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Abstract Ultra-dispersed Ni nanoparticles (7.5 nm) on
nitrogen-doped carbon nanoneedles (Ni@NCNs) were
prepared by simple pyrolysis of Ni-based metal—organic-
framework for selective hydrogenation of halogenated
nitrobenzenes to corresponding anilines. Two different
crystallization methods (stirring and static) were compared
and the optimal pyrolysis temperature was explored.
Ni@NCNs were systematically characterized by wide
analytical techniques. In the hydrogenation of p-
chloronitrobenzene, Ni@NCNs-600 (pyrolyzed at 600 °C)
exhibited extraordinarily high performance with 77.9 h™!
catalytic productivity and > 99% p-chloroaniline selecti-
vity at full p-chloronitrobenzene conversion under mild
conditions (90 °C, 1.5 MPa H,), showing obvious superio-
rity compared with reported Ni-based catalysts. Notably,
the reaction smoothly proceeded at room temperature with
full conversion and > 99% selectivity. Moreover,
Ni@NCNs-600 afforded good tolerance to various
nitroarenes substituted by sensitive groups (halogen,
nitrile, keto, carboxylic, etc.), and could be easily recycled
by magnetic separation and reused for 5 times without
deactivation. The adsorption tests showed that the
preferential adsorption of -NO, on the catalyst can restrain
the dehalogenation of p-chloronitrobenzene, thus achieving
high p-chloroaniline selectivity. While the high activity

can be attributed to high Ni dispersion, special
morphology, and rich pore structure of the catalyst.
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1 Introduction

Catalytic hydrogenation of nitroarenes to amines is an
important chemical transformation in industry, widely
applied in the manufacture of pharmaceuticals, dyes,
macromolecules, and so on [1]. In view of the principles
of green and sustainable chemistry, developing hetero-
geneous catalysts with high performance for nitroarenes
reduction is highly desirable.

Catalysts based on noble metals, especially Pd and Pt,
have shown high activity but unsatisfactory selectivity
when confronting substrates containing halogen
substituents or other reducible groups [2—4]. In addition,
the high cost and limited availability of noble metals are
long-term  problems in industry. Comparatively,
developing earth-abundant metals (e.g., Ni, Co and Fe) is
important and continues to attract scientific interests.
However, non-noble metal catalysts often require harsh
conditions (e.g., high temperature, high H, pressure) to
achieve desired conversion [5,6], which results in
uncontrollable side reactions.

Recently, designing non-noble metal catalysts with
high activity has attracted researchers’ great attention.
Typically, conventional catalyst preparation includes
metal salts loading on selected support via impregnation
or co-precipitation, followed by thermal or chemical
reduction [7-9]. Unfortunately, these methods often result
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in uneven metal dispersion due to severe sintering,
limiting the catalyst activity and selectivity. Even worse,
owing to the weak metal-support interactions, these
catalysts usually suffer from severe metal leaching or
agglomeration in catalytic process and low resistance to
oxidation in air [10,11]. Therefore, it is desirable to
synthesize highly dispersed and stable non-noble metal
catalysts for selective hydrogenation of nitroarenes under
mild conditions.

In the past decades, porous carbons have demonstrated
great potential in catalysis due to their exceptional
chemical and thermal stability, high surface area, and
electronic conductivity [12,13]. Particularly, N-doped
carbons have emerged as promising supports of
heterogeneous catalysts [14,15]. Growing evidence
suggests that N dopants can stabilize metal nanoparticles
by forming M-N species and thereby enhance the
catalytic performance [14,16]. Metal-organic-frameworks
(MOFs), a new class of crystalline materials assembled
by metal ions and organic ligands, are fascinating
sacrificial precursors for the synthesis of porous carbon
catalysts [17-21]. Compared with the conventional
methods, MOF-derived carbons avoid the use of
templates for pore-forming and toxic acids for template
removal [22]. Despite numerous MOF-derived carbon
catalysts have been developed, several common defects
still exist: (1) micropore-dominated pore structure limits
the substrate diffusion, (2) the irreversible sintering of
metal (particle sizes > 10 nm) limits its exposure, and
(3) the structural evolution is uncontrollable [23]. In
addition, nitrogen dopants are mostly introduced via the
carbonization of zeolitic imidazolate frameworks [24,25].
Consequently, further efforts are still expected to develop
efficient nitrogen-doped carbon catalysts derived from
novel MOFs.

