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A B S T R A C T

Nitrogen doped carbons were synthesized and fabricated with magnetite nanoparticles leading to a new magnetic
and nitrogen functionalities rich carbon material. This material has dual characteristics as the magnetization of
carbons makes it easily separable and the nitrogen moieties act as a binder for both magnetite and metal
nanoparticles. This excludes the need for extra binding sites. Nickel and/or iron supported five different catalysts
were synthesized and their catalytic activity was tested for Chan-Lam coupling and satisfactory results were
obtained with two catalysts- Ni@Fe–Fe3O4–NDCs and Ni@Fe3O4–NDCs, wherein the monometallic counterpart
having an upper edge. The characterization of these catalysts provides sufficient evidence for the unexpected
enhanced catalytic activity of the monometallic Ni catalyst as compared to its bimetallic counterpart. The most
eye-catching thing observed was the difference in morphology of the two synthesized catalysts, which clearly
indicated some major changes in the interaction of the metal nanoparticles with the support material in the two
catalysts since same method was adopted for the preparation of both. Additional lattice fringes of NiFe2O4 in the
HRTEM images along with their corresponding peaks in the XRD spectrum, and the presence of pure Ni2þ species
in the XPS spectrum of the monometallic catalyst provides a clear vision of the reason behind the enhanced
catalytic activity of the monometallic catalyst. The formation of nano-rod like supported NiFe2O4 particles with
increased surface area, mean pore volume and large number of active sites increases the activity of monometallic-
Ni for Chan-Lam cross-coupling.
1. Introduction

The significant progression in nanotechnology in the past few decades
has directed to remarkable applications of magnetic nanoparticles
(MNPs) in diverse scientific fields, including environmental protection
[1], catalysis [2,3], energy storage [4,5] and biomedicine [6,7]. MNPs as
catalyst support material has been drawing significant attention as they
are promptly dispersed in reaction medium with intrinsically large sur-
face area, leading to the proficient approachability of substrates to the
surface [8–11]. One of the most popular used magnetic materials, Fe3O4
is inexpensive, biocompatible, non-toxic and can be prepared easily
[12–14]. In this regard, Fe3O4–supported catalytic systems have drawn
significant interest owing to their remarkable properties such as a high
surface area to volume ratio, ease of availability, chemical inertness and
good thermal stability [15–17]. Also, Fe3O4-supported catalysts can be
removed from the reaction medium by an external magnet, which
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eliminates the necessity of time-consuming and laborious filtration and
centrifugation procedures [18–20]. MNPs exhibit a strong tendency to
agglomerate due to self-interaction, thus, different protecting agents
have been sightseen for stabilizing them. Silica [16,19,20], surfactant/-
polymer [11,12], carbon-coating [18], or embedding them in a
matrix/support [13] are several vibrant approaches carried out to fetch
stability to these nano-structured particles. However, their coating with
NDCs (carbon possessing nitrogen moieties) not only minimizes the in-
teractions and prevents agglomeration, but also opens a way to immo-
bilize a wide variety of metal nanoparticles as well as functionalization
with organic moieties of different properties. Fe3O4 supported NDCs
represent an excellent example of synergism of the properties of inor-
ganic material (e.g. thermal stability, rigidity, etc) and the organic ma-
terial (e.g. flexibility, processability and ductility) and thus, emerged as
important tools for attaining new ‘green’ chemical technology.

In earlier few decades, a variety of approaches have been explored for
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C–N coupling reaction [21] employing diverse transition metals such as
Pd [22–25], Ni [26,27], Au [28,29], Cu [30,31], etc. Nowadays, interest
has been focussed on 3d–transition metal NPs due to their easy avail-
ability, low cost and lesser reactivity but more selectivity in the field of
catalysis. The first C–N coupling reaction was published by Fritz Ullmann
[32–34] and Irma Goldberg [35] using copper catalyst but these re-
actions have certain limitations viz. long reaction time, high reaction
temperature, limited functional group tolerance and usage of strong
bases and stoichiometric quantities of copper salts. These shortcomings
were knocked out by Louie and Hartwig [36], Guram et al. [37] and
Surry and Buchwald [38] by utilizing palladium-based catalysts
comprising palladium salts and chelating ligands. Palladium catalysts
work under comprising conditions and show much tolerance to func-
tional groups and provide high yield but suffer from toxicity and high
cost. Utilization of other metals such as iron [39,40], cobalt [41–43] and
nickel [26,27] has also attained interest as substitute metal catalysts to
carry out C–N coupling reactions. The aspects like environment-friendly
nature, ease of availability and cost-effectiveness forge them as prom-
ising catalysts for such organic transformations.

Recently, nickel-based catalysts were efficaciously employed in the
C–N coupling reactions, which exhibit comparable activity to copper
catalysts. Firstly, Raghuvanshi and co-workers [26] published the C–N
coupling reaction of arylboronic acids with various N-nucleophiles using
NiCl2⋅6H2O, bipyridyl as ligand and DBU as base. Singh et al. [44] and
Shi et al. [45] have also reported the C–N coupling using Ni(II) com-
plexes. Lavoie and Stradiotto [27] reported the cross-coupling of NH
substrates and aryl halides for the synthesis of various anilines using
biphosphine ligated nickel complex and base. Keesara [46] has devel-
oped an efficient protocol for the Chan–Lam cross-coupling reactions of
arylboronic acids with aryl or alkyl amines by employing simple
N-(pyridin-2-yl)benzamide ligand with Ni(OAc)2.4H2O in the presence
of TMG as base. In all these reported methods, 15–20 mol% Ni has been
used homogeneously for the synthesis of biarylamines. Consequently, it
is necessary to generate simple, heterogeneous and more efficient
nickel-based catalytic systems for C–N cross-coupling reactions. Nejad
et al. [47] synthesized supported magnetic nickel-based heterogeneous
catalyst and performed Chan-Lam reaction with amines and arylboronic
acid in the presence of trisodium phosphate in water. There are very few
reports of green and environmentally sustainable methodology of
Chan-Lam coupling reaction using heterogeneous nickel catalyst, so there
is a need of the hour to synthesize and explore the activity of nickel-based
catalysts which are more active and selective.

