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Bio-waste chitosan-derived N-doped CNT supported Ni-
nanoparticles for selective hydrogenation of nitroarenes 
Jacky H. Advani,a,b Krishnan Ravi,a,b Dhanaji R. Naikwadi,a,b Hari C. Bajaj,a,b Manoj B. Gawandec 
and Ankush V. Biradar a,b,*

A facile method for the synthesis of leach proof and earth-abundant non-noble Ni nanoparticles on N-doped carbon 
nanotubes is reported. The catalyst was synthesized by an impregnation-carbonization method wherein the preformed Ni-
chitosan complex upon carbonization gave under 5% H2/N2 at 800 °C yield Ni-containing N-doped CNT’s. Chitosan served as 
a single source of carbon and nitrogen, and the nanotube growth was facilitated by the in situ formed Ni nanoparticles. The 
nanocatalyst was thoroughly characterized by several techniques; elemental mapping by SEM and TEM analysis confirmed 
the uniform distribution of Ni nanoparticles on the surface of N-doped CNT’s with an average size in the range of 10-15 nm. 
The catalyst efficiently reduced a variety of nitroarenes (>99%) into corresponding amines under moderate pressure (5 bar) 
and comparatively lower temperature (80 °C). Furthermore, the easy recovery of the catalyst using an external magnetic 
field along with high activity and easy recyclability makes the protocol eco-friendly.

Introduction

The utilization of low-cost wastes like lignocellulose, bagasse, 
chitosan, etc. for the synthesis of carbonaceous 
supports/materials are imperative raw, and benign materials 
for advanced catalytic transformations. Among these, chitosan 
which contains ~40% carbon and ~8% nitrogen,1 offers a direct 
route as a single precursor for the formation of N-doped 
carbon support. Of late, researchers have started utilizing this 
waste biopolymer for the synthesis of N-doped carbon 
materials for application in various fields.2 The amino groups 
present in the principle skeleton of chitosan facilitate the 
chelation of metal ions to produce uniformly distributed metal 
nanoparticles. Among the several supports employed till date, 
carbon nanotubes (CNT’s) have attained significant attention 
owing to its mechanical, thermal stability, and chemical 
inertness.3 These CNT’s are generally synthesized by catalytic a 
laser vaporization method,4 chemical vapor deposition (CVD),5 

flame synthesis,6 or electric arc discharge method.7 These 
easily oxidizable nanotubes are in nano-dimension, which 
again stabilizes the dispersion of the metal nanoparticles. To 
further enhance the application of these CNT’s, they are doped 
with heteroatoms such as nitrogen, sulphur, etc. Among the 

reported heteroatom-doped CNTs, N-doped CNT’s have raised 
to become one of the most promising supports due to their 
high surface area, enhanced mechanical, electrical, chemical 
and functional properties.8 The introduction of nitrogen 
induces defects and provides active sites on the surface of the 
carbonaceous supports.8 It also offers additional electrons to 
induce a negative charge on the adjacent carbon atoms 
upsurging the p-binding ability and basicity, the local charge 
density of the nanotubes, reduced resistivity and electron 
transport properties of the CNT’s.9 The nanoparticles 
immobilized on these materials are usually found to be much 
more stable as compared to the non-doped carbonaceous 
materials. This may be attributed to the electronic and 
structural promoting effect of the doping.10

