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The easy aggregation nature of the ferromagnetic nanoparticles (NPs) prepared by the conventional routes

usually leads to large particle size and low loading amount, which greatly limits their application in

reduction of 4-nitrophenol (4-NP). Herein we developed a novel in situ thermal decomposition and

reduction strategy to prepare Ni nanoparticles/silica nanotubes (Ni/SNTs), which can markedly prevent

the aggregation and growth of Ni NPs, resulting in the ultra small particle size (about 6 nm), good

dispersion and especially high loading amount of Ni NPs. It is found that Ni/SNTs which preserve high

specific surface area (416 m%/g) exhibit ultra high catalytic activity in the 4-NP reduction (complete

reduction of 4-NP within only 60 s at room temperature), which is superior to most noble metal (Au, Pt,

and Pd) supported catalysts. Ni/SNTs still show high activity even after re-use for several cycles,

suggesting the good stability. In particular, the magnetic property of Ni/SNTs makes it easy to recycle for

reuse.

1. Introduction

Inorganic nanotubes have been attracted considerable interest
since the discovery of carbon nanotubes (CNTs).!
One-dimensional (1-D) nanotubes have unique chemical and
physical properties, such as nano-sized thick wall and high
specific interface area, which make them highly potential in drug
delivery,” photoluminescence,’ gas sensing,’ and catalysts.””
Besides CNTs, various other inorganic nanotubes have been
extensively reported, including silica,® metal oxides’ and
metals.'™"" However, ferromagnetic nanotubes have rarely been
reported because of the tendency of ferromagnetic metals to
oxidize despite their technological importance. Ferromagnetic
nanotubes are usually multifunctional materials which combine
the unique properties of the nanotubes, such as high specific
interface area, and the magnetic property of metal particles
together.'> Therefore, these magnetic nanostructures have
stimulated extensive research efforts in recent years especially in
catalysts."> Among various synthetic methods, electrodepositing
method and template method are most popular. Ferromagnetic Fe,
Co and metal oxide nanotubes have been reported using tobacco
mosaic virus, silica nanotubes (SNTs) and DNA as templates.'* '
But there is very little report on fabricating magnetic Ni
nanoparticles (Ni NPs) supported nanotubes. It is noted that the
physiochemical properties of Ni NPs are superior to the bulk
materials, which are more efficient in catalytic activity due to
their large surface area-to-volume ratio. However, it is well
known that smaller nanoparticles usually tend to aggregate,
which greatly limit their application.'” Therefore, it is highly
promising to develop new approaches to prepare smaller Ni NPs
with high dispersion.
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4-aminophenol (4-AP) is a vital intermediate for the
manufacture of analgesic and antipyretic drugs,'® while
4-nitrophenol (4-NP) is a common organic pollution in the
industrial and agricultural waste water.'” An efficient and
environmentally friendly conversion route is the direct reduction
of 4-NP to 4-AP in the presence of NaBH,. To make the route
come true, various noble metals including Au, Ag, Pt, Au-Ag and
Au-Pt nanocatalysts have been widely employed due to their
efficient catalytic activities.’*>* However, smaller nanoparticles
tend to be easily aggregated due to their large surface
area-to-volume ratio and are hard to be removed from the
reaction media, and especially the high cost of noble metal limits
their applications. Thus, in order to reduce the expense of noble
metal catalysts, transition metal catalysts are becoming more and
more popular due to their markedly lower cost.”>*’ As far as we
know, the reduction time of 4-NP to 4-AP over noble metal
catalysts is at least 120 s, while the reduction time for transition
metal catalysts is far long compared with noble metal
catalysts.>?*32 Therefore, a great challenge is to improve the
catalytic activities of the transition metal supported nanotubes
catalysts.

In this study, we for the first time developed a novel method to
synthesize Ni NPs supported silica nanotubes (Ni/SNTs) via a
two-step method. This unique in situ thermal decomposition and
reduction method from nickel silicate (NiSNTSs) precursor can
markedly prevent the aggregation and growth of Ni NPs,
resulting in ultra small particle size, good dispersion and high
loading amount of Ni NPs. To the best of our knowledge, this is
the first time silicate nanotubes precursor has been utilized for the
production of high dispersed Ni NPs catalysts. The catalytic
performance and the stability of Ni/SNTs in 4-NP reduction have
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also been systematically investigated.