In this report, we have synthesized eco-friendly and economical
nickel and iron-based mono and bimetallic catalysts and compared their
activity for Chan-Lam cross-coupling reaction and tried to explain the
difference in catalytic behaviour of the respective catalysts on the basis of
various characterization results. First of all, Nitrogen Doped Carbons
(NDCs) were synthesized as reported in our previous work [48], and then
magnetic modification was done by in situ formation of magnetite NPs on
NDCs, which were then ultrasonicated for uniform distribution and
proper binding. Finally, nickel and iron metal NPs were immobilized
onto the magnetic NDCs in all possible combinations to get two
mono-metallic, two bi-metallic and one alloy catalyst, whose catalytic
activity was tested for C–N bond formation under distinct reaction con-
ditions. We found that out of the synthesized catalysts, one monometallic
Ni@Fe3O4–NDCs and one bimetallic catalyst Ni@Fe–Fe3O4–NDCs
showed good activity using green and environmentally sustainable
methodology. Both these catalysts were then characterized using SEM,
HR-TEM, TGA, EDX, ICP-AES, VSM, BET, XPS and XRD. The unexpected
enhanced catalytic behaviour of Ni@Fe3O4–NDCs as compared to
Ni@Fe–Fe3O4–NDCs was explained on the basis of the morphological
difference observed in the SEM images, enlarged surface area in BET,
additional lattice fringes and diffraction peaks of NiFe2O4 in HRTEM and
XRD respectively and finally the presence of pure Ni2þ species in the XPS
spectrum of the monometallic catalyst, inspite of the use of reducing
agent during the synthesis procedure.
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2. Experimental

2.1. Materials and physical measurements

All the chemical materials utilized were bought from Aldrich Chem-
ical Company and used further without purification. SEM images were
recorded using FEG SEM JSM–7600F Scanning Electron Microscope and
HR-TEM images were recorded using FEG, Tecnai G2, F30 Transmission
Electron Microscope. To analyze the thermal resistance of the prepared
catalysts, TGA was recorded on PerkinElmer, Diamond TG/DTA with a
heating rate of 10 �C min�1. EDX analysis was accomplished using OX-
FORD X–MAX Model JSM–7600F and the quantity of metal loaded was
estimated by ICP-AES study using ARCOS, Simultaneous ICP spectrom-
eter. For ICP-AES analysis, approx. 0.05 g of sample was taken in a mi-
crowave digestion vessel and conc. HNO3 (4 mL), conc. HCl (2 mL) and
conc. HF (2 mL) were added to it. After that the solution was diluted to
30mLwith distilled water and heated at two different temperatures. First
the resulting solution was heated at 130 �C (ramp: 10 mm s) and held for
20 mm s. In the next step, the solution was heated at 190 �C (ramp: 15
mm s) and held for 20 mm s. The degree of magnetism (magnetic
moment) of the prepared catalysts was estimated with a vibrating sample
magnetometer (VSM) bearing Model: 7410 series, Lakeshore at room
temperature from �15,000 to þ15,000 Oe. BET (Brunauer–Emmett–-
Teller) specific surface area was determined from N2 adsorption-
desorption isotherms at 77 K using Belsorb Mini-X analyzer. Prior to
N2 adsorption-desorption, the samples were degassed at 200 �C for 3 h
under argon gas flow. XPS spectra of the catalysts were recorded on
KRATOS ESCA model AXIS 165 (Resolution). XRD was recorded in 2
theta span of 10–80� on a Bruker AXSD8 Advance X-ray diffractometer
deploying Cu Kα radiations. 1H NMR (400MHz) and 13C NMR (100MHz)
spectra of the products were recorded in deuterated chloroform on
Bruker Avance III spectrometer using TMS as an internal standard.

2.2. Synthesis of nitrogen doped carbons (NDCs)

Initially, we have prepared nitrogen doped carbons by heating
starch:silica (1:1.2) at 553 K for 8 h in an inert atmosphere to develop an
organic-inorganic hybrid composite [48]. Pyrolysis at this temperature
transforms starch into activated carbon besides its interlinking with sil-
ica, which enhances its thermal stability along with the surface area.
Then to raise the electron density and metal stabilizing potential, the
organic-inorganic composite was doped by pyrolyzing the mixture of
organic-inorganic composite and 5-phenyl-1,2,3,4-tetrazole [49] at 573
K for 6 h. The obtained nitrogen doped carbons were washed intensively
with water, ethyl acetate and ethanol, and finally dried in an oven at 373
K to get the black powder.

2.3. Synthesis of Fe3O4 grafted nitrogen doped carbons (Fe3O4-NDCs)

Ultrasonication of the NDCs (1 g) obtained in the first step was carried
out in 50 mL of deionized water for 30 min. Afterward, the in situ
chemical co-precipitation of Fe3þ and Fe2þ -ions with a molar ratio of 2:1
was done [50,51]. The aqueous solution of FeSO4⋅7H2O (0.3 g, 1.079
mmol) and Fe2(SO4)3 (0.4314 g, 1.079 mmol) was added to the NDCs
solution and the resultant suspension was stirred at 85 �C under nitrogen
atmosphere. Subsequently, NH4OH solution (2–3 mL) was added grad-
ually into the reaction mixture, which results in the instant generation of
black precipitates of Fe3O4 MNPs and the stirring was continued for
another 2 h. The Fe3O4–NDCs so formed was separated by magnetic
decantation and washed several times with deionized water (3 � 15 mL)
and ethanol (3� 15mL) followed by drying in an oven at 373 K to get the
light brick-red color powder.