Hydrogenation of various nitroarenes results in the formation 
of industrially important aromatic amines in pharmaceuticals, 
agrochemicals, fine chemicals, dyes, polymers, etc.11 This has 
been achieved using various procedures involving the use of 
metal catalysts and using various reductants.11 The 
chemoselectivity towards an aminated product in the presence 
of other reducible functionalities is still a challenge in the 
chemical industry. Additionally, hydrogenation of 
nitroaromatics often gives intermediary compounds like 
hydrazines, hydroxylamines, azoarenes, and azoxyarenes.12 
Precious metals like Pt, Pd, Rh, Ir, Au, etc.11b, 12a are routinely 
used for the hydrogenation of various nitro substrates. 
However, the limited availability of these metals and high 
prices largely influence the cost of the final products. Thus, 
researchers have shifted their focus intensively on the use of 
low-cost earth-abundant metals like Fe, Co, Ni, etc. 12c-12f to 
develop an efficient hydrogenation protocol. Among the 
various metals used, Ni enjoys being is the most widely used 
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metal-based catalyst with price as low as 1/5000 to that of 
gold. Regardless of the huge success of this metal in industry, 
these single-component catalysts are inefficient in meeting the 
activity, selectivity, and stability to be applicable in the fields 
relating to energy and environment. Owing to the low catalytic 
activity of Ni-based catalytic systems, the hydrogenation 
reactions are were conventionally performed at a higher 
temperature and H2 pressure.13 Since the exposed surface area 
plays a vital role in the catalysis, the use of nanoparticles, 
which is known to provide high surface area, has become a 
reasonable elite for direct hydrogenation reactions.2d, 14 
However, due to the high surface area, these nanoparticles 
reduce their surface energies via agglomeration, slowly 
diminishing the catalytic activity of the catalyst. Also, the 
catalysts with the metals like Ni and Co tend to deactivate by 
sintering or via leaching.15 Therefore, it is imperative to tailor-
make a catalyst that is stable, easy to handle and also retains 
its activity, which has been accomplished by immobilizing the 
nanoparticles onto interactive supports that not only help in 
stabilization but also improve the catalytic activity. 
A few reports on the synthesis of Pd nanoparticles supported 
on various composite materials with chitosan-derived N-doped 
carbon as one of the component have been reported.[2a-2d] 
Wang et al. reported the hydrothermal synthesis of Pd 
nanoparticles on composite support comprising of TiO2 and 
chitosan-derived N-doped carbon for the hydrogenation of 
vanillin using formic acid as a hydrogen source.2a The report 
discusses the formation of Pd in various chemical states 
dispersed across the composite support. The material 
successfully hydrogenated vanillin to 2-methoxy-4-
methylphenol with an excellent activity, which was attributed 
to the synergy between the Pd/TiO2 and Pd/N-C interactions in 
the material. The Pd nanoparticle stabilized on 
montmorillonite-N-doped carbon composite at different 
carbonization temperatures was studied for the Heck coupling 
reaction.2b Notably, the thermal stability of the composite 
increased with the carbonization temperature. A similar kind 
of material was synthesized by carbonizing cobalt salt with 
chitosan resulting in the formation of Co-Co3O4 and was 
utilized for the chemoselective hydrodehalogenation of alkyl 
and heteroaryl halides.2c Recently, we reported the synthesis 
of highly dispersed and stable palladium nanoparticles on N-
doped carbon via pyrolysis of the chitosan-Pd complex for the 
hydrogenation of various functional groups.2d The in situ 
formation of Pd nanoparticles, by the reducing gases evolved 
during controlled pyrolysis of chitosan, involved stronger 
interaction with the N-doped carbon support, thus giving a 
stable and highly dispersed catalyst. Inspired by the excellent 
results, we followed a similar synthetic method to synthesize 
nickel nanoparticles on N-doped CNTs via pyrolysis of Ni 
impregnated chitosan for the hydrogenation of various 
nitroarenes at lower reaction temperature and H2 pressure as 
compared to the conventional protocols using higher 
temperature and H2 pressure. The use of molecular hydrogen 
as a reductant at relatively low pressure has an added 
advantage as it does not produce any byproducts making the 
process benign.

Experimental

Fabrication of Ni nanoparticles on N-doped CNT (Ni@NCNTs). The 
synthesis of the Ni@N-CNT nanocatalyst was achieved by an 
impregnation followed by a pyrolysis technique. In a 250 mL 
beaker, 0.652 mg of Ni(NO3)2·6H2O was dissolved in 50 mL of 
methanol. Around 10 g of chitosan was added to this solution 
under stirring and heated at 50 °C until all the methanol 
evaporated and dried. The resulting nickel adsorbed chitosan 
flakes were directly carbonized in a tubular furnace by slowly 
raising the temperature at a heating rate of 5 °C min-1 up to 
800 °C under a 5% H2/N2 flow (10 mL/min). The black 
carbonized material (Ni@N-CNT) was powdered and stored in 
a tightly stoppered bottle and used as a catalyst for the 
hydrogenation reactions.

General procedure for catalytic hydrogenation reactions. In a 50 
mL Parr reactor, 0.2 mmol of nitroarene, 20 mL solvent, 
tetradecane as the internal standard and the catalyst were 
charged followed by flushing with nitrogen gas to ensure 
removal of air. The reactor was pressurized with molecular H2 
and the temperature was raised as required followed by 
stirring at 800 rpm. The A constant supply of hydrogen gas was 
maintained during the complete reaction. The reaction was 
terminated when there was no noticeable drop in pressure, 
and the reactor was brought to room temperature and 
depressurized. The catalyst was separated from the reaction 
mixture and stored for further use, and liquid samples were 
used for GC/GC-MS analysis.