2. Experimental section
2.1. Synthesis

Synthesis of silica nanotubes. Silica nanotubes were synthesized
by CNT templates.® In a typical procedure, 150 mg of CNT was
added to a solution of 150 mL H,0O, 100 mL ethanol and 0.62 g
CTAB at room temperature. After sonication for 6 h, 300 pL
NaOH (1 M) was added to the above solution under stirring. Then
1.2 mL TEOS was added drop-wise and stirring for 12 h. The
black solid products were then collected, purified and dried
overnight. The white silica nanotubes were obtained by calcined
at 550 °C for 5 h in air flow.

Synthesis of NiSNTs. At room temperature, a certain amount
of nickel chloride (ranging from 0.1 mmol to 0.75 mmol,
analytical grade) and ammonia chloride (10 mmol, analytical
grade) were dissolved in deionizer water (30 mL), and ammonia
solution (1 mL, 28%) was added under stirring, the color of the
solution was transformed from light green to deep blue
immediately. 40 mg as-prepared silica nanotubes was dispersed
homogeneously in 10 mL deionized water. The above two
solution were mixed homogeneously and then transferred into a
Teflon autoclave (50 mL) and heated to a temperature of 100 °C
for 16 h. After cooling to room temperature, a green precipitate
was collected by centrifugation and washed with deionized water
and ethanol three times. The nickel silicate nanotubes were
finally obtained after dried at 60 °C for 12 h.

Synthesis of Ni/SNTs. 40 mg NiSNTs was placed in a ceramic
boat in the middle of the horizontal tube furnace. The Ni/SNTs
were obtained by calcinating nickel silicate under H,/N, mixture
(typically 5% H,) at 800 °C for 8 h. Black power was collected in
the ceramic boat at room temperature.

Catalytic reaction. The reduction of 4-NP by NaBH, was
chosen as a model reaction for investigating the catalytic
performance of the multifunctional Ni/SNTs. Typically, 1.85 mL
ultrapure water, 100 uL 4-NP solution (5 mM) and 1.0 mL
freshly prepared NaBH, aqueous solution (0.2 M) were added
into a standard quarts curette respectively. The solution turned
from light yellow to bright yellow immediately after NaBH,
aqueous was added. Subsequently, 4 mg Ni/SNTs were added to
start the reaction. The color of the mixture gradually vanished,
indicating the reduction of the 4-NP. Changes in the
concentration of 4-NP were monitored by the UV-vis absorption
which were recorded in the scanning range of 250-500 nm at
room temperature. Different amount of Ni/SNTs were also used
as the catalysts adding to the reaction solution for the reduction of
4-NP.

Characterization. X-ray diffraction (XRD) measurement was
examined on a RigakuD/max-TTR-III diffractometer using
monochromatic Cu Ka radiation (A = 0.15405 nm).The
morphologies of the samples were inspected on a scanning
electron microscope (SEM, Hitachi S-4800). Transmission
electron microscopy (TEM) and high-resolution transmission
electron microscopy (HRTEM) micrographs were performed on a
FEI Tecnai G* S-Twin transmission electron microscope with a
field emission gun operating at 200 kV. Images were acquired
digitally on a Gatan multiple CCD camera. N,
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Scheme 1 Schematic illustration of the synthetic procedure for Ni/SNTs.

adsorption/desorption were measured at 77 K using a
Micromeritics TriStar 3020 instrument. The specific surface area
was calculates by the Brunauer-Emmett-Teller (BET) method,
and pore size distribution was calculated from the desorption
branch of the isotherm. Inductively coupled plasma (ICP)
analysis (Thermo iCAP 6000 ICPOES) were used to measure the

elemental compositions for the samples. Magnetization
measurements ~ were  performed on a  MPMS5-XL-5
superconducting  quantum interference device (SQUID)

magnetometer at 300 K. The absorbance of 4-NP was obtained on
a TU-1901 UV/vis spectrophotometer.

