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The design of non-noble metal catalysts with high catalytic activity and stability is highly important for
heterogeneous catalysis. Herein, we report a kind of Ni nanoparticles embedded in a 3D nanoarchitecture
of Ni(OH),, which was synthesized via an solid state redox strategy. The obtained material exhibited an
interconnected pore structure and high surface area, thus displaying excellent catalytic activity and sta-
bility for the hydrogenation of 4-nitrophenol (4-NP) under mild conditions (1 atm and room tempera-
ture). The reaction rate constant and activation energy of the catalyst were determined to be
151.3 x 10> min~"! and 42.3 k] mol~!, respectively. Moreover, Ni/Ni(OH), also exhibited relatively high
superparamagnetism properties; it could be separated facilely by using an external magnet and could
be reused for at least ten times without obvious deactivation, exhibiting high reusability.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Nitroarenes are a class of important nitrogen compounds and
ubiquitous intermediates, which are widely used in biological,
agricultural, and pharmaceutical synthetic processes [1-4]. The
catalytic hydrogenation of nitroaromatic compounds over a Pt- or
Au-based catalyst is the traditional method for arylamine synthesis
[5-8]. In view of the high synthetic cost, as well as the increasing
demand of arylamine in practical organic synthesis, developing
new and low-cost materials to replace the traditionally-used noble
metal catalysts is highly important.

Nickel (Ni), as an important element in the family of transition
metals, shows great promising potentials in heterogeneous cataly-
sis owing to its distinct electronic properties [9-11]. Nickel has the
advantages of low-cost and ready availability, and Ni-based mate-
rials with various size, shape, structure, and composition have
been demonstrated to be active in some hydrogenations of organic
compounds, such as olefins, aldehydes, ketones, and so on [12-15].
What'’s more, these catalysts could be recycled using a magnet due
to its intrinsic paramagnetism property [16,17], particularly for
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liquid phase reactions. The shortcoming for practical application
is their relatively low stability. For example, despite efficient cat-
alytic performance being obtained over some supported Ni-NPs,
most of these catalysts need to be stored without oxygen because
of the low antioxidant ability of the Ni species in the air [18,19].
Additionally, activation under reductive atmosphere is usually nec-
essary before some hydrogenation reactions [19,20]. As a result,
the active Ni species, especially for small Ni particles, trend to
aggregate irreversibly during preparation and catalytic reactions
because of their high surface energies, leading to dramatic losses
in catalytic activity [21-25]. Therefore, it is keenly desired to
develop a high-efficiency and stable Ni catalyst for hydrogenation
processes.

With above considerations in mind, if another material can be
introduced on the surface of Ni NPs to form an embedded struc-
ture, the aggregation of small particles can be inhibited and the
oxidation process may be slowed down. In this work, we reported
the synthesis of Ni-NPs embedded in a hierarchical Ni(OH),
nanoarchitecture (Ni/Ni(OH),) via a one-pot solid state redox
method. The obtained Ni/Ni(OH), catalyst possessed a hierarchical
mesoporous structure and large special surface area, which exhib-
ited excellent performance in hydrogenation of 4-NP even under at
room temperature. Meanwhile, the embedded structure leads to a
great enhancement in the stability of the obtained catalyst, which
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could be reused for more than ten times without obvious fading in
activity. In addition, the catalyst also possesses relatively high
superparamagnetism,; it could be facilely recovered from the liquid
reaction mixture using an external magnet, exhibiting relatively
high reusability.

2. Experimental
2.1. Materials and preparation of catalysts

All chemicals were of analytical grade and used without further
purification. The catalyst was synthesized using a solid state redox
method under ambient conditions. In a typical synthesis, NiCl,-
-6H,0 (5.0 mmol), NaBH, (2.0 mmol), NaOH (8.0 mmol) and NaCl
(4.0 g) were mixed in an agate mortar at room temperature. After
grinding for 10 min, ten drops (1 mL) of water were added slowly
and grinding resumed for another 20 min. The color of the mix-
tures changed from light green to black accompanied by the
release of heat and vapor. The mixtures were dried at 60 °C and
washed with distilled water thoroughly to obtain the final catalyst.