2.4. Synthesis of nickel/iron immobilized Fe3O4-NDCs catalysts

Ni and Fe nanoparticles were separately immobilized onto



Scheme 1. General scheme for the synthesis of metal NPs immobilized on magnetically modified nitrogen doped carbons.
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Fe3O4–NDCs support to get two different monometallic catalysts:
Ni@Fe3O4–NDCs and Fe@Fe3O4–NDCs. Firstly, the support material
(Fe3O4–NDCs, 1 g) was stirred in deionized water (20 mL) for 30 min
followed by the dropwise addition of the solution of NiCl2⋅6H2O (118.8
mg, 0.5 mmol) in 5 mL deionized water and stirring was continued for 2
h. After this, a freshly prepared NaBH4 solution in water (1.0 mmol, 5
mL) was added dropwise while stirring at room temperature which was
continued for 8 h to get the nickel-based monometallic catalyst. The
prepared catalyst Ni@Fe3O4–NDCs was separated by magnetic decanta-
tion and then thoroughly washed with ethyl acetate (3 � 15 mL),
deionized water (3 � 15 mL) and ethanol (3 � 15 mL) to eliminate the
unbound material. Similarly, Fe@Fe3O4–NDCs was prepared using the
same procedure as mentioned above, but here FeSO4⋅7H2O (139 mg, 0.5
mmol) was used instead of nickel salt.

2.5. Synthesis of nickel and iron immobilized Fe3O4-NDCs catalysts

Three different types of Ni–Fe based bimetallic catalysts were syn-
thesized based on the stepwise and simultaneous addition of corre-
sponding metal salts. To synthesize Ni@Fe–Fe3O4–NDCs, the support
material (Fe3O4–NDCs, 1 g) was stirred in deionized water (20 mL) for
30 min followed by the dropwise addition of the solution of FeSO4⋅7H2O
(139 mg, 0.5 mmol) in 5 mL deionized water. After 2 h stirring at room
temperature, dropwise addition of a freshly prepared NaBH4 solution in
water (1.0 mmol, 5 mL) was done succeeded by 2 h additional stirring at
room temperature. Next step involves the dropwise addition of
NiCl2⋅6H2O solution (118.8 mg, 0.5 mmol) in 5 mL deionized water
followed by stirring for 2 h and subsequent reduction using a freshly
prepared NaBH4 solution in water (1.0 mmol, 5 mL). The reaction
mixture was stirred for additional 8 h at room temperature to get
Ni@Fe–Fe3O4–NDCs. The prepared catalyst, Ni@Fe–Fe3O4–NDCs was
isolated by magnetic decantation and washed with ethyl acetate (3 � 15
mL), deionized water (3 � 15 mL) and ethanol (3 � 15 mL) to eliminate
the unbound material. Similarly, Fe@Ni–Fe3O4–NDCs was synthesized
following the same method as mentioned above, but in this case nickel
salt was added prior to iron salt. And the synthesis of NiFe@Fe3O4–NDCs
was also carried out adopting the similar procedure in which both the
salts were added simultaneously.
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2.6. Chan-Lam cross-coupling

The mixture of arylamine (1 mmol), arylboronic acid (1 mmol),
K2CO3 (1 eq.) and Ni@Fe3O4–NDCs (0.1 g) in deionized water (5 mL)
was stirred at 100 �C and the progression of the reaction was examined
via TLC. After the end of the reaction, the mixture was left to cool down
and the catalyst was recovered using an external magnet, washed with
ethyl acetate (3 � 5 mL), deionized water (2 � 10 mL) and dried under
vacuum, while the reactionmixture was diluted with water and the crude
product was extracted with ethyl acetate (3 � 5 mL). The combined ex-
tracts were then washed with a brine solution followed by drying over
anhydrous Na2SO4. The crude product was purified with column chro-
matography using silica gel (60–120 mesh) with a solution of petroleum
ether and ethyl acetate as an eluent to furnish the desired N-arylated
product.

The identification and purity of all the products was confirmed by 1H
and 13C NMR spectral data and comparison with reliable samples ob-
tained commercially or synthesized according to the literature
approaches.

3. Results and discussion

3.1. Characterization

In the present work, we have synthesized eco-friendly, economical
and magnetically recoverable five different catalysts, Fe@Fe3O4–NDCs,
Fe@Ni–Fe3O4–NDCs, NiFe@Fe3O4–NDCs, Ni@Fe3O4–NDCs and
Ni@Fe–Fe3O4–NDCs. The schematic representation of the preparation of
these catalysts is shown in Scheme 1. Initially, we have synthesized
composite carbon material from silica and starch to increase thermal
stability as well as surface area, followed by its modification with a ni-
trogen rich source to get nitrogen doped carbons (NDCs). Fe3O4 nano-
particles were prepared in situ on NDCs by the co-precipitation of Fe2þ

and Fe3þ salts followed by dispersion of magnetite nanoparticles using
ultrasonication. Finally, metal nanoparticles were immobilized onto
Fe3O4–NDCs composite using metal salts followed by reduction with
aqueous sodium borohydride solution. First of all, the catalytic activity of
the synthesized catalysts was tested for C–N bond formation between
aniline and phenylboronic acid using green and environmentally



Fig. 1. SEM images of Ni@Fe3O4–NDCs (a,c) and Ni@Fe–Fe3O4–NDCs (b).
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sustainable methodology and the most active catalysts, Ni@Fe3O4–NDCs
and Ni@Fe–Fe3O4–NDCs were fully characterized using various tech-
niques, such as SEM, HR-TEM, TGA, EDX, ICP-AES, VSM, BET, XPS and
XRD.

Microscopic images of the catalysts were captured using a scanning
electron microscope (SEM) and the morphology was precisely investi-
gated. A clear difference is observed in the morphology of
Ni@Fe3O4–NDCs and Ni@Fe–Fe3O4–NDCs. Nano-rods like structures
[52] were observed in the SEM images of Ni@Fe3O4–NDCs (Fig. 1a,c),
whereas agglomerated quasi spherical shape was observed for the
bimetallic catalyst (Fig. 1b). This clearly indicated the variable interac-
tion of metal NPs with support material in the two catalysts since the
method of preparation adopted was same in both the cases.