Based on the abovementioned considerations, herein,
we developed a stirring-crystallization method for the
preparation of nanoneedle-like di-ligand Ni-MOF. After
pyrolysis at 400—700 °C, ultra-dispersed Ni nanoparticles
stabilized by N-doped carbon nanoneedles (Ni@NCNs)
were successfully prepared. Under optimized conditions,
the optimal catalyst (Ni@NCNs-600) achieved excellent
performance in the hydrogenation of p-chloronitrobe-
nzene under low temperature and H, pressure. Moreover,
Ni@NCNs-600 afforded remarkable tolerance to various
functionalized nitroarenes, easy magnetic separation and
outstanding reusability.

2 Experimental

2.1 Materials

Terephthalic acid (99%) and 4,4'-bipyridine (98%) were
purchased from Macklin, China. Ni(NO;), 6H,0 (= 98%),
ethanol (= 99.5%), and N,N-dimethylformamide (DMF,
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= 99.5%) were purchased from Sinopharm Chemical
Reagent Co. Ltd., China. p-Chloronitrobenzene (> 99.5%),
o-chloronitrobenzene (> 99%), m-chloronitrobenzene
(99%), o-bromonitrobenzene (99%), p-bromonitroben-
zene (> 99.0%), p-iodonitrobenzene (98%), and 4-
nitrobenzoic acid (99%) were purchased from Aladdin
Chemicals. 4-Nitrobenzonitrile (97%) and 4-nitroace-
tophenone (99.91%) were purchased from Bidepharm.
2,5-Dibromonitrobenzene (98%) was purchased from
TCI. All chemicals were used as received without any
further treatment.

2.2 Catalyst preparation

Synthesis of Ni-MOF; . .. Generally, terephthalic acid
(0.83 g, 5.0 mmol), 4,4"-bipyridine (0.39 g, 2.5 mmol),
and Ni(NO,),-6H,0 (1.45 g, 5.0 mmol) were dissolved in
100 mL DMF to form a clear solution. Then, the mixture
was heated to 100 °C and crystallized under stirring for
48 h. Green precipitate was isolated by centrifugation
and washed with DMF and ethanol for three times,
respectively. After drying overnight, green powder crystal
was successfully obtained, which was denoted as Ni-
MOF ;11ing (750 mg).

Synthesis of Ni-MOF,,; . Generally, terephthalic acid
(0.83 g, 5.0 mmol), 4,4"-bipyridine (0.39 g, 2.5 mmol),
and Ni(NO,),-6H,0 (1.45 g, 5.0 mmol) were dissolved in
100 mL DMF to form a clear solution. The mixture was
sealed in a Teflon-lined stainless-steel autoclave (200 mL)
and transferred to a 100 °C oven for 48 h. Green
precipitate was isolated by centrifugation and washed
with DMF and ethanol for three times, respectively. After
drying overnight, green powder crystal was successfully
obtained, which was denoted as Ni-MOF . (646 mg).

Preparation of Ni@NCNs-T and Ni@NCNs-600-static
catalysts. Typically, 300 mg Ni-MOF; .., was placed in
a porcelain boat and transferred to a tube furnace. Under
an argon flow (100 mL-min~"), the furnace was heated to
target temperature with a ramping rate of 5 °C-min~! and
held for 2 h. After naturally cooling down to room
temperature, the black powder Ni@NCNs-T was
obtained, where T represents the pyrolysis temperature.
The preparation of Ni@NCNs-600-static was similar as
that of Ni@NCNs-600 except for using Ni-MOF, ... as
precursor.