For comparison, Ni(OH), and Ni/Ni(OH), were synthesized
using the same method without the addition of NaBH, and NacCl.
In addition, Ni-NPs were also synthesized using the same method
without the addition of both NaOH and NacCl.

2.2. Catalyst characterizations

The morphology and microstructure of the synthesized materi-
als were examined using scanning electron microscopy (SEM, S-
4800, Hitachi) and transmission electron microscope (TEM, FEI
Tecnai F20 EM). X-ray diffractometer (XRD) with Cu Ko source
(4=1.5418 A) was carried out to detect the crystalline structures
of the catalysts. X-ray photoelectron spectroscopy (XPS) was used
to study the electronic property of the catalysts on a Thermo ESCA
LAB 250 system (Mg Ko, 1254.6 eV). The N, adsorption isotherms
were performed at 77 k using a Micromaterial ASAP 2010N ana-
lyzer. Before measurements, the samples were degassed at
150 °C for 20 h. Brunauer-Emmett-Teller (BET) model was used
to calculate the specific surface area. Using the Barrett-Joyner-
Halenda (BJH) model, the pore size distribution was evaluated
from the desorption branch of the nitrogen isotherm. Magnetic
measurements were tested using SQUIDVSM magnetometer at
room temperature.

2.3. Catalytic hydrogenation of 4-nitrophenol

The catalytic properties of the obtained catalyst were investi-
gated by using 4-NP hydrogenation as a model reaction. The reac-
tion was performed at room temperature (25 °C) and atmospheric
pressure using NaBH, was reducing agent. In general, 10 mL of
fresh NaBH4 solution (0.1 M) and 20mL of 4-NP solution
(0.1 mM) was first mixed to obtain the yellow-green solution. After
the addition of 20 mg catalyst, the products were taken using a
sampling pipe, and monitored by UV-Vis spectroscopy in a scan-
ning range of 200-600 nm. The conversion of 4-NP was calculated
based on the change of absorbance at 400 nm using (Ag — A¢)/Ao,
where Ap and A; represent the absorbance of reaction mixture at
initial stage and intervals, respectively. Since a higher concentra-
tion of NaHB,4 than that of 4-NP was used during reaction, the rate
of the catalytic reaction was evaluated using pseudo-first order
kinetics. The rate constant (k) is calculated using the equation
In(A¢/Ap) = —kt. In addition, based on the Arrhenius plot, the activa-
tion energy (Ea) of the reaction over the different catalysts was also
calculated.

In the filtration experiment, the solid catalysts were separated
with a Buchner funnel after reaction for 15 min, and the filtrate
mixture was then put into the reactor for continuous reaction
under the same conditions without the use of any solid catalyst.
In the recycle test, the solid catalyst was separated from the reac-
tants by an external magnet after reaction and repeat in the next
reaction after washed with water.

3. Results and discussion
3.1. The fabrication and morphology of the obtained catalysts

The fabrication of the Ni/Ni(OH), catalyst consists of thoroughly
grinding of raw materials (nickel chloride, sodium borohydride and
sodium hydroxide) in an agate mortar combined with a water
washing treatment. Two reactions occurred during the catalysts
synthesis: the nickel salts could react with sodium hydroxide to
form nickel hydroxide (Eq. (1)); meanwhile, it could also be
reduced by sodium borohydride to produce metallic nickel (Eq.

(2)):
Ni** 4+ 20H™ — Ni(OH), (1)

Ni?* 4 2BH; + 6H,0 — Ni + 2B(OH), + 7H, 2)

In addition, NaCl was added as an inert hard template during prepa-
ration, and it could dissolve easily in water during washing treat-
ment, forming pores in the obtained materials [26,27]. The load
amount of Ni is 20wt% based on the mole ratio of raw materials.
Since the procedure is easy to perform and the starting material is
nontoxic and inexpensive, the catalyst has the potential of mass
production.