Result and discussion

Scheme 1 depicts the synthetic strategy of well dispersed Ni NPs
on silica nanotubes (Ni/SNTs). The silica nanotubes templates
were first synthesized via dual templates route by selecting
carbon nanotubes and cetyltrimethyl ammonium bromide
(CTAB) as the hard and soft template, respectively. Then
lamellar structured NiSNTs precursors were obtained by
hydrothermal reaction in alkaline condition at high temperature,
which involves the process of breaking silica chains of silica
nanotubes to form silicate-ion groups and then reacting with
nickel ions to form nickel silicate NTs in the solution.*' Finally,
Ni/SNTs were obtained through an in situ decomposition and
reduction procedure in hydrogen atmosphere at high temperature.

In Fig. 1, it is found that SNTs have hollow structure with
narrow diameter distribution and open ends (Fig. 1a, b). The size
distribution histogram displays inset Fig. 1a reveals that the inner

Fig. 1 a) TEM image, b) magnified TEM image and c) a single nanotube

10 of silica nanotube; d) TEM image, e) a single nanotube and f)

morphology sketch of NiSNTs. Inset in panel a is the size distribution
histogram of the inner diameter and outer diameter.
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Fig. 2 XRD pattern of Ni/SNTs and the standard data of cubic phased Ni.

15 32 nm respectively, suggesting that the wall thickness is about 6
nm. And the wall thickness of a singer SNTs is calculated to be
about 7.5 nm (Fig. 1c). Fig. S1 displays XRD pattern and TEM
image of SNTs after calculation at 800 °C for 8 hours. The
amorphous peak centred around 22° and the good tube structure

20 of SNTs suggests that the as-synthesized SNTs templates exhibit
high stability under high temperature which indicates it is very
suitable for catalytic reaction. The porous structure of SNTs wall
is very suitable to fabricate silicate materials and the micropores
make nickel ions and other ions in water solution easy to diffuse

2s into SNTs and react with silicate ions to form nickel silicates in
situ®®> The XRD diffractions (Fig. S2) of the as-prepared
precursor can be indexed to nickel silicate hydrates. The EDS
analysis shows three Ni, Si and O elements in the sample (Fig.
S3). From the TEM image of the NiSNTs precursor (Fig. 1d,e),

30 we can see that the surface of NiSNTs are much rougher than that
of SNTs, which consists of uniform petal-like units assembled
into a tubular shaped structure. The inset in Fig. 3d shows the
petal-like units are very thin nanosheets. In Fig. le, the diameter
of NiSNTs is calculated to be about 150 nm, which is almost four

3s times larger than that of the outer diameter of silica nanotubes.
This is because in the in situ reaction process, after the nickel
ions react with the silicate ions on the surface, the inner silica
chains will dissolve and move to the surface and go on reaction.”!
It is noted that the hollow structure of NiSNTs is not obvious

40 which may be due to the relatively thick wall that the electron

beam cannot penetrate. The morphology sketch (Fig. 1f) shows

the profile of the tubular structure assembled by petal-like units.
In the XRD pattern of Ni/SNTs (Fig. 2), all the sharp
diffractions can be well indexed to cubic-phased Ni (JCPDS No.