To gain further insight into the morphology and distribution of Fe3O4
as well as metal nanoparticles onto NDCs, HR-TEM of Ni@Fe3O4–NDCs
and Ni@Fe–Fe3O4–NDCs catalysts were recorded (Fig. 2). The brilliant
black spots in Fig. 2 most likely showed the uniform distribution of metal
4

NPs as well as ferrites onto the surface of NDCs.
Well defined lattice fringes corresponding to Ni NPs [53,54] and

Fe3O4 [55–57] were observed in both the catalysts. Further, additional
lattice fringe corresponding to (100) plane of metallic iron was found in
the bimetallic catalyst [58]. To our surprise, Fig. 2g,h displayed some
unexpected lattice fringes with interplanar spacing of about 0.25 nm,
0.31 nm and 0.418 nm corresponding to (311), (220) and (111) planes of
NiFe2O4 (JCPDS card no. 03–0875), whereas no such results were found
in bimetallic catalyst [59]. This advocates that the morphological dif-
ference in SEM was due to the formation of nickel ferrites in
Ni@Fe3O4–NDCs. Thus, the HR-TEM images confirmed the successful
immobilization of respective metal and ferrites nanoparticles on the
NDCs and also provide the sufficient evidence regarding the difference in
catalysts morphology.

The thermogravimetric analysis (TGA) curves of Fe3O4–NDCs,
Ni@Fe3O4–NDCs and Ni@Fe–Fe3O4–NDCs are represented in Fig. 3. The
initial weight loss occurs up to 130 �C, which can be ascribed to the



Fig. 2. HR-TEM images of Ni@Fe3O4–NDCs (a,b,c,g,h) and Ni@Fe–Fe3O4–NDCs (d,e,f,i).

Fig. 3. TGA plot of Fe3O4–NDCs (FNDC), Ni@Fe3O4–NDCs (NFNDC) and
Ni@Fe–Fe3O4–NDCs (NFFNDC).
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elimination of entrapped solvent and water molecules on the surface of
these composite materials. Afterward, there is no noticeable weight loss
till 200 �C, which confers that the catalysts as well as support material are
stable up to 200 �C.

Further, slight weight loss is observed up to 300 �C and then sudden
weight loss of 10–12 wt% up to 450 �C takes place, which may be due to
initial slow decomposition and then the complete collapse of
5

carbonaceous material present in the composite support material. We
observed swift decomposition of carbonaceous material in both the cat-
alysts because of the catalytic nature of impregnated metal nanoparticles,
which not only decrease the activation energy but also accelerate the
decomposition of carbons [60,61]. Later, there is no further weight loss
until 800 �C as only stable oxides are left. The residual weight of about
80–85% represented the weight of ferrites, silica and metal oxides. These
results illustrate that the synthesized catalysts can be efficiently used for
carrying out the organic transformations up to 200 �C without any sub-
stantial loss in catalytic activity.

The elemental composition in synthesized catalysts was confirmed by
energy dispersive X-ray spectroscopy (EDX), which authorizes the pres-
ence of C, N, O, Fe, Ni and Si in both the catalysts. All the elements are
present according to various materials used in their preparation (Fig. 4)
and eliminate the possibility of any type of contamination in them. Also,
the peak intensities confirmed the proper binding of metal nanoparticles
according to their quantities used. To estimate the content of Ni and Fe
immobilized ontomagnetic NDC support, the catalyst was analyzed using
inductively coupled plasma atomic emission spectroscopy (ICP-AES). It
was found that the content of nickel was 2.17 and 2.04 wt%, whereas the
amount of Fe was found to be 15.81 and 17.54 wt% in Ni@Fe3O4–NDCs
and Ni@Fe–Fe3O4–NDCs respectively. In the monometallic counterpart,
the presence of 15.81 wt% Fe reveals the amount of embedded Fe3O4 NPs
on NDCs. However, in its bimetallic counterpart, this value enhances to



Fig. 4. EDX of Ni@Fe3O4–NDCs (spectrum 1) and Ni@Fe–Fe3O4–NDCs (spectrum 2).

Fig. 5. VSM plot of Ni@Fe3O4–NDCs (NFNDC) and
Ni@Fe–Fe3O4–NDCs (NFFNDC).

Table 1
Various structural parameters analyzed via BET analysis of Ni@Fe3O4–NDCs and
Ni@Fe–Fe3O4–NDCs

S.
No.

Catalyst Surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Mean pore
diameter (nm)

1. Ni@Fe3O4–NDCs 269.26 0.4721 7.0138
2. Ni@Fe–Fe3O4–NDCs 214.08 0.2280 4.2604
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17.54 wt%with an increment of 1.73 wt%which suggests that loading of
metallic Fe took place successfully.

The purpose of the introduction of MNPs is to sightsee the potential
reusability of the catalysts. In this context, the magnetic properties of the
synthesized catalysts were investigated with vibrating sample magne-
tometer (VSM) at room temperature. The magnetic hysteresis loops of
Ni@Fe3O4–NDCs and Ni@Fe–Fe3O4–NDCs are represented in Fig. 5,
which shows that both these catalysts unveiled characteristic features of
ferromagnetism and thus are magnetic enough to be separated via
magnet at room temperature [62]. The value of magnetization saturation
of Ni@Fe3O4–NDCs and Ni@Fe–Fe3O4–NDCs were found to be 15.33 and
12.64 emu/g respectively. This fall in the magnetization saturation value
Fig. 6. Adsorption-desorption isotherm of a) Ni
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as compared to the reported bare Fe3O4 nanoparticles [63] can be
attributed to the uniform grafting of Fe3O4 nanoparticles on NDCs as well
as their coating with the metal nanoparticles. Nevertheless, the magnetic
saturation of these catalysts still holds a high value, which ensured the
quick and complete separation of the synthesized catalysts from reaction
mixture using a permanent magnet.

The textural properties of the catalysts were depicted by N2
adsorption-desorption measurements. Fig. 6 displayed that both the
catalysts have a similar type–IV isotherm with a hysteresis loop at high
relative pressures, demonstrating the mesoporous nature of the catalysts.
The size of the hysteresis loop of Ni@Fe3O4–NDCs is almost double as
compared to that of Ni@Fe–Fe3O4–NDCs, which indicate that the former
has higher porosity.