Recyclability and leaching analysis of the catalyst. The recyclability 
of the catalyst was ensured using nitrobenzene hydrogenation using 
a Ni@N-CNT nanocatalyst under the standard reaction conditions, 
i.e. 2 mmol nitrobenzene, 5 bar H2, 20 mL Methanol, 80 °C and 800 
rpm as a model reaction. The catalyst was separated using an 
external magnetic field, washed and dried at 50 °C after the 
completion of the reaction. This catalyst was reused for the next 
catalytic cycle under identical conditions, while the Ni leaching was 
ensured via ICP-OES analysis of the reaction mixture.

Result and Discussions

Synthesis and characterization of the catalysts. The gram-scale 
synthesis of the Ni@N-CNT nanocatalyst was achieved in via 
impregnation-carbonization of nickel salt adsorbed chitosan 
(Scheme 1). Owing to the glucosamine and acetyl glucosamine 
units, chitosan can easily chelate and stabilize the metal ions.1a, 1c, 16 
These metal ions interact with the carbon surface acquired via 
pyrolysis of chitosan and form Ni2C17, which is finally reduced to Ni 
nanoparticles during the carbonization process in the presence of 
5% H2/N2 forming of uniformly distributed active Ni nanoparticles 
on porous N-doped carbonaceous surface. To date, the synthesis 
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carbon nanomaterials with 1D architecture from the raw biomass 
precursors remains an immense challenge. The carbonization of 
chitosan at higher temperatures results in the formation of a 
graphitized carbonaceous structure. 

Scheme 1. Synthesis of Ni@N-CNT nanocatalyst by impregnation-
carbonization method.

These graphitic carbon layers migrate towards the Ni nanoparticles, 
which act as the active metal center and start depositing on the 
surface of these nanoparticles resulting in the formation of nuclei. 
The process of carbon migration continues which results in the 
formation of hollow N-doped CNT’s with anisotropic and distorted 
patterns. The nanoparticles thus formed are located at the opening 
end of these hollow CNT’s. The retained nitrogen in the resulting 
support results in a higher dispersion of nanoparticles by stabilizing 
the nanoparticles and thus maintaining the catalytic activity of the 
material. It was found that the Ni nanoparticles formed in situ play 
a major role in the formation of microstructured carbon nanotubes 
with a high graphitization degree. Initially, the nickel salt was 
dissolved in methanol, followed by the addition of chitosan with 
continuous stirring. The chitosan starts to adsorb the nickel ions. 
Slowly, the temperature was raised along with continuous stirring 
until all the methanol evaporates, resulting in greenish-yellow 
flakes of the Ni-Chitosan complex. This material was then 
carbonized ensuing in the formation of black powdered material 
(abbreviated as Ni@N-CNT), stored in an airtight bottle and 
characterized by different physicochemical methods. 

The morphology of the Ni@N-CNT nanocatalyst was obtained 
by FESEM images (Figure 1a-c). The FESEM image revealed discrete 
worm-like curly carbon nanotubes, which is amorphous nature with 
porous morphology. The growth of the nanotubes arising from the 
carbonaceous material can be easily viewed in Figure 1b. The nickel 
nanoparticles, formed during carbonization, located at the epitaxial 
end of the nanotubes promote the growth of these C-N nanotubes. 
The encapsulation of these nanoparticles at the top end of the 
nanotubes can be seen in Figure 1a-c. The nickel nanoparticles 
formed are were uniformly distributed with relatively less 
agglomeration (formation of larger nanoparticles). Furthermore, 
the elemental mapping of the catalyst showed a uniform 
distribution of C, N, O and Ni nanoparticles, which indicates the 
stabilization of the nanoparticles onto the carbonaceous support 
(Figure 1d-h). The energy dispersive X-ray (EDX) spectra of the 
Ni@N-CNT nanocatalyst (Figure 1i) confirmed the presence of C, N, 
O and Ni elements in the catalyst.

Figure 1. (a-c) FESEM image of Ni@N-CNT nanocatalyst at different 
magnification, element mapping of (d) Mix image for C, N, Ni and O, 
(e) Carbon, (f) Nitrogen (g) Nickel (h) oxygen and (i) EDX spectra of 
Ni@N-CNT nanocatalyst.