04-0850). And no other phases can be detected except for a low

broad band at 20 = 22° assigned to amorphous silica, indicating

that lamellate nickel silicate have been completely converted to
metal Ni and amorphous silica. The results suggest that Ni NPs
are both inside and outside of SNTs supports for the in situ
calcination progress. The average crystallite size of Ni NPs
calculated by the Scherer-equation is 6.8 nm, which is in
agreement with the following TEM result (Fig. 3b). From the
TEM image (Fig. 3a), we can see that the nanotubes are
composed of numerous nanoparticles, which are much different
ss from the silicates precursor assembled by thin flakes. The sample
still keeps the 1-D structure with narrow size distribution. In the
magnified TEM image of a single Ni/SNT (Fig. 3b), the diameter
of a nanotube is calculated to be 100 nm, which is much smaller
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than the precursor (150 nm) while much larger than the silica
« nanotubes template. The change of the diameters during the
reaction can be explained as follows. The decomposition of the
loose lamellate nickel silicate into dense metal Ni layer leads to
the decrease of diameter. The SEM images (Fig. S4) of a single
SNTs, NiSNTs and Ni/SNTs match well with the corresponding
TEM images in Fig. 1 and Fig. 3. The inset of Fig. 3b is the
selected area electron diffraction (SAED) pattern of Ni/SNTs.
The presence of the concentric rings further confirms the
formation of the cubic-phased Ni. In the HRTEM image (Fig.
3c¢), the spherical Ni NPs with the particle size of about 6 nm can
be easily observed. And Fig. S5 displays the enlarge HRTEM
image of Ni/SNTs. The distance of the adjacent lattice fringes
(marked by the arrows) is determined to be about 0.203 nm,
corresponding well to the d};; spacing of cubic Ni (JCPDS No.
04-0850). Inset of Fig. 3c is the corresponding fast Fourier
transform (FFT) pattern. The three pairs of diffraction spots
reveals the crystalline nature of the sample and any pairs of them
can be calculated to the (111) planes of cubic Ni. The size
distribution histogram of the Ni NPs reveals that Ni NPs are
uniform in diameter with a relatively narrow distribution centered
at 6 nm to 7 nm. In the EDS (Fig. 3e), Si, O, Ni elements can be
found, and C is from the carbon conductive tape. It is clear that
the high Ni loading amount has been achieved. Additionally, we
can see that Ni, Si and O are uniformly dispersed along the silica
nanotubes from the TEM mapping of Ni/SNTs. The high
dispersion of Ni atoms should be due to the unique thermal
decomposition and subsequent reduction process.
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Fig. 3 a) Low-, b) high-magnification TEM images (inset is the SAED

s pattern), ¢) HRTEM image (inset is corresponding FFT pattern), d) size
distribution histogram of the Ni NPs, and e¢) EDS and mapping of
Ni/SNTs.
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Fig. 4 N, adsorption/desorption isotherms of a) NiSNTs, b) Ni/SNTs and
their corresponding pore size distributions (insets).

Table 1 BET surface area, average pore diameter and total volume of
CNTs, SNTs, NiSNTs and Ni/SNTs.

Samples SBET D VP
(m’/g) (nm) (cm*/g)
CNTs 112 28.85 0.57
SNTs 896 6.04 1.41
NiSNTs 458 8.93 0.93
Ni/SNTs 416 9.42 0.89

*Sger, the BET specific surface area calculated in the relative pressures
range from 0.05 to 0.2; D, the average diameter of mesopores calculated
by the BJH method; ¥}, the total pore volume calculated at the relative
pressure of about 0.95.

Fig. 4 shows the N, adsorption/desorption isotherms and pore
size distributions (inset) of NiSNTs and Ni/SNTs, respectively.
Each isotherm can be classified to a type-IV isotherm with a
small hysteresis loop, indicating the presence of textual
mesopores. The textural parameters of CNTs, SNTs, NiSNTs and
Ni/SNTs are summarized in Table 1. It is found that both the
specific surface area and pore volume of SNTs are markedly
enhanced compared with CNTs, which may be attributed to the
introduced soft template (CTAB). The respective BET surface of
NiSNTs and Ni/SNTs is calculated to be 458 m%/g and 416 m%/g,
showing large BET surface areas and narrow pore size
distribution (insets in Fig. 4), suggesting the potential application
of this product as catalysts support.