As shown in Fig. 1a, the scanning electronic microscopy (SEM)
image reveals that Ni/Ni(OH), exhibited a well-defined hierarchi-
cal architecture, which is similar to the reported samples fabri-
cated using hard template routes [26-29]. The architecture is
constructed of large member of sheet-like substrates, and the
thickness is about 5-8 nm. In good agreement with the SEM
results, low magnification TEM image (Fig. 1b) confirms the typical
hierarchical architecture and wrinkled thin sheets. Large numbers
of pores and distortions were interspersed among the architecture,
which is beneficial for the diffusion of reactants during reaction
process. Fig. 1c clearly reveals the Ni species present as 5-10 nm
nanoparticles embedded in the Ni(OH), substrate with relatively
high dispersion. This unique structure could prevent their aggrega-
tion during the preparation and reaction processes. More detailed
crystal structure was further investigated by high resolution trans-
mission electron microscopy (HRTEM). As shown in Fig. 1d, the lat-
tice fringes marked by the yellow lines and the measured lattice d-
spacing are 0.20 and 0.28 nm, respectively, which are consistent
with the interplane distance values of (11 1) plane of Ni and
(110) plane of Ni(OH), [28,29].

The Ni 2p XPS spectrum of Ni/Ni(OH), was shown in Fig. 1e. The
two main peaks at 852.3 and 855.8 eV could be assigned to Ni 2p
1/2 and Ni 2p 3/2 core level, indicating the valence state of Ni on
the catalyst surface is mainly +2 [29,30]. In addition, only a weak
peak assigned to the metallic nickel species was observed at the
lower bonding energy (852.3 eV) [30,31]. In combination with
the TEM results, this should be caused by the embedded nature
of Ni NPs. This unique structure could prevent the partial oxidation
of Ni-NPs during the preparation and reaction processes. The O 1s
spectra can be deconvoluted into two peaks (Fig. 1f) based on the
previous reports [32,33]. The peak centered at about 530.5 eV is
related to the oxygen in the oxide lattices and, the second peak
in the range of 530-535 eV can be assigned to the —OH species
or oxygen vacancies in the catalyst [34,35]. It is clear that the area
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Fig. 1. SEM (a), TEM (b), HRTEM images (c and d) and XPS spectra (e and f) of the as-synthesized Ni/Ni(OH), catalyst.

of the second peak is much larger than the first one, indicating the
low degree of crystalline phases of the obtained material.

In addition, the magnetism of Ni species in Ni/Ni(OH), was
expected to allow easy separation of the catalysts from aqueous
reaction media. As shown in Fig. 2, Ni/Ni(OH), exhibited a super-
paramagnetic character loop at room temperature. The saturation
magnetization is 3.45 emu g~! and the remnant magnetization is
only 0.22 emu g~'. These values are interesting, because catalyst
could be easily separated by an external magnet and no magneti-
zation remained after removing the magnetic field. The inset in
Fig. 2 further confirms that Ni/Ni(OH), could be easily separated
from the aqueous mixture by an external magnet.

For comparison, Ni(OH), and Ni NPs were also prepared in this
work using the same procedure without the addition of sodium
borohydride and sodium hydroxide. The phase structure of the
obtained catalysts was confirmed by the SEM and XRD analyses.
Ni(OH), displayed a hierarchical architecture similar to that of
Ni/Ni(OH),;, meanwhile, irregular particles with a size of
30-50 nm were observed in the SEM image of Ni NPs (Fig. S1).
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Fig. 2. The magnetic hysteresis loop of Ni/Ni(OH), under room temperature.