2.3 Characterizations

The powder X-ray diffraction (PXRD) patterns were
obtained using a PANalytical X'Pert PRO diffractometer
with Cu Ka radiation operated at 40 kV, 40 mA.
Thermogravimetric analysis (TGA) was conducted on
SDT 650 instrument under a 100 mL-min~! flow of N,,
ramping from 50 to 800 °C at a rate of 10 °C-min"'. N,
physisorption analysis was performed on a Micromeritics
3Flex 3.01 instrument at 77 K. CO, physisorption
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analysis was performed on an Autosorb-IQ-MP
instrument at 195 K. The inductively coupled plasma
optical emission spectrometry (ICP-OES) was conducted
on a Varian-730ES atomic absorption spectrometer to
determine the loading of nickel. The samples for ICP-
OES measurement were digested by calcination at 550 °C
for 6 h and following dissolution in hot aqua regia.
Elemental analysis results were achieved on the
Elementar Vario MICRO elemental analyzer. The Raman
spectrum was collected on a LabRam HR evolution.
Scanning electron microscopy (SEM) images were
recorded on SUPRAS5S5. Transmission electron
microscope (TEM) and EDS mapping were conducted on
FEI Tecnai G2 F20 at an accelerating voltage of 200 kV.
The X-ray photoelectron  spectroscopy  (XPS)
measurements were performed on a Thermo Scientific K-
Alpha analyzer with an Al Ka (1486.6 eV) X-ray source,
and the binding energy was calibrated by the C 1s peak
(284.8 eV). CasaXPS was used to process raw data files.

2.4 Adsorption test

For the adsorption test of nitrobenzene, 500 ppm (10
nitrobenzene in ethanol solution was prepared. Next, 5 mL
solution was mixed with 50 mg Ni@NCNs-600 and
stirred at room temperature. After 4 h, the mixture was
centrifuged and a certain amount of supernatant was
diluted with ethanol. The as-prepared solution was
analyzed by an ultraviolet—visible (UV—vis, Shimadzu
UV-2600). The capacity of nitrobenzene adsorption was
calculated via the equation: the capacity of nitrobenzene

(co—c) X Vy

adsorption = . Here, ¢, and c, are the initial

concentration and ’gfe residual of nitrobenzene, V is the
volume of ethanol solution, m is the mass of Ni@NCNs-
600 catalyst. The procedure was identical for the
adsorption test of chlorobenzene and p-chloronitroben-
zene.

2.5 Catalytic studies
Hydrogenation reaction was carried out in a stainless-

(a)

Ni(NO,),"6H,0
DMF

Ni@NCNs
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steel reactor equipped with a magnetic stirrer. Typically,
53 mg p-chloronitrobenzene, 2.8 wt % equiv. catalyst,
2 mL solvent were added into the reactor. The reactor was
purged with H, for 5 times, pressurized to desired
pressure, and heated at desired temperature under stirring
of 500 r'min~'. After a certain time, the reaction was
quickly quenched in cold water. The catalyst was
separated by magnet and the solution was analyzed by gas
chromatography (GC Shimadzu 2010) equipped with a
WondaCap-5 column (30 m % 0.25 mm x 0.25 pm) and a
flame ionization detector. The identification of products
was conducted by NMR (Bruker Avance I11 400 MHz).

3 Results and discussion

3.1 Catalyst characterizations

As illustrated in Fig. 1, Ni-MOF was synthesized first
with terephthalic acid and 4,4'-bipyridine as di-ligands
and nickel(Il) nitrate as Ni source (Fig. 1(a)). The mass
yield of stirring-crystallization was 50%, which was
higher than that using static-crystallization (43%). PXRD
patterns (Fig. 1(b)) of Ni-MOF; ;. and Ni-MOF ;.
show similar peak diffractions. SEM images (Fig.2)
reveal that Ni-MOF; ;. presents slender needle crystals
with small thickness and length (0.2 pm x 1.9 pm), while
Ni-MOF,;. presents thick rod crystals with a much
larger size (2.6 um x 7.6 um).