Fig. 5 shows the magnetization curve of Ni/SNTs at room
temperature. The saturation magnetization value is 22.6 emu/g. It
is well known that magnetic NPs smaller than 20 nm are usually
superparamagnetic at room temperature due to the higher thermal
fluctuation energy compared with energy.35’3 ®In Fig. 5, nearly no

The mechanism of this unique in situ calcination and reduction
method has been put forward by tracing the XRD patterns of the
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Fig. 6 TEM images of NiSNTs synthesized by adding 0.1 mmol, 0.25
mmol, 0.5 mmol and 0.75 mmol NiCl, for hydrothermal reaction (a-d)
110 and their corresponding TEM images of Ni/SNTs (e-h) after calcination at
800 °C.

This journal is © The Royal Society of Chemistry 2012

Journal, year, vol, 00—00 | 4

Page 4 of 7



Page 5 of 7

o

20

25

30

35

4

S

4

@

55

Nanoscale

samples after calcination and reduction with different reaction
time (Fig. S6) and calcination in the air (Fig. S7). Except for the
peaks of cubic Ni and SiO, in Fig. S6, weak peaks centred at
around 35° and 62° are found, which can be indexed to nickel
silicate hydrate when the reaction time is 0.5 h, 2 h, and 4 h. Fig.
S7 displays the XRD pattern of sample calcined in the air at 800
°C for 8 hours, which can be indexed to rhombohedral phased
NiO (JCPDS No. 44-1159). Therefore, the in situ calcination and
reduction process can be considered as two steps: nickel silicate
hydrate is first decomposed into nickel oxide, and then the
following reduction process converts NiO into Ni NPs.

To demonstrate the synthetic controllability, Ni/SNTs were
synthesized by varying the feeding amounts of NiCl, under
otherwise identical conditions. Fig. 6a-d shows that TEM images
of NiSNTs synthesized by adding 0.1 mmol, 0.25 mmol, 0.5
mmol and 0.75 mmol NiCl, for hydrothermal reaction. When 0.1
mmol and 0.25 mmol NiCl, are added, the tube structure can be
easily seen but only small amounts of petal-like units assembled
on the nanotube. However, when 0.5 mmol and 0.75 mmol NiCl,
are added, NiSNTs exhibit tubular shaped structure assembled by
large amount of petal-like units. And Fig. 6e-h gives the
corresponding TEM images of samples after calcination and
reduction of NiSNTs. The amounts of Ni NPs on the tube are
increased with the adding amounts of NiCl, while remaining the
tube structures. Based on the ICP data (Table S1), the loading
amounts of Ni can be controlled ranging from 5.6 wt. % to 23.0
wt. %. Furthermore, the BET surface area of Ni/SNTs (Table S2)
is increased from 123 m%*g to 416 m?/g with the increased
amount of NiCl,.