The topography of the synthesized Ni@N-CNT nanocatalyst was 
further characterized by TEM and HRTEM images (Figure 2). Figure 
2a shows the carbon nanotube clusters formed along with the 
graphitic layer formation. The growth of the carbon nanotubes from 
the carbonaceous layer can be seen in Figure 2a-b and a completely 
grown CNT observed (Figure 2b). A broad particle distribution of 
nickel nanoparticles onto the N-doped carbon multiwalled 
nanotube (marked by arrows) with open end/mouth was is 
observed (Figure 2c). The average particle size of the Ni 
nanoparticles was found to be in the range of 10-15 nm. Figure 2d 
shows the formation of separate graphitic sheets responsible for 
the formation of the CNT’s. Single multiwalled nanotube with an 
open-end/mouth with 4-6 nm thickness is observed in Figure 2e. 
These results confirm the formation of a graphitic carbonaceous 
material and CNT’s grown from therein encapsulating the Ni 
nanoparticles. Notably, a Ni nanoparticle with the interplanar 
spacing of 0.20 nm is noticed which is in close agreement with the 
standard lattice fringes corresponding to the (111) plane of fcc 
structured Ni (Figure 2f). The elemental mapping of the catalyst is 
shown in Figure 2g-k. The uniform distribution of the C, N, O and Ni 
elements showed the effective doping of nitrogen in the resulting 
CNT’s. The presence of the nickel single atoms on the CNT’s yet 
again confirms the stabilization of the Ni owing to the N-doping in 
the CNT’s. The amorphous nature of the material can be confirmed 
from the fused rings in the selected area diffraction pattern (Figure 
2(l)) of the Ni@N-CNT nanocatalyst. The SAED pattern showed the 
presence of bright annular spots relating to the phase pure Ni metal 
which is consistent with the XRD analysis. The d-spacing of 0.5 nm 
relating to the high curvature carbon layers surrounding the nickel 
nanoparticles can also be observed in the SAED pattern.2a
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Figure 2. (a-c) TEM image of the Ni@N-CNT nanocatalyst. (d) 
HRTEM image of the graphitic carbonaceous sheet in the 
synthesized nanocatalyst (e) HRTEM image of the multiwalled 
nanotube with mouth opening. (f) HRTEM image single Ni 
nanoparticle. Elemental mapping of (g) mixture of C, N, O and Ni, 
(h) Carbon, (i) Nitrogen, (j) Nickel, (k) Oxygen, (l) SAED pattern of 
Ni@N-CNT nanocatalyst.

The carbonaceous nature of the materials was confirmed by 
Raman spectroscopy (Figure 3), where in-plane vibrations of the sp2 
carbon give rise to a band at ~1570 cm-1 known as the G band while 
the disordered carbon with the sp3 electronic structure of graphitic 
carbon gives rise to a band at ~1340 cm-1 known as the D band 
(Figure 3a).18 

Figure 3. (a) Raman spectra of N-doped Carbon and Ni@N-CNT and 
(b) PXRD pattern of Ni@N-CNT.

The G band is ascribed to the tangential stretching of the C=C 
bond in a graphitic material relateding to the vibration originating 

from the sp2 hybridized carbon atoms in the hexagonal 2-D lattice.19 
The presence of an overtone of the D band at 2850 cm-1 
corresponding to the D+G band is the characteristic of the CNT.20 

The misalignment of the p-orbitals of the carbon atoms coupled 
together induces a strain due to the curvature, thus giving 
vibrations that are reflected as bands in the Raman spectrum. Such 
features are attributed to the defects and or vacancies that arise 
from the interaction/chemical bonding of the Ni nanoparticles and 
N-doped carbon during the carbonization process. Thus, we can 
confirm the formation of the graphitic nanotubes.

The PXRD patterns of the N-doped carbon and Ni@N-CNT 
display the peak at 2θ = 25° in both the support and Ni@N-CNT was 
observed, which can be attributed to (002) phase of the randomly 
oriented, aromatic, amorphous graphitic carbon (Figure 3b). The 
reflections at 2θ = 44.57°, 51.93°, 76.38° confirmed pure crystalline 
metallic nickel phases (111), (200) and (220) in the material (JCPDS 
no. 040850) with no NiO formation.15,21 The crystallite size of the 
nickel nanoparticles using the Scherer’s equation was calculated 
and found to be ~50 nm which is well under the nanoscale 
boundaries.