The specific surface areas, pore volumes and mean pore diameters of
Ni@Fe3O4–NDCs and Ni@Fe–Fe3O4–NDCs are estimated using the Bru-
nauer–Emmett–Teller (BET) method and are summarized in Table 1. The
pore size distribution was analyzed by Barrett–Joyner–Halenda (BJH)
plots (Fig. S1, Supplementary data) and it was found that
Ni@Fe3O4–NDCs shows broader BJH pore size distribution than
Ni@Fe–Fe3O4–NDCs due to its larger particle size. The combined results
of BET and BJH confirmed the improved textural properties of
Ni@Fe3O4–NDCs, as also evident from the SEM micrographs (Fig. 1),
which can expedite the accessibility of surface-active sites.

XPS study was carried out to examine the surface species existing in
the synthesized catalysts. Fig. S2 (Supplementary data) presents the
@Fe3O4–NDCs and b) Ni@Fe–Fe3O4–NDCs.



Fig. 7. Ni 2p3/2 XPS spectra of Ni@Fe3O4–NDCs (NFNDC, green), after six
consecutive runs (NFNDC-R, red) and Ni@Fe–Fe3O4–NDCs (NFFNDC, blue).
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 8. Fe 2p XPS spectra of Ni@Fe–Fe3O4–NDCs.

Fig. 9. Comparative XRD pattern of: (a) NDCs, (b) Fe3O4–NDCs, (c)
Ni@Fe3O4–NDCs and (d) Ni@Fe–Fe3O4–NDCs.
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full-scan comparative XPS spectra of Ni@Fe3O4–NDCs (fresh and reused)
and Ni@Fe–Fe3O4–NDCs and Fig. 7 exhibits the binding energies (BEs) of
Ni 2p3/2 species. The dotted vertical lines at 852.4 and 855 eV represent
the BEs of Ni(0) and Ni(II) species according to literature report [59,64,
65]. We see from Ni 2p3/2 BEs that Ni@Fe–Fe3O4–NDCs contains mainly
Ni(0) species with little bit Ni(II), which could be attributed to surface
oxidation. However, the XPS spectrum of Ni@Fe3O4–NDCs shows some
interesting results which were quite different from the ideal results.
Ni@Fe3O4–NDCs catalyst was found to contain pure Ni(II) species
without any evidence of Ni(0) which was somewhat surprising since both
the catalysts were prepared by using the same synthetic procedure. The
additional satellite peak at around 861.5 eV confirms that nickel is pre-
sent in þ2 oxidation state in Ni@Fe3O4–NDCs [65]. The appearance of
Ni(II) species in monometallic counterpart, despite of the reduction with
sodium borohydride in their synthesis, authenticates the formation of
nickel ferrites (NiFe2O4), which in turn is responsible for the improved
morphology, enhanced surface area and improved catalytic activity.

Further, to check the stability of the monometallic catalyst, XPS of
reused catalyst was recorded and results indicated that there is no change
in the electronic environment around Ni2þ-ions even after six catalytic
runs.

Fig. 8 shows BEs of Fe 2p3/2 species in Ni@Fe–Fe3O4–NDCs. In
7

contrast to Ni, Fe in catalysts was present in varied oxidation states
extending from 0 to þ3 and thus, it can be a challenge to find out the
accurate oxidation states of Fe present in Ni@Fe–Fe3O4–NDCs. The
elucidation of the BEs of Fe 2p in Fig. 8 was drawn after contemplation of
copious literature reports [64,66]. Deconvolution of Fe 2p spectra show
peaks at the binding energies of 707.5 eV, 709.6 eV, 712 eV, 712.8 eV,
716.5 eV, 721.4 eV, 723.5 eV and 725.7 eV. A small peak at 707.5 eV
shows the presence of Fe(0) species, while a peak at 709.6 eV corre-
sponds to Fe(II) species and a peak at 712 eV is assigned to 2p3/2 region of
Fe(III) species in Fe3O4. The peak at 716.5 eV has been recognized as a
satellite peak symbolizing Fe 2p3/2. The peak at 712.8 eV is ascribed to
FeNx 2p3/2, whereas the peaks at 721.4 eV, 723.2 eV and 725.7 eV are
ascribed to 2p1/2 region of Fe(II), Fe(III) and FeNx respectively.

Comparative X-ray diffraction analysis (XRD) was done to investigate
the successful grafting of Fe3O4 on NDCs and respective metal nano-
particles on Fe3O4–NDCs. Fig. 9 shows the XRD patterns of nitrogen
doped carbons (NDCs), magnetite grafted nitrogen doped carbons
(Fe3O4–NDCs) and two of the synthesized catalysts, Ni@Fe3O4–NDCs
and Ni@Fe–Fe3O4–NDCs. In the NDCs XRD pattern (Fig. 9a), only a broad
peak was observed at 2θ � 22� due to the amorphous silica matrix [67].
The remaining three XRD patterns exhibited almost similar diffraction
patterns except for a few peaks of nickel ferrite in monometallic catalyst
and metallic nickel in both the catalysts. The diffraction patterns
appearing at 2θ ¼ 30.1�, 35.71�, 43.19�, 57.4� and 62.9� are ascribed to
the scattering due to (220), (311), (400), (511) and (440) lattice planes of
cubic Fe3O4 (JCPDS No. 65–3107) [68]. Further, a small diffraction peak
corresponding to (220) crystalline plane of cubic metallic Ni appeared at
2θ ¼ 76.3� in both the catalysts (Fig. 9c,d), however another small
diffraction peak of cubic metallic Ni was observed in Ni@Fe3O4–NDCs
(Fig. 9c) at 2θ ¼ 51.5� corresponding to (200) crystalline plane [69,70].
The appearance of a weak Ni signal symbolized that the Ni nanoparticles
were well spread onto the surface of the support material. The absence of
diffraction patterns of metallic Fe in Ni@Fe–Fe3O4–NDCs (Fig. 9d) might
be due to its uniform dispersion or its overlap with Fe3O4 diffraction
patterns and NiFe2O4 (JCPDS 10–0325) [71,72]. Two additional peaks at
18.4� and 30.4� are observed in Ni@Fe3O4–NDCs (Fig. 9c) which could
be ascribed to (111) and (220) planes of NiFe2O4 (JCPDS 10–0325) [71,
72]. However, no such peaks are observed in the XRD spectrum of
Ni@Fe–Fe3O4–NDCs (Fig. 9d) thereby excluding any possibility of nickel
ferrite species in it. Further, the other diffraction peaks of NiFe2O4 are not