In Fig. S1 (cf. Electronic Supplementary Material,
ESM), TGA measurement shows that the weight loss of
Ni-MOF;;,, went through three steps, including solvent
removal (3.5%), ligands degradation (50.1%) and gradual
loss of C/N after 435 °C. Therefore, four different
pyrolysis temperatures (400, 500, 600, and 700 °C) were
selected for Ni@NCNs-T preparation.

The crystalline structure of Ni@NCNs-T was
determined by PXRD shown in Fig. 3. Figure 3(a) reveals
that the characteristic peaks of Ni-MOF disappear in
Ni@NCNs-T, indicating full decomposition of MOF

(b)
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Fig. 1 (a) Illustration for preparation of Ni@NCNs-T; (b) PXRD patterns of Ni-MOFs by different preparation methods.



Yuemin Lin et al. Room-temperature hydrogenation over ultra-dispersed Ni 1785

10 um

Fig. 2 SEM images of Ni-MOFs prepared by (a, b) stirring-crystallization and (c, d) static-crystallization.
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Fig.3 (a) PXRD patterns, (b) Raman spectra, (¢) N 1s and (d) Ni 2p XPS spectra of Ni@NCNs.

precursor. Weak diffraction at 25° is attributed to C (002)
plane of graphitic carbon [26,27]. Peaks at 37.1°, 43.3°
and 62.9° correspond to the characteristic diffractions of
NiO (111), (200) and (220) lattice planes, respectively
[28,29]. Peaks at 44.5°, 51.8° and 76.4° are ascribed to
metallic Ni (111), (200) and (220) lattice planes,
respectively [30]. As for Ni@NCNs-400, NiO is the

dominant phase and weak metallic Ni diffractions are
observed. As increasing the pyrolysis temperature, NiO
phase weakens but metallic Ni strengthens. Only metallic
Ni diffractions are observed for Ni@NCNs-500 and
Ni@NCNs-600. Nevertheless, weak NiO diffractions
reappear in Ni@NCNs-700, because nitrogen loss
triggered the reconstitution of Ni—O. As calculated by
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Debye—Scherrer equation, the crystalline sizes of Ni in
Ni@NCNs-500, Ni@NCNs-600, and Ni@NCNs-700 are
around 6.7, 7.0, and 10.9 nm, respectively, revealing that
Ni nanoparticles tend to agglomerate at higher
temperature. In addition, compared with Ni@NCNs-600,
Ni@NCNs-600-static shows much sharper Ni and NiO
diffractions, and the crystalline Ni size is calculated to be
10.8 nm.

Nitrogen adsorption—desorption isotherms (Fig. S2, cf.
ESM) show that Ni@NCNs-T displays a typical type IV
curve, revealing the coexistence of mesopores and
micropores. Compared with Ni-MOF ;... (Fig. S3, cf.
ESM), Ni@NCNs-T exhibits higher surface area and pore
volume (Table S1, cf. ESM), which is beneficial to the
mass transfer in catalytic reaction. For example, the
surface area and pore volume of Ni@NCNs-600
(359.8 m?-g7!, 0.45 cm3-g™!) are almost 2 and 3 times of
Ni-MOF i, (176.1 m?g 1, 0.14 cm® g1, respectively.

Raman spectra (Fig. 3(b)) show that all samples display
two predominant peaks corresponding to D band
(~1357 cm™) and G band (~1585 cm™!). The relative
ratio of D to G band (//];) reflects the degree of carbon
defects [31]. The I/, ratio first increases and then
decreases with the increase of pyrolysis temperature. The
highest I)/I; ratio (2.99) is achieved for Ni@NCNs-600,
indicating its rich defects of the carbon skeleton.