The high-resolution XPS spectra of the Ni@N-CNT nanocatalyst 
is shown in Figure 4. The characteristic signals of C, N, O and Ni 
elements were observed in the survey spectrum (Figure 4a) in the 
full range of 0-1100 eV. The deconvolution of the carbon spectrum 
showed three types of carbon peaks and characteristic of the 
graphitic carbon at 284.5 eV as a result of successful pyrolysis 
ensured graphitization (Figure 4b). 

Figure 4. (a) Survey spectra of Ni@N-CNT nanocatalyst, High-
resolution XPS spectra with Gaussian fitting for (b) C 1s peak, (c) N 
1s peak, and (d) Ni 2p peak of Pd@N-C nanocatalyst

The presence of secondary carbons and N-containing groups 
present on the surface of the carbon was confirmed by the peak at 
285.9 eV while the peak at 287.9 eV confirmed the bonding of the 
carbon atoms to N/O (C-N, C-O, C=O) which arise from the partial 
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decomposition of the polysaccharide chain.22 The high-resolution 
spectrum of the nitrogen also showed three peaks i.e. pyridinic N 
(398.3 eV), pyrollic N (399.5 eV) and graphitic N, i.e. pyridinium 
nitrogen of condensed polycycles (400.8 eV) (Figure 4c); observed 
from deconvolution of the N 1s spectrum.23 The doping  of the 
nitrogen in the carbon framework as a result of the high-
temperature carbonization of the chitosan-Ni complex gave rise to 
the majorly pyridinic and graphitic type of nitrogen. The 
deconvolution of the Ni spectrum showed three energy bands in 
doublets. The characteristic peak for metallic nickel can be 
observed at 852.1 eV. The doublet at 853.5 eV and 854 eV can be 
attributed to Ni2+ and the peaks at 855.1 and 871.3 for the Ni3+.24 
The O 1s spectrum was deconvoluted to give four different peaks. 
The bulk CHN quantitative analysis showed the presence of 67.84% 
C, 1.427% H and 5.70% N in the sample.

Catalyst performance. The catalytic activity of the synthesized 
Ni@N-CNT was performed for the hydrogenation of nitrobenzene 
as a model substrate using molecular hydrogen (Scheme 2). Aniline 
and its derivatives are important for the synthesis of various 
agricultural products, drugs, dyes, polyurethanes, etc.11

NO2 NH2

Ni@N-MC

H2,Temp
Scheme 2. Hydrogenation of nitrobenzene using molecular 
hydrogen.

Initially, different solvents were scrutinized for the 
hydrogenation of nitrobenzene. When THF was used as the solvent, 
no conversion of nitrobenzene was observed (Table 1, entry 1). In 
water, only 5% conversion of nitrobenzene was observed (Table 1, 
entry 2), while a mixture of water and THF (1:1) furnished only 5% 
conversion (Table 1, entry 3). With acetonitrile, 25% of 
nitrobenzene was converted to aniline with >99% selectivity (Table 
1, entry 4). Notably, the hydrogenation of nitrobenzene in 
methanol provided better results in terms of conversion (33%) 
(Table 1, entry 5). This may be attributed to the higher solubility of 
molecular hydrogen in methanol. Thus, methanol was selected as 
the solvent for further studies. When the temperature of the 
reaction was increased from room temperature (30 °C) to 50 °C, the 
conversion of nitrobenzene also increased to 85% in 60 min (Table 
1, entry 6). A further increase in time to 90 min, complete 
conversion of nitrobenzene was achieved (Table 1, entry 7). When 
the temperature was further increased to 80 °C, a complete 
conversion of nitrobenzene was observed in just 45 min (Table 1, 
entry 12). Also, the effect of molecular hydrogen pressure was 
studied by varying it in the range of 2 to 10 bar. When the pressure 
of the molecular hydrogen was kept at 2 bar, 65% conversion of 
nitrobenzene was observed in 90 min (Table 1, entry 8). The 
increase in the conversion of nitrobenzene can be attributed to the 
probability of an effective reaction with the increase of in H2 
pressure. The conversion of the nitrobenzene increased to 85% on 
increasing hydrogen pressure to 5 bar in 90 min (Table 1, entry 6) 

while at 10 bar hydrogen pressure, the complete conversion was 
obtained in only 60 min (Table 1, entry 9). However, to avoid higher 
pressure, a 5 bar hydrogen pressure was selected as the working 
pressure for further catalytic studies. Next, the catalytic amount 
was varied to study its effect on the hydrogenation of nitrobenzene. 
An increment in the conversion of the nitrobenzene was observed 
with the increase in the catalytic amount from 12.5 mg to 25 mg 
(Table 1, entries 6, 10 and 11). However, on further increasing the 
catalyst amount, no noticeable change in the conversion or 
selectivity was observed (Table 1, entry 11).