The catalytic performance of Ni/SNTs is evaluated by catalytic
reduction of 4-NP with an excess amount of NaBH,. In Fig. 7a,
upon the addition of NaBH,, the UV-vis absorbance band
immediately shift from 317 nm (assigned to 4-NP) to 400 nm
(assigned to 4-nitrophenolate ion) in a typical catalytic reaction.”’
The corresponding color changes from light yellow to bright
yellow (inset in Fig. 7a). The absorption peak centered at 295 nm
is assigned to 4-AP, which is colorless after the completely
reduction.” Fig. 7b gives the concentration of C (C at time t) to
its initial value Cy (C/C,) verse reaction time for the reduction of
4-NP with and without catalysts. It is found that 4-nitrophenolate
ions almost cannot be reduced in the absence of catalyst.
However, after adding a small amount of catalysts, the
absorbance band at 400 nm successively decrease with increasing
reaction time accompanied by a great amount of bubbles
generated and the colour of the solution turns to colourless
gradually. Fig. 7c presents the UV-vis spectra of the 4-NP
reduction over 4 mg Ni/SNTs catalyst. Notably, the complete
reduction of 4-NP (the peak at 400 nm disappears) only 60 s.
Along with the decrease of absorbance band at 400 nm, a new
need peak at 295 nm indicates the formation of 4-AP. The
reduction rate can be assumed to be independent of NaBH,
because when the initial concentration of the NaBH, solution is
very high, it can be considered as a constant throughout the whole
reduction process. Therefore, a pseudo first-order kinetic
equation can be applied to evaluate the catalytic rate, which is
written as -dC/dt = dA/dt = kCt = kAt or In(C/Cy) = In(A/Ay) =
-kt,>? where C is the concentration of 4-NP at time t, and k is the
apparent rate constant. The In(C/Cy) vs time plot displayed in Fig.
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7d exhibits a good linear correlation with reaction time. The rate
constant k is calculated to be 0.084 s™', which is markedly higher
than the reported catalysts based on different kinds of supports
and nanoparticles with varying morphologies and sizes.**™
Additionally, the rate constant of different amount of catalysts
have also been investigated. In Fig. 7e, the rate constant
decreases with the reduction of the catalysts amount. When
adding 2 mg and 3 mg Ni/SNTs, the respective rate constant is
calculated to be 0.024 s and 0.062 s™'. Furthermore, the stability
(reusability) of Ni/SNTs is studied, as displayed in Fig. 7f. It is
found that the conversion remains higher than 80% even up to 10
cycles, indicating the high stability. The good stability is
probably due to the unique in situ decomposition and reduction
method, which lead to the tight assembly of Ni NPs on SNTs
support that is hard to leach with repeated magnetic separation.
However, the rate constant k is not entirely reasonable to
compare different supported catalysts for the loading amount is
different. Therefore, the activity parameter k which defined as the
ratio of k (the rate constant) to the loading amounts of catalysts
was introduced.?™*' And based on the ICP data (Table S1), which
suggests that the loading amounts of Ni NPs is 229.8 pg/mg, «
was calculated to be 0.091 g' s™'. Table 2 gives the comparison
of catalytic activities in our work and other previously reports. It
can be easily found that the catalytic activity of Ni/SNTs is much
higher than other supported Ni catalysts and higher than many
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Fig. 7 a) UV-vis absorption spectra of 4-NP, 4-nitrophenolate, and 4-AP;
b) C/C, versus reaction time for the reduction of 4-NP at the peak position
of 4-NP (400 nm) using bare solution (black line), 2 mg Ni/SNTs (purple
line), 3 mg Ni/SNTs (blue line) 4 mg Ni/SNTs (red line) as catalysts; c)
UV-vis spectra of the catalytic reduction of 4-NP to 4-AP developed at
different reaction times; d) C/C, and In(C/Cy) versus time for the
reduction of 4-NP over 4 mg Ni/SNTs catalysts, the ratio of 4-NP
concentration (Ct at time t) to its initial value C, is directly represented by
the relative intensity of the respective absorption peak at 400 nm; e) plot
of In(C/Cy) against the reaction time of 4-NP reduction over 2 mg
Ni/SNTs (red line), 3 mg Ni/SNTs (pink line), 4 mg Ni/SNTs (blue line);
f) the reusability of Ni/SNTs catalyst.
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Table 2 Comparison of the activity parameter k of composite Ni catalysts and noble catalysts for the reduction of 4-NP

Samples Type Supports surface k K References
(X107°s™ (X10°mg's™)
Ni/SNTs (23.0 wt.%) nanotube hydrophilic 84 91 This work
Ni/SNTs (15.2 wt.%) nanotube hydrophilic 20 44 This work
Ni/SNTs (8.1 wt.%) nanotube hydrophilic 9.9 31 This work
Ni/SNTs (5.6 wt.%) nanotube hydrophilic 7.6 34 This work
Ni/CNTs nanotube hydrophobic 1.7 1.67 This work
Ni/SNTs (wet impregnation)  nanotube hydrophilic 2.7 2.6 This work
RANEY® Ni nanoparticles N/D 0.32 0.11 2
Ni (modified) nanoparticles N/D 24 0.80 z
Ni@SiO, core-shell hydrophilic 2.8 0.94 4
Ni/p (AMPS) Hydrogel hydrophilic 0.9 0.15 4
RGO/Ni nanosheet hydrophobic 0.25 0.04 26
Fe;04@Si0,-Au@mSiO; core-shell hydrophilic 7 105 46
Ag-C nanocomposite hydrophobic 1.69 3.38 #
Au-Ag-C nanocomposite hydrophobic 6.46 8.7 #
Au-Fe;04 dumbbell-like N/D 10.5 27.6 50
Fe;04-Au nanocomposite N/D 6.35 14.7 19

