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ABSTRACT: Aniline wastes can be converted to useful
pharmaceutical and industrial compounds like azobenzene. For
this purpose, a bimetallic Ag0.75Ni0.25 alloy is designed in the
nanoscale range resembling a fivefold twinned morphology using
water as the solvent. These newly developed alloy nanoparticles
(NPs) are employed for the first time as an efficient visible light-
active photocatalyst for the oxidative homocoupling of aniline to
azobenzene. Our catalytic protocol is highly sustainable for a large
number of aniline substrates with a high yield of the product (up to
95%), which might be attributed to the combinational and superior
properties achieved on alloy formation in comparison to the
monometallic counterparts. High-electron density amines (p-anisidine) display greater photocatalytic proficiency than that of low-
electron density amines (4-fluoroaniline). The developed photocatalyst is magnetically well-separable and can be reused for at least
five catalytic cycles without appreciable loss in its activity.

■ INTRODUCTION
Use of green and renewable energy sources in industrially
important catalytic processes is considered a viable alternative
for traditional thermal energy, as the former is in general more
amiable, greener, and inexpensive. Being one of the most
abundant and clean energy sources, use of visible light is
therefore undoubtedly more attractive and safer for various
organic transformations to prepare value-added chemicals.1,2

Aromatic azo compounds are such important chemicals that
have been a subject of interest among organic chemists
because of their diverse potential applications in the industrial
sector as dyes, pigments, medicinal scaffolds, radical initiators,
indicators, and food additives.3−5 They also serve as building
blocks to various polymers and natural products.6 Due to their
widespread application, many reports are available for the
synthesis of azo compounds and their derivatives involving
different approaches and strategies such as diazotization of
anilines,7 oxidative coupling of anilines,8,9 reduction of
azoxybenzenes,4 and reductive coupling of nitro aromatics.10

Among these, oxidative coupling of anilines is a straight
forward and recognized synthetic route in the scientific
community, which involves the use of an oxidizing agent
such as Mn-based reagents,11 Pb(OAc)4,

12tert-butyl hypoio-
dite, and HgO. Although many protocols with metal catalysts
(MnOOH nanotubes,13 RuxPdy@rGO alloy nanoparticles
(NP),14 AuAg alloy NP,15 Ag NP,16 AgNi alloy NP,17 Cu2O-
RuO2,

18 Cu(0),19 PdCl2-Cu(OAc)2
20) have been introduced

using air or O2 as an oxidant, they usually involve high

temperature and long reaction time. Very few studies report
the synthesis of azobenzene using a renewable energy source,
i.e., visible light irradiation with high selectivity toward
azobenzene.21−23

Among the recently reported catalysts, for the aforesaid
synthesis, majority is covered by bimetallic alloy NPs.14,15,17

Alloy NPs are emerging as a potential catalyst for the discussed
and many other organic transformations such as nitro
reduction, alcohol oxidation, CO oxidation, electrochemical
ethanol and methanol oxidation, furfural hydrogenation, and
degradation of organic pollutants.24,25 A bimetallic nanoalloy
offers unique magnetic, electronic, and catalytic properties and
displays composition-dependent activity.26 The unification of
one transition metal with a noble metal crafts a cost-effective
potential photocatalyst, and studies suggest that AgNi can best
serve for this purpose.27,28 However, the lower surface energy
offered by Ag, 14% lattice mismatch, complete immiscibility,
and greater difference in reduction potential between the
metals Ag and Ni make the synthesis of the alloy difficult and
prefer a thermodynamically favorable core@shell structure.29,30

At the nanoscale, these restrictions can however be minimized
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for alloy formation due to surface defects.31 Many techniques
such as radiolysis,32 thermal decomposition,33 and chemical
reduction34 are reported by various groups for the synthesis of
bimetallic AgNi alloys. Kumar et al. reported the synthesis of
AgNi alloy NPs as a catalyst for azobenzene production, but
the work has certain drawbacks.17 First, the alloy was
synthesized by the assistance of the organic surfactants
hexadecylamine and 1-octadecene at a high reaction temper-
ature of 250 °C, and second, the oxidative coupling of aniline
to azobenzene was performed under thermal conditions. In this
report, we have developed a novel hydrothermal route to
synthesize a nanostructured binary Ag0.75Ni0.25 alloy with
fivefold twinned morphology and explored it for the first time
as one of the most efficient and potential visible light-active
photocatalysts for the synthesis of a variety of aromatic azo
compounds. We refurbished the catalytic protocol using mild
reaction conditions and a greener energy source for the
selective oxidative homocoupling of aniline. The synthesized
catalyst is magnetically separable and can be reused for five
consecutive cycles without any substantial loss in the activity.