Table 2
Effect of catalyst, base, solvent and temperature in C–N cross-coupling between aniline and phenylboronic acida

Entry Catalyst (g) Base (eq.) Solvent Temperature (�C) Time (h) Yieldb (%)

1 NiFe@Fe3O4–NDCs (0.1) K2CO3(1) H2O 80 12 Trace
2 Ni@Fe–Fe3O4–NDCs (0.1) K2CO3(1) H2O 80 9 44
3 Fe@Ni–Fe3O4–NDCs (0.1) K2CO3(1) H2O 80 15 NR
4 Fe@Fe3O4–NDCs (0.1) K2CO3(1) H2O 80 15 NR
5 Ni@Fe3O4–NDCs (0.1) K2CO3(1) H2O 80 6 74
6 Ni@Fe–Fe3O4–NDCs (0.1) - H2O 80 9 16
7 Ni@Fe3O4–NDCs (0.1) - H2O 80 6 38
8 Ni@Fe–Fe3O4–NDCs (0.1) CH3COONa(1) H2O 80 9 32
9 Ni@Fe3O4–NDCs (0.1) CH3COONa(1) H2O 80 6 55
10 Ni@Fe–Fe3O4–NDCs (0.1) Na2CO3(1) H2O 80 9 38
11 Ni@Fe3O4–NDCs (0.1) Na2CO3(1) H2O 80 6 62
12 Ni@Fe–Fe3O4–NDCs (0.1) K2CO3(1) DMF 80 9 26
13 Ni@Fe3O4–NDCs (0.1) K2CO3(1) DMF 80 6 40
14 Ni@Fe–Fe3O4–NDCs (0.1) K2CO3(1) EtOH 80 9 42
15 Ni@Fe3O4–NDCs (0.1) K2CO3(1) EtOH 80 6 62
16 Ni@Fe–Fe3O4–NDCs (0.1) K2CO3(1) CH3CN 80 9 34
17 Ni@Fe3O4–NDCs (0.1) K2CO3(1) CH3CN 80 6 51
18 Ni@Fe3O4–NDCs (0.1) K2CO3(1) H2O RT 15 52
19 Ni@Fe3O4–NDCs (0.1) K2CO3(1) H2O 60 12 68
20 Ni@Fe3O4–NDCs (0.1) K2CO3(1) H2O 100 3 86
21 Ni@Fe3O4–NDCs (0.1) K2CO3(1) H2O 100 6 88
22 Ni@Fe3O4–NDCs (0.05) K2CO3(1) H2O 100 3 54
23 Ni@Fe3O4–NDCs (0.2) K2CO3(1) H2O 100 3 89
24 Ni@Fe3O4–NDCs (0.1) K2CO3(0.5) H2O 100 3 52
25 Ni@Fe3O4–NDCs (0.1) K2CO3(2) H2O 100 3 87
26 Ni@Fe–Fe3O4–NDCs (0.1) K2CO3(1) H2O 100 3 48
27 Fe3O4–NDCs (0.1) K2CO3(1) H2O 100 6 NR
28 – K2CO3(1) H2O 100 6 NR

a Reaction conditions: phenyl boronic acid (1 mmol), aniline (1 mmol), base, catalyst and solvent (5 mL).
b Column chromatography yield.
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distinguishable in Ni@Fe3O4–NDCs (Fig. 9c) due to their close proximity
with the diffraction peaks of Fe3O4.

Also, the particle size was evaluated using Scherrer equation and it
came out to be 6.02 and 4.35 nm for Ni@Fe3O4–NDCs and
Ni@Fe–Fe3O4–NDCs respectively. These findings are in well agreement
with BJH plot results.

Thus, it was the morphological difference of two active catalysts
observed in SEM that provides us the basic idea behind the enhanced
catalytic activity of Ni@Fe3O4–NDCs. This inculcates the curiosity to
explore the reason behind the difference in morphology despite
following the same procedure in the preparation of all the catalysts.
HRTEM provides the right path in this direction by signalling the for-
mation of nickel ferrites in Ni@Fe3O4–NDCs as evident from their
respective lattice fringes. This was further supported by the XPS spectra
of the respective catalysts. The bimetallic catalyst was found to contain
Ni(0) as a major species with small amounts of Ni(II). The lower per-
centage of Ni(II) in bimetallic catalyst could be attributed to surface
oxidation. However, the XPS spectrum of monometallic Ni catalyst
showed unexpected results as it contained pure Ni(II) species despite
adopting the same method of preparation in both the cases. This in a way
confirmed the formation of supported nickel ferrites in the monometallic
catalyst. Finally, XRD also shows additional diffraction peaks corre-
sponding to NiFe2O4 in Ni@Fe3O4–NDCs, whereas no such peaks were
found in bimetallic counterpart. Hence, all the studies discussed above
authenticated the interaction of Ni NPs with the supported Fe3O4 NPs
thereby forming supported nickel ferrite, which resulted in improved
morphology and enhanced catalytic activity of Ni@Fe3O4–NDCs.