As measured by elemental analysis and ICP-OES
(Table S2, cf. ESM), both C and N contents decrease,
while Ni content increases (47-59 wt %) as increasing
pyrolysis temperature. N 1s XPS spectra of Ni@NCNs-T
(Fig. 3(c)) can be deconvoluted into four peaks at 398.8,
400.0, 401.0, and 402.8 eV, corresponding to pyridinic N,
pyrrolic N, graphitic N, and N-oxide, respectively
[32,33]. As increasing pyrolysis temperature, pyridinic
and pyrrolic N species decrease significantly, while
graphitic N and N-oxide species increase. Ni 2p XPS
spectra (Fig. 3(d)) show that, as increasing the pyrolysis
temperature, the content of Ni” increases and reaches the
maximum (59%) for Ni@NCNs-600, then decreases to
56% for Ni@NCNs-700. These results demonstrate that
Ni species in Ni-MOF can be in situ reduced, while the
low Ni® content of Ni@NCNs-700 is attributed to the
reconstruction of Ni—-O bond caused by nitrogen loss
[34]. Wide XPS survey spectra show that high pyrolysis
temperature results in less Ni exposure (Fig. S4, Table
S3, cf. ESM), attributing to the formation of Ni@C core-
shell structure [35].

Considering the excellent activity of Ni@NCNs-600 as
referred to later, its morphology was surveyed by SEM
and TEM (Fig. 4). SEM images (Figs. 4(a—c)) show that
Ni@NCNs-600 presents nest-like accumulations woven
by carbon nanoneedles decorated with Ni nanoparticles,
which is similar as that of parent Ni-MOF; ;... TEM
images (Figs. 4(d) and 4(e)) confirm the presence of
ultra-highly dispersed Ni nanoparticles on carbon
nanoneedles, and the average Ni size is measured to be
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7.5 nm (Fig. 4(e)), agreeing with the PXRD results
(Fig. 3(a)). Notably, such high Ni dispersion is rare and
challenging for catalysts with ultra-high Ni loading
(51 wt %, Table S2), suggesting that N-doping can
improve the dispersion of Ni nanoparticles. The lattice
spacing in Fig. 4(f) is measured to be 0.204 nm,
attributing to Ni (111) plane [29]. The selected area
electron diffraction (SEAD) patterns (Fig. 4(f)) show the
diffraction rings of metallic Ni (111) and Ni (200) planes
[36]. Elemental mapping (Fig. 4(g)) further reveals that
the elements of C, N, and Ni are evenly distributed
throughout the carbon nanoneedles. Comparatively, Ni
nanoparticles in Ni@NCNs-600-static are also well
dispersed, but the Ni size (9.3 nm) is larger than that of
Ni@NCNs-600 (Figs. 4(e) and 4(i)). These results
suggest that the unique crystal morphology of MOF
precursor can restrain Ni sintering, thus predictably
exhibiting good performance in catalytic hydrogenation.

3.2 Catalytic performance

Selective hydrogenation of p-chloronitrobenzene was
chosen as a model reaction to evaluate the catalyst
performance (Fig. 5). The main side reactions include the
formation of intermediates and the dehalogenation of p-
chloroaniline (Fig 5(a)). The activity and selectivity of
Ni@NCNs-T were strongly influenced by the pyrolysis
temperature (Fig. 5(b)). Nearly no products were
observed for Ni-MOF precursor, excluding the catalysis
of Ni*" and ligands. With Ni@NCNs-400 as catalyst,
18.0% p-chloronitrobenzene conversion was achieved,
while no p-chloroaniline except for intermediates (e.g.,
azoxybenzene) were observed. As for Ni@NCNs-500, p-
chloronitrobenzene conversion increased remarkably to
93.8% and the p-chloroaniline selectivity achieved
89.9%, attributing to the increased Ni® content in catalyst.
When increasing pyrolysis temperature to 600 °C, the
conversion and p-chloroaniline selectivity further
increased to 100% and 95.5%, respectively, in which no
dehalogenated product (e.g., aniline) was detected.
However, further increasing pyrolysis temperature to
700 °C decreased the conversion and p-chloroaniline
selectivity to 59.4% and 51.4%, respectively, ascribing to
severe sintering of Ni nanoparticles and pore collapse of
the catalyst. This phenomenon suggested that the
dramatic decrease of nitrogen under 700 °C resulted in Ni
aggregation and weaker metal-support interactions,
decreasing the catalytic activity. Moreover, Ni@NCNs-
600-static originating from static-crystallized Ni-MOF
achieved 95.5% conversion and 81.0% p-chloroaniline
selectivity, highlighting the advantage of stirring-
crystallization for the preparation of Ni-MOF and
corresponding carbon-based catalysts (Fig. 5(b)). When
the substrate concentration was scaled up to 14.8 times
(5 mmol), full conversion along with > 99% p-
chloroaniline selectivity was achieved at 60 min under the
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Fig. 4 (a, b, ¢) SEM images of Ni@NCNs-600 at different nanoscales; (d, ) TEM images; (f) high resolution TEM image and
SEAD patterns; (g) elemental mapping images of Ni@NCNs-600; (h, i) TEM images of Ni@NCNs-600-static. The insets in (e) and