■ EXPERIMENTAL SECTION
Chemicals and Reagents. Silver nitrate (AgNO3, SRL,

99.5%), nickel chloride hexahydrate (NiCl2·6H2O, SRL, 99%),
cetyltrimethylammonium bromide (CTAB, Spectrochem,
98%), hydrazine hydrate (N2H4·H2O, Spectrochem, 80%),
potassium hydroxide (KOH, Qualigens, 85%), acetonitrile
(ACN, Spectrochem, 99%), and aniline and related substrates
(TCI, >98%) were used.
Synthesis of AgNi Alloy Nanoparticles. AgNi alloy NPs

were synthesized by developing a novel protocol following the
hydrothermal route. In the synthetic protocol, 0.5 mmol NiCl2·
6H2O, 0.5 mmol AgNO3, and 3 mmol CTAB were dissolved in
20 mL of deionized H2O by stirring for 10 min and further
sonicating it for 30 min. After obtaining a homogeneous
mixture, 15 mL of a mixture of 0.5 M NaOH and N2H4·H2O in
1:1 ratio was added dropwise and a black precipitate was
obtained. The whole solution was then transferred to an
autoclave and treated at 150 °C for 6 h. After attaining room
temperature, it was collected via a magnet and washed with
ethanol four times and dried to obtain 111 mg and named as
Ag0.5Ni0.5. In a similar manner, a AgNi alloy with a different
precursor ratio of 3:1 was named as Ag0.75Ni0.25 with 120 mg of
the end product and that with 1:3 was named as Ag0.25Ni0.75
and a 103 mg sample was collected.

Two more samples were synthesized following the same
procedure, first by omitting Ni salt and the other by omitting
Ag salt, named as Ag-1 and Ni-1, respectively.
Characterization of AgNi Alloy Nanoparticles. The

powder X-ray diffraction (PXRD) pattern of the as-synthesized
samples was obtained with a Bruker D8 Advance X-ray
diffractometer by treating monochromatic Cu Kα radiation (λ
= 1.54056 Å). X-ray photoelectron spectroscopy (XPS)
measurements were done using a PHI 5000 Versa Probe III
instrument. All the obtained binding energy data were
calibrated with reference to the C 1s (284.6 eV) peak.
Transmission electron microscopy (TEM) images, high-
resolution TEM (HR-TEM) images, and selected-area electron
diffraction patterns (SAED) were attained with a Technai
transmission electron microscope functioning at 200 kV armed
with digital imaging and 35 mm photography systems.
Inductively coupled plasma mass spectrometry (ICP-MS)
analysis was carried out on a Thermo Fischer iCAP RQ ICP-

MS. The magnetic data were obtained from a Lakeshore model
7400 series vibrating sample magnetometer (VSM). UV−
visible absorption patterns were obtained from a Shimadzu
UV-1700 UV-Vis spectrophotometer. A Bruker Ascend 500
MHz spectrophotometer was used to obtain 1H and 13C
nuclear magnetic resonance (NMR) spectra at 500 and 125
MHz, respectively.
General Synthetic Route for Photocatalytic Oxidative

Coupling of Aniline to Azobenzene. In a typical
photocatalytic reaction for the synthesis of azobenzene, 0.5
mmol aniline was taken in a reaction tube and to it, 1 mmol
KOH and 5 mg of the as-synthesized photocatalyst AgNi were
added. To this reaction mixture, 1 mL of acetonitrile (ACN)
was added as the solvent and at last, 1 mL of 30% H2O2 was
added as the oxidizing agent. The reaction mixture was then
stirred with continuous irradiation of visible light. Once the
TLC showed complete conversion, the product was extracted
in diethyl ether and washed with 0.1 N HCl solution to convert
any unreacted aniline to its corresponding salt for easy
separation of the unreacted aniline substrate, and next, column
chromatography was done to obtain the purified product.
Finally, the extract was reduced under high pressure and
characterized by 1H and 13C NMR spectra.

The photocatalytic reactions were carried out in a
photocatalytic reactor equipped with a 250 W (210.4 lux)
visible light source permitting a wavelength distribution of
400−700 nm at a distance of 6 cm from the reaction tubes
placed on a magnetic stirrer. Moreover, the temperature within
the range of 27−30 °C was maintained via a cold-water
circulating tank attached to the reaction chamber.