As displayed in Fig. 3a, two diffraction peaks at 33.6° and 59.6°
can be found in the XRD patterns of Ni(OH),, which could be
assigned to the diffractions from the (110) and (3 00) crystal
planes of nickel hydroxide (JCPDS: 22-0444) [36,37]. However,
two new peaks (20=44.5° and 51.8°) assigned to (111) and
(2 00) crystal planes of cubic Ni (JCPDS 04-0850) were observed
in the XRD patterns of Ni NPs. As for Ni/Ni(OH),, the corresponding
XRD pattern shows that the peaks belonging to both Ni(OH), and
Ni are observed, further confirming that the sample is a mixture
of metallic Ni and nickel hydroxide. Additionally, the peaks are
broad and low in intensity for all the samples, indicating the as-
prepared catalysts are weakly crystalline.

N, adsorption-desorption isotherm and corresponding pore
size distribution of the obtained Ni-based catalysts are shown in
Fig. 3b-d. It shows that both Ni/Ni(OH), and Ni(OH), displayed a
type IV isotherm with an H4 hysteresis loop in the relative pres-
sure range 0.4-1.0, reflecting the presence of mesoporous structure
[38,39]. As for Ni NPs, an H3 hysteresis loop in the pressure range
0.8-1.0 was observed, which could be assigned to the packing of Ni
particles. It is notable that two mean pore diameters of 4.5 nm and
49.5 nm were observed in the BJH pore size distribution curve of
Ni/Ni(OH), (Fig. 3b, inset), further confirming the hierarchical
mesoporous structure of this catalyst, which is in agreement with
the SEM and TEM results. In addition, the surface area and pore
volume of Ni/Ni(OH), was 231.5 m?.g~! and 0.33 cm3.g~!, which
was obviously bigger than that of the other samples (Table 1). It
is noteworthy that the addition of NaCl plays an essential role in
the fabrication of catalysts with hierarchical structure and high
surface area. Without the addition of NaCl during material synthe-
sis, the obtained material (designated as Ni/Ni(OH),—1) displayed
not only a disordered structure, but also a relatively low surface
area (see Figs. S1c, S2 and Table 1). Generally, a larger surface area
is beneficial for the catalyst to expose more active sites, further
improving the efficiency of the catalysts [40,41].

3.2. The catalytic activity and stability of the synthesized Ni-based
catalysts

The results above confirm the successful synthesis of Ni/Ni
(OH), catalysts containing high surface area, interconnected
mesoporous and a defect-rich structure. To evaluate their catalytic
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Fig. 3. XRD patterns (a) and N, adsorption-desorption isotherms and pore size distributions of the obtained catalysts: Ni/Ni(OH),

Table 1
Texture properties of the synthesized Ni-based catalysts.

Sample Sger (m?/g)  Pore volume (cm3/g)  Pore diameter® (nm)
Ni/Ni(OH), 231.5 0.33 62.3
Ni(OH), 193.3 0.21 53.2
Ni NPs 129.2 0.11 98.2
Ni/Ni(OH),-1  104.1 0.19 39.8

2 Average pore diameters calculated from adsorption branches using BJH model.

properties, the hydrogenation of 4-NP to 4-aminophenol (4-AP)
was carried out using NaBH, as the reducing agent. Fig. 4a shows
UV-Vis absorbance spectra for the hydrogenation of 4-NP in the
presence of Ni/Ni(OH),. It is clear that the absorption peak at
400 nm gradually decreases in intensity along with the increase
of a new absorption peak at 300 nm, indicating the reduction of
4-NP and formation of 4-AP, respectively [42,43]. A 98.9% conver-
sion of 4-NP was obtained in only 40 min reaction over Ni/Ni(OH),
at ambient conditions (25 °C and 1 atm). Under the same condi-
tions, a slight decrease was detected in the intensity of the absorp-
tion peak at 400 nm over Ni(OH), (Fig. S3), indicating Ni(OH), is
not the main active phase for the title reaction. In addition, Ni/Ni
(OH),—1 also displayed inferior activity compared to Ni/Ni(OH),
under same conditions (Fig. S3). Even with the support of solid
Ni particles, the 4-NP conversion is only 54.2% in 40 min reaction.
That is to say, Ni/Ni(OH), undergo more efficient catalysis than
solid Ni NPs. The inferior catalytic performance of Ni-NPs should
be connected with their low anti-oxidative ability. As demon-
strated by Jia et al., a thin NiO film may be generated due to the
partial oxidation of surface Ni in an atmospheric environment

(b), Ni(OH); (c) and Ni NPs (d).