Table 1 Effect of different reaction parameters on nitrobenzene 
hydrogenation.a

Entry Temp.
(°C)

Time
(min)

𝐏𝐇𝟐

(bar)
Solvent Cat. 

Amt.
(mg)

Conv.
(%)

Sel.
(%)

1. 35 60 5 THF 25 Nd Nd
2. 35 60 5 Water 25 5 >99
3. 35 60 5 1:1 

Water:THF
25 5 >99

4. 35 60 5 Acetonitrile 25 25 >99
5. 35 60 5 Methanol 25 33 >99
6. 50 60 5 Methanol 25 85 >99
7. 50 90 5 Methanol 25 >99 >99
8. 50 90 2 Methanol 25 65 >99
9. 50 60 10 Methanol 25 >99 >99
10. 50 90 5 Methanol 12.5 65 >99
11. 50 90 5 Methanol 50 >99 >99
12. 80 45 5 Methanol 25 >99 >99
13. 50 180 5 Methanol 0 Nd Nd
a Reaction conditions: 2 mmole nitrobenzene, 20 mL solvent, 2.4 wt.% 
Ni@N-CNT and 800 rpm. Nd = Not detected

Additionally, as a control experiment, the hydrogenation of 
nitrobenzene was carried out in the absence of the catalyst, which 
provided almost no conversion even after 3 h of reaction time 
(Table 1, entry 13). In another experiment, the catalyst was 
separated from the reaction mixture after 1 h of reaction time and 
the reaction mixture was again transferred to the reactor. The 
conversion at this time was 85%. The reaction mixture was further 
allowed to react for 1h under a hydrogen atmosphere, which gave 
only ~0.9% conversion, which correlates well with the background 
activity. These experiments, thus, prove that the reaction was 
indeed catalyzed by the Ni nanoparticles. 

The high activity of the catalyst can be attributed to the metal-
catalyzed hydrogenation reaction involving the flow of electrons 
between metal and the reactants.25 The interaction of the metal 
with the N-doped carbon materials has been broadly reported in 
the literature. The high activity and stability of the catalyst may be 
attributed to the heterojunction formation between the closely 
associated Ni metal and the N-doped carbon support.25 The fine-
tuning of the properties of the metal and its support can enhance 
the activity of the catalyst. The Ni metal having higher Fermi energy 
level spontaneously donates electrons to the semiconducting N-
doped carbon until an equilibrium is reached as shown in Scheme 3 
inset. Usually the metal has a lower work function as compared to 
the N-doped carbon, thus having a restricted flow of electrons as 
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compared to the metallic conductor.26 This phenomenon is termed 
as Mott-Schottky effect. The close contact formed at the 
heterojunction of nickel and N-doped carbon bring about an 
electron redistribution, thus increasing the positive charge on the 
metal making it electron deficient in nature. This establishes a 
charge region at the interface of the nickel-metal and carbon, which 
was responsible for the selective hydrogenation.

Scheme 3. Plausible mechanistic steps in the hydrogenation of 
nitrobenzene and the center, the formation of Mott-Schottky 
junction between the surface Ni metal and N-doped CNT.

Looking at the escalation in the amount of various 
anthropogenic nitroarene pollutants from the industry, researchers 
have focussed on the reduction of these compounds to 
corresponding amines that find applications in the synthesis of 
various drugs, photographic development, anti-corrosive additives 
in paints, and many more.27 With this in mind, we evaluated the 
catalytic reduction of various nitroarene substrates giving the 
corresponding products as confirmed by GC and GC-MS (Figure S1-
12 in the ESI) under the optimized reaction conditions using the 
synthesized catalyst. It was observed that hydrogenation of the 
nitrobenzene occurred even at 50 °C while hydrogenation of the 
solid substrates required a higher reaction temperature (80 °C) for 
their activation. This may be attributed to the higher solubility of 
the molecular hydrogen directly in the nitrobenzene as that 
compared to the other substrates. Thus, hydrogenation was carried 
at 80 °C for the rest of the molecules. For comparison purposes, the 
hydrogenation of nitrobenzene was carried out under the optimized 
conditions using 2.5 mg of catalyst (similar mole % to that present 
in the Ni@N-CNT). No conversion of nitrobenzene was observed 
even after 1 h. However, upon increasing the amount of Raney-Ni 
to 10 mg, 20% conversion of nitrobenzene was observed at 80 °C. 
The hydrogenation of 4-nitrotoluene and 4-ethyl nitrobenzene 
contributed nearly complete conversion along with complete 