3.2. Catalytic testing for C–N bond formation

Substituted diarylamines have gained appreciable attention due to
their diverse applicability in natural products and medicinal chemistry.
The catalytic activity of the synthesized catalysts has been evaluated for
the C–N coupling reaction using phenyl boronic acid and aniline as test
substrates. We have tested all the synthesized catalysts for the test re-
action and summarized the results in Table 2. As shown in Table 2, out of
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five prepared mono- as well as bimetallic catalysts, Ni@Fe3O4–NDCs and
Ni@Fe–Fe3O4–NDCs showed good catalytic activity. Both these catalysts
were scanned for the test reaction with different bases (Na2CO3,
CH3COONa and K2CO3). In the absence of base, both the catalysts gave
very less yield in aqueous conditions (Table 2, entries 6 and 7) which
indicated that base played an important part in C–N coupling reaction as
it triggers the phenyl boronic acid during the reaction. We have also
studied the effect of several bases (Table 2, entries 2, 5, 8–11) and found
that out of various inorganic bases examined (Na2CO3, CH3COONa and
K2CO3), K2CO3 gave the most reliable results concerning reaction time
and yield (Table 2, entries 2 and 5). Before optimizing the amount of
base, we optimized solvent, temperature and amount of catalyst. The
activity of Ni@Fe3O4–NDCs and Ni@Fe–Fe3O4–NDCs was tested in case
of the test reaction using various solvents (H2O, EtOH, CH3CN and DMF)
in the presence of K2CO3 at 80 �C (Table 2, entries 2, 5, 12–17) and water
was found to be the best solvent due to the good stability of phenyl
boronic acid. Out of these two catalysts, Ni@Fe3O4–NDCs showed better
activity in all the conditions as compared to its bimetallic counterpart.
Further, temperature of the reaction was optimized using the best cata-
lyst (Ni@Fe3O4–NDCs) in the selected reaction conditions (Table 2, en-
tries 18–20) and it has been found that the reaction gave the best results
at 100 �C. Lastly, the catalyst and base amounts were screened as well
(Table 2, entries 22–25) and observed that 0.1 g of catalyst and 1 eq. of
K2CO3 were the appropriate amounts to catalyze the C–N coupling re-
action efficiently. To authenticate the role of nickel nanoparticles, we
have performed the test reaction in the presence of Fe3O4-NDCs (Table 2,
entries 27) as well as in the absence of any catalyst (Table 2, entries 28)
using the optimized reaction conditions and no reaction was observed in
both the cases, which confirms that nickel nanoparticles are the active
species for catalyzing C–N couplings. Thus, after carrying out various
experiments, we concluded that out of five synthesized catalysts,
Ni@Fe3O4–NDCs gave the best results using water as reaction medium,
K2CO3 (1 eq.) as the base and catalyst (0.1 g) at 100 �C (Table 2, entry
20).

The scope of magnetically recoverable catalyst, Ni@Fe3O4–NDCs was
further extended using green and environmentally sustainable



Table 3
Ni@Fe3O4–NDCs catalyzed C–N cross-coupling reaction between amines and arylboronic acids in watera

Entry Amine Compounds Boronic Acids Product Time (h) Yieldb (%)

1 3 86

2 3 89

3 6 80

4 9 60

5 4 86

6 4 78

7 4 79

8 3 85

9 4 75

10 5 74

11 3 76

12 4 75

13 5 75

14 6 72

15 4 80

16 4 84

(continued on next page)
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Table 3 (continued )

Entry Amine Compounds Boronic Acids Product Time (h) Yieldb (%)

17 4 83

18 9 Trace

19 9 Trace

20 5 88

a Reaction conditions: aryl amine (1 mmol), aryl boronic acid (1 mmol), K2CO3 (1 eq.), Ni@Fe3O4–NDCs (0.1 g) in H2O (5 mL) at 100 �C.
b Column chromatography yield.

Fig. 10. Plausible mechanism for Ni catalyzed C–N bond formation.
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methodology to synthesize various substituted diarylamines by the
coupling of different aryl amines, alkyl amines and imidazole (hetero-
cyclic amine) with aryl boronic acids as depicted in Table 3. It was found
that all the para-substituted arylamines including both electron-deficient
as well as electron-donating groups underwent clean conversion to give
the desired products in good yields, whereas meta-substituted arylamines
require long reaction time for the completion of the reaction (Table 3,
entry 3, 14). It is remarkable to state that steric hindrance in the vicinity
of the amino functionality had a significant influence on the C–N
coupling reaction (Table 3, entry 4). Thus, ortho-substituted anilines
were observed to be less acceptable substrates. Interestingly, all the
examined boronic acids underwent clean conversion to give the desired
coupling products (Table 3, entries 7–17) in good yields. The electronic
nature or the substitution pattern did not have much effect on the cross-
coupling reaction as both types of groups have lesser reactivity as
compared to their unsubstituted counterpart. Additionally, to sightsee
the scope of this method, the C–N cross-coupling reaction of other amines
(alkylamines and imidazole) with phenylboronic acid was investigated
(Table 3, entries 18–20) and we obtained the desired product in good
10
yield in case of imidazole, whereas poor results were obtained in case of
alkylamines. All the products were fully characterized by 1H and 13C
NMR spectral data.
3.3. Proposed mechanism

Since, the monometallic nickel catalyst has shown enhanced catalytic
activity and the corresponding XPS spectrum indicates the presence of
pure Ni(II) species. This clearly signifies that Ni(II) is the active species in
Chan-Lam cross-coupling. Further, HRTEM and XRD confirmed that
Ni(II) is present in the form of nickel ferrites which resulted in improved
morphology and enlarged surface area as authenticated by SEM and BET.
These features have made the mono-metallic nickel catalyst more effi-
cient than the bi-metallic catalyst due to the exposure of more surface-
active sites. Based on this analysis, a proposed mechanism for the C–N
cross-coupling reaction between phenyl boronic acid and aromatic
amines is presented in Fig. 10. The reaction was proposed to proceed
through a catalytic cycle involving coordination between Ni(II) and an
amine (I) to give A. The second step could be transmetallation (II) of A



Fig. 11. Recyclability of Ni@Fe3O4–NDCs in C–N cross-coupling reaction.

Table 4
Comparison of earlier reported methods of Chan-Lam coupling with the present method.