(1) show the size distributions of Ni nanoparticles.

optimized conditions as referred to later (Fig. 5(b)). The
superior performance of Ni@NCNs-600 encouraged us to
investigate the reason of high p-chloroaniline selectivity.
UV-—vis spectra showed that the adsorption amounts of
nitrobenzene and p-chloronitrobenzene are much higher
than that of chlorobenzene (Fig. 5(c)), suggesting that the
preferential adsorption of -NO, over —Cl can restrain the
dechlorination of the desired product. Compared with
other reported Ni-based catalysts (Fig. 5(d), Table S4, cf.
ESM) [31,37-45], Ni@NCNs-600 presents extraordinary
superiority with high catalytic productivity of 77.9 h!
and > 99% p-chloroaniline selectivity under mild condi-
tions (90 °C, 1.5 MPa H,). According to previous characte-
rizations, the superior performance of Ni@NCNs-600 can
be ascribed to the following reasons: (1) higher content of
Ni%; (2) ultra-high dispersion of Ni nanoparticles;
(3) uniform morphology of nanoneedles; (4) oriented
adsorption of -NO,.

The reaction conditions were further optimized (Fig. 6).

Considering water can promote —NO, hydrogenation due
to its bond polarization and H-shuttling effects [46—48],
the influence of water content was studied with the
optimal Ni@NCNs-600 (Fig. 6(a)). It was found that
ethanol achieved only 69.6% conversion and 63.5% p-
chloroaniline selectivity at 30 min. Interestingly, repla-
cing ethanol with 20% water, the conversion and p-
chloroaniline selectivity increased to 100% and 98.4%,
respectively. N-doping improved the catalyst hydrophi-
licity, which favored the dispersion of Ni@NCNs-600 in
ethanol/H,O mixed solvent. Further increasing water
content from 40% to 100%, the reaction rate decelerated
slightly, while the p-chloroaniline selectivity decreased
dramatically from 99.4% to 72.2%, ascribing to low subs-
trate solubility in the presence of high content of water.
With optimal ethanol/H,O (8/2) as solvent, the effect of
reaction temperature was further investigated in Fig. 6(b).
Fixing reaction time at 20 min, only 27.4% conversion
and 26.6% p-chloroaniline selectivity were achieved at
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Fig. 5 (a) Proposed reaction routes for the hydrogenation of p-chloronitrobenzene. (b) Catalytic results of different catalysts for the
selective hydrogenation of p-chloronitrobenzene to p-chloroaniline (reaction conditions: 53 mg p-chloronitrobenzene, 2.8 wt %
equiv. catalyst, 2 mL ethanol, 80 °C, 2.0 MPa H,, 60 min. * 787 mg p-chloronitrobenzene, 10 mg Ni@NCNs-600 catalyst,
ethanol/H,0 (8/2, 10 mL), 90 °C, 1.5 MPa H,, 60 min). (c) Saturated adsorption capacity of different substrates with Ni@NCNs-600.
(d) Activity comparison of reported Ni-based catalysts for p-chloronitrobenzene hydrogenation to p-chloroaniline, the catalytic
productivity is defined as the mole of converted p-chloronitrobenzene per mole of Ni per hour.