selectivity towards the corresponding aniline (Table 2, entries 3 and 
4). The catalytic hydrogenation of a 4-nitrophenol, one of the 
priority pollutant, was also tested.28 This toxic and carcinogenic 
substrate was completely reduced to the corresponding amine in 
2.5 h. The hydrogenating ability of the Ni@N-CNT nanocatalyst was 
also checked with chlorine substituted nitrobenzene (Table 2, entry 
6). The catalyst converted 4-chloro nitrobenzene into 4-
chloroaniline selectively with no dechlorinated product, which is a 
common issue in the hydrogenation of such chlorinated substrates. 
The selective synthesis of 4-chloroaniline is of utter importance in 
the industry as it is one of the important intermediates for the 
synthesis of an antimalarial drug like paludrine.29 The 
chemoselectivity in this case may be attributed to the N-doping in 
the CNT’s. The nitrogen doping in the CNT generates an increase in 
the electron density at the neighbouring stabilized Ni metal making 
it electron-rich. The dechlorination generally occurs via dissociative 
adsorption of C-Cl bond. The electrostatic repulsion between C-Cl 
moiety and electron-enriched Ni sites and/or destabilization of the 
transition state inhibit dechlorination.

Table 2 The scope of the hydrogenation of various substrates catalyzed 
by Ni@N-CNT nanocatalyst.a

Ent. Substrate Product Time 
(h)

% 
Sel.

IYd

(%)
1. NO2 NH2 0.75 >99 93

b 1 Nd -2. NO2 NH2

c 1 >99 -

3. NO2 NH2 2 >99 90

4. NO2 NH2 1 >99 92

5.

HO

NO2

HO

NH2 2.5 >99 96

6.

Cl

NO2

Cl

NH2 1.5 >99 92

7.

O2N

NO2

H2N

NH2 2 >99 95

8.

H2N

NO2

H2N

NH2 1.5 >99 94

9.

H2NO2S

NO2

H2NO2S

NH2 15.5 >99 80

10. NO2 NH2 3.5 >99 95

11.

NC

NO2

NC

NH2 2.5 >99 90
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12.

OHC

NO2

OHC

NH2 5 >99 85

13. NO2

N
H

NH2

N
H

14.5 >99 83

14. NO2

Cl

NH2

Cl

15.5 >99 79

a Reaction conditions: 2 mmole nitrobenzene, 20 mL  methanol, 2.4 
wt.% Ni@N-CNT 800 rpm, >99% conversion. b 2.5 mg Raney Ni, No 
conversion. c 10 mg Raney Ni, 20% conversion. dIY=Isolated yield

Next, the hydrogenation of 4-amino nitrobenzene and 1,4-
dinitrobenzene carried out using the Ni@N-CNT catalyst gave 
almost complete conversion of the substrates to 1,4-
phenylenediamine (Table 2, entries 7 and 8). The reduction of 4-
nitrobenzensulfonamide and 1-nitronaphthalene also displayed 
high conversion and selectivity using the Ni@N-CNT catalyst (Table 
2, entries 9 and 10). To, check the chemoselectivity of the products 
we hydrogenated various nitroarenes which were already 
substituted by other reducible functionalities like –CHO, –CN, etc. 
The hydrogenation of 4-nitrobenzonitrile selectively furnished 4-
cyanoaniline (Table 2, entry 11). Similarly, the Ni@N-CNT catalyzed 
hydrogenation of 4-nitrobenzaldehyde offered selectively 4-
aminobenzaldehyde (Table 2, entry 12). No reduction of –CHO or –
CN group occurred using the as-synthesized catalyst. In addition, 
the reduction of nitro group in the heterocyclic system (Table 2, 
entry 13) was achieved with high conversion and selectivity towards 
corresponding amine. 

The plausible reaction mechanism for the hydrogenation of 
nitrobenzene is shown in Scheme 3. The hydrogenation of 
nitrobenzene involves four successive steps to give aniline. The first 
step involves a polar reaction mechanism wherein molecular 
hydrogen undergoes heterolytic cleavage via synergic activity 
between Ni nanoparticles and the N-doped CNT, resulting in high 
activity of the catalyst towards selective formation of amine 
products.