S.No. Catalyst used Conditions Time Remarks Ref

1 NiCl2⋅6H2O,
2,20-bipyridine

DBU, CH3CN, RT 20–28 h Homogeneous catalyst, use of ligand, longer reaction time [26]

2 Ni(II) bis-(2-acetylthiophene)
oxaloyldihydrazone

DBU, CH3CN,
40 �C

15 h Expensive, tedious synthesis, longer reaction time [44]

3 [Ni(COD)2],
IPr⋅HCl

NaO(t-Bu), toluene, 100 �C 20 h Homogeneous catalyst, use of ligand, longer reaction time [73]

4 Ni(OAc)2.4H2O, N-(pyridin-2-yl)benzamide TMG, toluene,
60 �C

24–30 h Homogeneous catalyst, use of ligand, longer reaction time [46]

5 (BINAP)Ni-[P(OPh)3]2 NaO(t-Bu), toluene,
80 �C

18 h Homogeneous catalyst, longer reaction time [74]

6 [Ni(IPr)]2 (μ-Cl)2,
PPh3/pyridine

NaO(t-Bu), THF, 40 �C 24 h Homogeneous catalyst, use of ligand, longer reaction time [75]

7 (PAd-DalPhos) Ni(o-tolyl)Cl NaO(t-Bu), toluene,
25–140 �C

16 h Homogeneous catalyst, use of ligand, longer reaction time [27]

8 [SiCCSi]NiBr2,
AgBPh4

KO(t-Bu), dioxane, 100 �C 25 h Homogeneous catalyst, need of promoter, longer reaction
time

[76]

9 [Ni(COD)2], 1,2-bis(dicyclohexyl-phosphino)
benzene

NaO(t-Bu), toluene, 120 �C 20 h Homogeneous catalyst, use of ligand, longer reaction time [77]

10 (NHP-DalPhos)NiCl(o-tolyl) NaO(t-Bu), toluene, 25–80
�C

16 h Homogeneous catalyst, use of ligand, longer reaction time [78]

11 Fe3O4@SiO2/APTES/IMMPh@Ni2þ Na3PO4, water,
80 �C

3–5 h Heterogeneous catalyst, use of 3 eq. of amine [47]

12 Ni@Fe3O4-NDCs K2CO3, water,
100 �C

3–6 h Inexpensive magnetically recoverable catalyst, use of mild
conditions

Present
work
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with the arylboronic acid to form B. While the subsequent reductive
elimination step (III) offered the corresponding N-arylated product.
3.4. Recyclability

Recyclability of Ni@Fe3O4–NDCs was examined for the C–N cross-
coupling reaction using 4–methoxyaniline and phenyl boronic acid
(Table 3, entry 2). After the end of the reaction, the catalyst was recov-
ered using a magnet followed by washing with deionized water (3 � 10
mL), ethyl acetate (3 � 10 mL) and dried under a vacuum. Then a fresh
reaction was carried out with the recovered catalyst and we didn't find
any notable change in the catalytic activity up to six consecutive runs
(Fig. 11) and therefore, the catalyst could be utilized at least six times
without any substantial loss in activity. Further, to prove heterogeneity of
synthesized catalyst and to eliminate any chance of leaching of the active
metal species from the catalyst surface, a reaction (Table 3, entry 2) was
accomplished until the conversion was up to 55% (1.5 h) and thereupon,
the catalyst was removed via an external magnet and the liquid phase
was again allowed to react under similar reaction conditions. We found
11
no further increase in the conversion of the reactants in the resultant
supernatant, thus omitting the chance of leaching of Ni nanoparticles
which strongly advocates the catalysts heterogeneity. Besides, the XPS
analysis of the reused Ni@Fe3O4–NDCs after 6th run was also carried out
to analyze the surface metal nanoparticles (Fig. 7). It was found that the
oxidation state, as well as metal nanoparticle concentration, was almost
the same even after the 6th catalytic run, thus indicating the stability and
heterogeneity of the catalyst.
3.5. Comparison of Ni@Fe3O4-NDCs with other reported catalytic systems

To show the supremacy of our present catalytic system as compared to
the reported methodologies, the efficiency of the present method is
compared with the earlier approaches for Chan-Lam coupling using
nickel based catalysts (Table 4). From Table 4, it can be concluded that in
the present protocol we have synthesized the substituted biaryl amines
by using inexpensive, air stable, magnetically retrievable and recyclable
catalyst under greener and mild reaction conditions and also, we get the
products in good yield in lesser time. The present protocol involves the
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use of mild base and equivalent amount of amine in green solvent (water)
as compared to the reported methods. All these points together prove the
higher efficiency of our catalytic system than the previously reported
ones.

4. Conclusions

In summary, we have established an efficient strategy for the immo-
bilization of metal nanoparticles on binder-free magnetic and nitrogen
functionalities rich carbon support material. Eco-friendly, economical
and magnetically recoverable nickel and/or iron supported five different
catalysts were synthesized and their catalytic activity was tested for
Chan-Lam cross-coupling using green and environmentally sustainable
methodology. Satisfactory results were obtained with two catalysts-
Ni@Fe–Fe3O4–NDCs and Ni@Fe3O4-NDCs, with the monometallic
counterpart possessing unexpected enhanced catalytic activity. The bet-
ter catalytic performance of monometallic catalyst is explained by means
of various characterization techniques. Better morphology, high surface
area and greater number of surface-active sites are the features possessed
by themonometallic Ni-catalyst over the bimetallic one, whichmakes the
former catalyst more active for Chan-Lam cross coupling. Despite
following the same procedure for both the catalysts, the difference in
surface properties is attributed to the difference in interactions between
the Ni NPs and supported Fe3O4 material. In the monometallic catalyst,
there exist strong interaction between Ni NPs and supported Fe3O4 ma-
terial which leads to the formation of NiFe2O4, as evident by HRTEM,
XPS and XRD, with improved surface properties. However, bimetallic
catalyst does not form Ni ferrites which might be accredited to the
interference of metallic Fe. Thus, in this report, the effect of interaction of
Ni NPs with supported Fe3O4 material, with and without metallic iron, is
systematically explored, which is found to be directly related to the
morphology, surface area, surface active sites and finally the catalytic
activity of the resultant catalyst. Furthermore, green and ligand-free re-
action conditions, good catalytic activity, reusability, ease of recovery
and the use of inexpensive metals make the reported procedure worthful
from an environmental and industrial perspective. Such work could serve
as a good step in designing efficient Ni catalysts with better morphology
and enhanced catalytic activity.
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