60 °C. As increasing temperature to 90 °C, full
conversion and the highest selectivity (98.1%) were
obtained. When the temperature was increased to 100 °C,
10.6% p-chloroaniline was dechlorinated. Therefore, 90 °C
was chosen as the optimal temperature for the next
exploration.

The effect of H, pressure was next investigated at
90 °C for 20 min (Fig. 6(c)). With 0.5 MPa H, pressure,
only 29.0% conversion and 42.7% p-chloroaniline sele-
ctivity were observed. Increasing H, pressure to 1.0 MPa
led to full conversion and 93.4% p-chloroaniline
selectivity. The optimal p-chloroaniline yield (99.3%)
was achieved at 1.5 MPa H,, which was slightly higher
than that obtained at 2.0 MPa H,. Therefore, 1.5 MPa was
the optimal H, pressure at 90 °C.

Nowadays, it is still challenging to develop non-noble
metal catalysts that are still active enough at mild

temperature or H, pressure. Surprisingly, Ni@NCNs-600
exhibited extraordinary performance and achieved 100%
conversion and > 99% p-chloroaniline selectivity under
1.0-3.0 MPa H, at room temperature when prolonging
reaction time to 20 h (Fig. 6(d)). Even decreasing H,
pressure to 0.5 MPa, 57.3% conversion and 55.2% p-
chloroaniline selectivity were still obtained.

To investigate the stability of Ni@NCNs-600 (Fig. 7),
recycling test was carried out at 90 °C and 1.5 MPa for
five successive runs (Fig. 7(a)). Thanks to the magnetic
property of Ni@NCNs-600 derived from high Ni loading,
it could be fully recovered by using a magnet and then
applied for the next run without reduction. Until the fifth
run, the p-chloronitrobenzene conversion was maintained
at 100% and the p-chloroaniline selectivity was up to
92%, illustrating the outstanding recyclability of
Ni@NCNs-600 (Fig. 7(a)). PXRD patterns (Fig. 7(b)) of
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Fig. 6 (a) Effect of water on the hydrogenation of p-chloronitrobenzene (reaction conditions: 53 mg p-chloronitrobenzene, 2.8 wt %
equiv. Ni@NCNs-600 catalyst, 2 mL solvent, 80 °C, 2.0 MPa H,, 30 min). (b) Effect of reaction temperature on the hydrogenation of
p-chloronitrobenzene (reaction conditions: 53 mg p-chloronitrobenzene, 2.8 wt % equiv. Ni@NCNs-600 catalyst, 2 mL solvent
(ethanol/H,O = 8/2), 2.0 MPa H,, 20 min). (c) Effect of hydrogen pressure on the hydrogenation of p-chloronitrobenzene (reaction
conditions: 53 mg p-chloronitrobenzene, 2.8 wt % equiv. Ni@NCNs-600 catalyst, 2 mL solvent (ethanol/H,O = 8/2), 90 °C, 20 min).
(d) Effect of hydrogen pressure on the room-temperature hydrogenation of p-chloronitrobenzene (reaction conditions: 53 mg p-
chloronitrobenzene, 2.8 wt % equiv. Ni@NCNs-600 catalyst, 1.5 mL solvent (ethanol/H,O = 8/2), room temperature, 20 h).

the spent catalyst display similar diffractions as the fresh
one, indicating its good structure stability. To exclude the
possible homogeneous catalysis, filtration test was
performed (Fig. 7(c)). After 10 min, the reaction mixture
was divided into two equal portions. For portion A, the
catalyst was removed by filtration and no further
conversion of p-chloronitrobenzene was observed. For
portion B reserved with catalyst, the hydrogenation
reaction continued and 93.7% p-chloroaniline yield was
achieved after another 10 min, confirming the nature of
heterogeneity.