Recently Lan et al. used hollow yolk-shell Co-N-C@SiO2 
Nanoreactors synthesized from ZIF-67 as template and SiO2 support 
with varying Co metal (10-25%) content for the selective 
hydrogenation of nitroarenes.30 The catalyst was ∼3.3 times active 
as compared to the Co/SiO2. In a similar manner, Sun et al. used 
single cobalt sites on mesoporous N-doped carbon matrix for 
selective catalytic hydrogenation of nitroarenes which again used 
Zn/Co bimetallic ZIF MOF and SiO2 support.31 The ICP analysis of the 
reaction mixture showed around 3 % leaching of the active Co 
metal after each run. However, both of these catalysts contained 
large metal loading % along with the use of expensive MOF for the 
synthesis of N-doped carbon at higher reaction temperature (110 
°C) and pressure (30 MPa). The higher activities of both of these 
catalysts were attributed to the Co-Nx species present in the 
catalyst. In a recent study, Ni nanoparticles were stabilized on the 
carboxylic acid modified siliceous (2D hexagonal mesoporous SBA-
15C and 3D cage-type SBA-16C) supports and used for the 

hydrogenation of nitroarenes using NaBH4 as the hydrogen 
source.32 Ni NPs supported within the 3D cage-type mesopores of 
SBA-16C showed higher catalytic activities as compared to the 2D 
analogue in the reduction of nitroarenes. However, the catalyst 
activity was not precisely generalized in terms of structure of the 
channels/pores of the catalyst. Also, the waste production 
associated with the usage of NaBH4 as hydrogen source cannot be 
ruled out. An atomically dispersed Ni (~4.5%) on the N-doped 
porous carbon was used for the selective hydrogenation of 
nitroarenes.30 Yet again, the reduction temperature was as high as 
120 °C with molecular hydrogen pressure of 3 MPa. Also, the 
catalyst synthesis was done by a hard template method followed by 
the sulphuric and nitric acid treatment to obtain the final catalyst. 
Thus, compared to these catalysts, the Ni@N-CNT catalyst in this 
report shows similar catalytic activity at low reaction temperature 
(80 °C) as well as molecular hydrogen pressure (0.5 MPa) towards 
the chemoselective reduction of various nitroarenes to 
corresponding aminoarenes.

We followed the similar synthetic method to synthesize Nickel 
nanoparticles on N-doped carbon nanotubes via pyrolysis of Ni 
impregnated chitosan for the hydrogenation of various nitroarenes 
at lower reaction temperature and H2 pressure as compared to the 
conventional protocols using higher temperature and H2 pressure. 
To the best of our knowledge, there exist only one report where the 
biomass waste was directly used for the gram scale synthesis of CNT 
at a lower temperature and utilized for the oxidation reduction 
reaction catalyst [34].

The recovery and recyclability of the catalyst is not only 
important from the economic point of view but also from the 
ecological perspective. The recyclability of the Ni@N-CNT 
nanocatalyst was verified for the hydrogenation of nitrobenzene as 
a model reaction (Figure S12 in the ESI). For the reusability 
experiments, the catalyst was separated using an external magnetic 
field, washed with methanol and vacuum dried at 50 °C. No 
significant change in the selectivity of aniline was observed using 
the regenerated catalyst. The ICP-OES analysis of the reaction 
mixture showed the absence of nickel in the reaction mixture.

Conclusions
To conclude, we have developed a simple methodology for the 
in-situ formation of nickel nanoparticles capped on the N-
doped carbon obtained via scale-up strategy using single step 
pyrolysis of chitosan as a single source of carbon and nitrogen. 
The doping of nitrogen in the carbon nanotube network 
provides an adsorption site for the formation of closely 
coupled, highly stable and uniform nickel nanoparticles. A 
strong electronic interaction of the Ni0 and N-doped carbon 
nanotubes. The non-noble nickel nanoparticles in the N-doped 
carbon offer abundant reactive sites for nitroarene adsorption 
along with diffusion and dissociation of molecular hydrogen. 
The catalyst successfully and chemoselectively hydrogenated 
the nitroarenes to corresponding amines at moderate pressure 
(5 bar) and comparatively low temperature. The catalyst was 
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highly recyclable and did not show any leaching of the Ni metal 
even after five cycles.
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