N/D: not defined.
noble metal supported catalysts. Fig. S8 presents the UV-vis
spectra of the 4-NP reduction over Ni/SNTs with different
loading amounts of Ni. It is found that the larger the loading
amounts of Ni, the larger the rate constant is. And « in Table 2
indicate that the catalytic activity is enhanced with the loading
amounts of Ni NPs. Furthermore, Ni/SNTs (synthesized by wet
impregnation) are prepared for comparison. The UV-vis spectra
of the 4-NP reduction Ni/SNTs prepared by wet impregnation are
displayed in Fig. S9, a and « are calculated based on the results. It
is obvious that the catalytic activity of Ni/SNTs is much higher
than that of Ni/SNTs prepared by wet impregnation method.
Besides the higher specific surface area, the size of Ni NPs must
be taken into account for the high catalytic activity. In Fig. S10a,
it is apparent that the size of Ni NPs has a wide distribution
ranging from 10 nm to 100 nm. And there are lots of large Ni
NPs dissociated from the SNTs because the SNTs are too small to
attach them. It is obvious that an advantage of this synthetic
method is that small particle size and nearly monodisperse Ni
NPs could be obtained which leads to the high catalytic reaction.
The catalytic mechanism for 4-nitrophenol reduction relies on
electrons from the BH, donor to the acceptor 4-NP. In aqueous
medium, BH, is adsorbed on the surface of catalyst. After
electron transfer (ET) to the metal nanoparticles, the hydrogen
atom formed from the hydride, and attacked 4-NP molecules to
reduce it. This ET induced hydrogenation of 4-NP occurs
spontaneously.’’ Therefore, hydrophilic supports surface may be
easier to adsorb BH, on the surface of Ni in the aqueous medium
than hydrophobic supports. And Ni/CNTs were prepared to
confirm it. The activity parameter k was calculated to be 1.67 X
10° mg™"' 7' which is much slower than 91X 107 mg™' s™'. We
suppose that the low catalytic activity of CNTs is not only due to
the low specific surface area, but also the hydrophobic nature of
CNTs. Table 2 suggests that the catalytic activity of SiO,
supported metal catalysts is higher than carbon or RGO supported
catalysts. So it is possible that the hydrophilic surface of SNTs
accelerate the catalytic reaction because they can easily adsorb
BH, donor on the surface of Ni NPs.

Above all, the super high catalytic rate can be due to the
following factors: 1) Small particle size induced nearly
monodisperse Ni NPs, which provide larger reaction area and
more active sites for reduction. 2) SNTs support with large

4

o

[
b

o
%

surface area, which can load large amount of Ni NPs providing
more catalytic sites and thus leading to the super catalytic
activity. 3) Hydrophilic surface of SNTs which can accelerate the
catalytic reaction because they easily adsorb BH, donor on the
surface of Ni NPs. 4) Ni NPs are both inside and outside of the
SNTs supports, which make it convenient for catalyzing, because
this kind of structure make the reactant easier to get close to the
active sites.

4. Conclusions

In summary, we developed a novel and rational strategy to
prepare magnetic Ni/SNTs catalysts using an
decomposition and reduction of inorganic salt precursor. The
as-prepared catalyst has high specific surface area and ultra small
Ni NPs size (about 6 nm) with good dispersion. The sample
exhibits excellent catalytic performance in the 4-NP reduction
(complete reduction of 4-NP within 60 s at room temperature).
Compared with noble (Au, Pt, and Pd) catalysts grafted on
supports, the Ni/SNTs catalyst exhibits
advantages: high catalytic performance, easy for reuse and
markedly lower cost. In particular, the synthetic strategy provides
a useful idea for controllable synthesis other metal NPs supported
nanotubes with requisite loading capacity, which should be
highly potential in diverse catalytic reactions.

in situ
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