[44], which hinders the exposure and interaction of the active spe-
cies with the reactants.

The reaction kinetics for the hydrogenation of 4-NP over the
synthesized catalysts were also revalued (Fig. 4b). Since the
amount of NaBH, is excessive compared to 4-NP in the catalytic
reaction system, the reaction rate is roughly independent of the
NaBH; concentration, and the kinetics can be considered
pseudo-first-order with respect to the 4-NP only [42,45]. Based
on the In (A;/Ao) values as a function of reaction time, the calcu-
lated rate constant (k) is 151.3 x 1072 min~"' for Ni/Ni(OH),, which
is about 25 and 12 times higher than those of Ni(OH), and Ni NPs
(the k value is 6.0 x 10> min~! and 11.9 x 10> min~!, respec-
tively). The catalytic efficiency is comparable and even higher than
those of non-noble metal catalysts reported in the literature
(Table S1). Fig. 4c reveals that the catalytic efficiency of Ni/Ni
(OH); could be further improved by increasing the reaction tem-
perature to 40 and 60 °C. Based on the initial reaction rate, the cal-
culated apparent activation energy (Ea) of Ni/Ni(OH), is about
42.3KkJ]-mol~! (Fig. 4d), which is much lower than that of Ni
(OH), and Ni-NPs (the value is 78.8 k]-mol~! and 57.1 kJ-mol~’,
respectively).

Apart from the excellent activity, the stability and recyclability
of Ni/Ni(OH), are of vital importance for its practical application.
No subsequent conversion of 4-NP was detected after removing
the solid catalyst in the filtration test, confirming the heteroge-
neous nature of this catalyst (Fig. 5a). Moreover, by taking advan-
tage of the superparamagnetic properties of Ni/Ni(OH),, a series of
repeat catalytic experiments were carried out. As shown in Fig. 5b,
Ni/Ni(OH), displayed high reusability in the hydrogenation of
4-NP, in which it could recycled at least ten cycles without obvious
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Fig. 5. (a) Leaching experiment by continuing the reaction after filtration of the Ni/Ni(OH), catalysts and (b) the reusability performance of Ni/Ni(OH), in the reduction of 4-

NP for ten successive cycles.

fading in catalytic efficiency. The good reusability should be corre-
lated to the relatively high stability of Ni/Ni(OH),. As displayed in
Fig. S4, no obvious increase and/or change of the diffraction peak
corresponding to metallic Ni phase was found in the XRD pattern
of Ni/Ni(OH), catalyst even after ten cycles. Meanwhile, the SEM
image of the reused catalyst (Fig. S5) revealed no obvious collapse
and transformation of the hierarchical structure, demonstrating a
high reusability of Ni/Ni(OH), during reaction.

4. Conclusions

In summary, a kind of Ni NPs embedded in a mesoporous Ni
(OH), architecture has been prepared by a solid-state redox strat-
egy. It provides dual advantages as a robust catalyst and a magnet-
ically recoverable entity for the hydrogenation of 4-nitrophene
under mild conditions. The synergistic effect of homodispersed
Ni NPs, high surface area and interconnected structure should be
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responsible for its excellent performance. It could expose more
active sites and facilitate the transport of reactants, leading to a rel-
ative high efficiency and low activation energy under mild condi-
tions. The unique composition and structure of obtained material
are expected to have a wider range of utilities, such as super-
capacitor, electrode, or optic memory. Moreover, the synthesis
route is facile, cost-effective, and scalable, and it has the potential
to be extended to fabricating with other transition metals (for
example Fe, Co, Cu, etc.) in hierarchical architectures.
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