the Ni-B/CHs-
SBA-15 series catalysts, the selectivity increased gradually with
the enhanced CHs-content, which could be mainly attributed
to the enhanced surface hydrophobicity and the increased B-
content in the Ni-B alloys. According to Figs. 9 and 11, the main
byproduct was AN and only trace of NB was detected throughout

reaction process. Thus, the p-CNB hydrogenation mainly fol-
lowed Route I in Scheme 1. The p-CNB was firstly adsorbed by
the catalyst through the NO,-Ni bonding. Then, the adsorbed
NO,-group was hydrogenated into NH,-group, corresponding to
the formation of the target product p-CAN. The further hydro-
genation induced the dechlorination of p-CAN, leading to the
formation of AN byproduct [21]:

p-CAN + Hp — AN + HCI (1)

Since the NH,-group was more hydrophilic than the NO,-
group, the enhanced surface hydrophobicity may facilitate the
desorption of p-CAN molecules from the catalyst and there-
fore, suppressed its subsequent dechlorination [22]. Besides, the
higher B-content in the Ni-B alloys could enhance the electron
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Fig. 11. Dependency of selectivity to (a) (b) (c) p-CAN, and (d) (e) (f) AN on conversion during p-CNB hydrogenation over all supported Ni-B amorphous alloy catalysts.
Reaction conditions are listed in Table 2.
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density of metallic Ni, taking into account that the B donated
electrons to Niin the Ni-B alloy, which facilitated the formation of
H~ species [43] and also promoted the activation of NO,-groups
[45], leading to the higher selectivity to p-CAN. For the Ni-
B/NH,-SBA-15 series catalysts, the selectivity toward p-CAN first
increased and then decreased with the enhanced NH,-content.
Similarly, the increase of the selectivity could be attributed to the
enhanced surface hydrophobicity and the increased B-content in
the Ni-B alloys owing to NH,-functionalization of the support. At
very high NH,-content, the selectivity to p-CAN decreased due
to the rapid increase of AN byproduct. A possible reason was
the enhanced surface basicity, which promoted reaction (1) to
produce AN byproduct, leading to the decrease in selectivity to
p-CAN.

4. According to the above discussions, NH,-functionalization could
greatly promote the activity but its promotion on the selec-
tivity to p-CAN was quite limited. The high NH,-content was
even harmful to the selectivity towards p-CAN. In contrast,
CHs-functionalization could greatly enhance the selectivity to
p-CAN, but its promotion on the activity was quite limited. Ni-
B/NH,&CH3-SBA-15 was superior to either Ni-B/NH,-SBA-15 or
Ni-B/CH3-SBA-15 owing to the synergetic promoting effects from
both the NH,- and the CH3-functionalizations.

4. Conclusions

This work developed a facile way to prepare SBA-15 type
mesoporous silica co-functionalized with aminopropyl and methyl
groups which was used as a support for depositing Ni-B amorphous
alloy nanoparticles. During liquid-phase p-CNB hydrogenation to
p-CAN, the as-prepared Ni-B/NH,&CH3-SBA-15 exhibited higher
activity and better selectivity than either Ni-B/SBA-15 or Ni-B/NH;-
SBA-15 and Ni-B/CH3-SBA-15, obviously owing to the synergistic
promotional effects of both the aminopropyl group and the methyl
group. On one hand, the aminopropyl incorporated into the sil-
ica framework greatly enhanced the dispersion degree of Ni active
sites via coordination with Ni%* ions, leading to high hydrogenation
activity. On the other hand, the methyl anchored on the support
enhanced the surface hydrophobicity, which facilitated the des-
orption of p-CAN and thus inhibited its further dechlorination
to byproduct aniline. Besides, the methyl functionalization also
enhanced the B-content in Ni-B alloys and thus donated more elec-
trons to metal Ni, making the nitro group in the p-CNB molecule
easily activated for hydrogenation, which further promoted the
selectivity to p-CAN. By using the co-functionalized silica sup-
ports, other powerful amorphous alloy catalysts could be designed,
which offered more opportunities for their industrial applica-
tions.
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