Encouraged by the good performance of Ni@NCNs-
600, we further explored its general applicability for
selective hydrogenation of various sensitive-group-
substituted nitroarenes (Table 1). It was found that the
reaction proceeded with excellent activity and selectivity
regardless of the halogen substituent located in ortho,
meta, or para positions (Table 1, entries 1-5). For multi-
halogen substituted nitrobenzene like 2,5-
dibromonitrobenzene (Table 1, entry 6), the reaction

could also achieve 94% conversion and 97% selectivity.
Even for 4-iodonitrobenzene with a highly sensitive
iodine group, full conversion and high selectivity (93%)
could be achieved (Table 1, entry 7). In addition, other
sensitive functional groups (e.g., -COOH, -COCHj, and
—CN) were well preserved under similar reaction
conditions (Table 1, entries 8-10).

4 Conclusions

In summary, with stirring-crystallized di-ligands Ni-MOF
as precursor, we developed ultra-dispersed Ni catalyst
supported on Ni@NCNs via facile controllable pyrolysis,
which was highly efficient for hydrogenation of
halogenated nitroarenes to corresponding amines under
mild conditions even at room temperature. Compared
with  the static-crystallized counterpart, stirring-
crystallization produced smaller and uniform Ni-MOF
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Fig. 7 (a) Recycling test of Ni@NCNs-600 in the hydrogenation of p-chloronitrobenzene (reaction conditions: 53 mg p-chloro-
nitrobenzene, 2.8 wt % equiv. Ni@NCNs-600 catalyst, 2 mL solvent (ethanol/H,0 = 8/2), 90 °C, 1.5 MPa H,, 20 min). (b) PXRD
patterns of fresh and spent Ni@NCNs-600 catalysts. (c) The filtration experiment of Ni@NCNs-600 (reaction conditions: 53 mg p-
chloronitrobenzene, 2.8 wt % equiv. Ni@NCNs-600 catalyst, 2 mL solvent (ethanol/H,O = 8/2), 80 °C, 2 MPa H,).

Table 1 Selective hydrogenation of various sensitive-group-substituted nitroarenes 2

Entry Substrate Product Time/min Conv./% Sele./%
1 ON H,N 20 100 >99
O\Cl \©\c1
2 ON Cl H,N Cl 40 100 98
10 10
3 O,N H,N 20 100 >99
O O
4 OzND H,N 20 100 97
Br B\)@
5 ON H,N 30 100 95
\©\Br \©\Br
6 Br Br< : 40 94 97
0O, D\Br H,N Br
70 OzN(:L HzNO\ 80 100 93
I I
8 0 N\©\ H,N 30 100 >99
COOH \©\roon
9 ON \©\”/ HzN\©\”/ 30 100 >99
0 0
10 O,N H,N 40 92 95
Tl T,

a) Reaction conditions: substrate (53 mg), 2.8 wt % equiv. Ni@NCNs-600 catalyst, ethanol/H,O (8/2, 2 mL), 90 °C, 1.5 MPa H,; b) substrate (24.9 mg).
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nanoneedles, thus restraining Ni sintering during the
pyrolysis. After systematic screening, the optimal
Ni@NCNs-600 showed an extraordinarily high catalytic
productivity of 77.9 h™! and > 99% p-chloroaniline
selectivity at full p-chloronitrobenzene conversion at
90 °C and 1.5 MPa H,, which outperforms most reported
Ni-based catalysts. Surprisingly, the p-chloroaniline
hydrogenation could smoothly proceed at room
temperature and 0.5 MPa H,. The high activity can be
attributed to high Ni dispersion, special morphology, and
rich pore structure of the catalyst, while the high
selectivity originates from its preferential adsorption of
nitro group. Moreover, Ni@NCNs-600 was highly
recyclable via magnetic separation and exhibited superior
tolerance  to  various  sensitive-group-substituted
nitroarenes. This work opens a new vision for the design
of MOF-derived non-noble metal catalysts with unique
morphology and ultra-dispersion.
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