■ RESULTS AND DISCUSSION
Three samples of bimetallic AgNi alloy NPs with different
molar ratios of Ag and Ni were synthesized by developing a
hydrothermal protocol following the principle of coreduction
in aqueous medium. The three as-synthesized samples were
initially probed for phase purity and composition by obtaining
the PXRD patterns (Figure 1). Interesting observations were

concluded from the attained PXRD patterns. The patterns
revealed the formation of a fcc lattice resembling the (111),
(200), (220), and (311) planes of Ag with slight deviation
from the respective 2θ values of 38.11, 44.32, 64.42, and
77.47°. The higher reduction potential of Ag (Ag+/Ag, 0.80 V)
than that of Ni (Ni2+/Ni, −0.25 V) favors the formation of the
Ag matrix and occupation of the lattice sites by Ni after its
successive reduction, and hence, peaks resembling only the Ag
lattice are observed. The absence of individual peaks from the
PXRD pattern revealed the formation of an alloy sample. As

Figure 1. (a) PXRD pattern of the as-synthesized AgNi alloy NPs and
standard pattern of Ag and Ni and (b) magnified view of (a) from 37
to 47°.
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the concentration of Ni increases in the alloy samples, all the
peaks shift toward right, i.e., to a higher diffraction angle
(Figure 1b). This is due to the occupation of the Ag (144 pm)
lattice sites by the smaller Ni (124 pm) atoms, which also
results in the overall decrease in the value of lattice constant
and the formation of a homogeneous solid solution-type alloy,
which is also supported by Vegard’s law. According to Vegard’s
law

= +a a a(Ag Ni ) 0.75 (Ag) 0.25 (Ni)0.75 0.25

where a(Ag0.75Ni0.25) is the lattice constant for the bimetallic
alloy sample Ag0.75Ni0.25 and a(Ag) and a(Ni) are the lattice
constants for the constituents Ag and Ni, respectively. On
calculation from the PXRD data, we get

=a(Ag Ni ) 4.096750.75 0.25

+ =a a0.75 (Ag) 0.25 (Ni) 3.94562

hence satisfying Vegard’s law and proving the formation of
alloy.

The data obtained by ICP-MS analysis of the alloy samples
revealed the elemental composition consistent with the initial
feed ratio (Table S1).

The elemental composition along with the valence state of
Ag and Ni in the as-synthesized alloy sample was further
confirmed by XPS measurements. The XPS spectra of C 1s
(Figure 2a) were calibrated to a binding energy value of 284.6
eV. The survey scan spectrum (Figure 2b) reveals the presence
of Ag and Ni as the main elements of the alloy sample with a
small amount of C and O, which might be due to the bound
CTAB or surface oxidation of the alloy sample. The XPS
spectra of Ag show two peaks for the 3d core at 367.9 eV (Ag
3d5/2) and 373.9 eV (Ag 3d3/2) corresponding to metallic Ag
(Figure 2c), whereas the peaks for Ni 2p3/2 and Ni 2p1/2
appear at 856.2 and 874.5 eV, respectively, with satellite peaks
at 861.8 and 879.8 eV, indicating Ni in the +2 valence state
due to surface oxidation. Peaks at 854.1 and 871.8 eV
correspond to the zero valence state of Ni (Figure 2d). All the

data obtained for surface oxidation states are in complete
agreement with the reported literature values, approving
nanoalloy formation.35,36

Ascertaining the elemental composition, the alloy sample
was probed for size and morphology by TEM and HR-TEM
analysis. The incorporation of Ni into the Ag matrix gave
particles in the range of 20−60 nm as observed in the TEM
image (Figure 3a) of the Ag0.75Ni0.25 nanoalloy. On magnifying
a single particle, the HR-TEM image displays the formation of
a fivefold intertwined geometry resembling a decahedral
morphology (Figure 3b). The fcc Ag thermodynamically favors
the fivefold twinning so as to lower the surface energy. The
lattice spacing on the faces of the twinned morphology is 0.203
nm, resembling the (200) plane of the AgNi alloy (Figure 3c).

Figure 2. (a) XPS spectra of C 1s and (b) wide survey scan and high-resolution XPS spectra of (c) Ag 3d and (d) Ni 2p of Ag0.75Ni0.25 alloy NPs.

Figure 3. (a) TEM image; (b) and (c) HR-TEM image; and (d)
SAED pattern STEM image; and elemental mapping for the
constituent elements (e) Ag and Ni, (f) Ag, and (g) Ni of the as-
synthesized Ag0.75Ni0.25 alloy NPs.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c07441
ACS Omega 2022, 7, 48615−48622

48617

https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07441/suppl_file/ao2c07441_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07441?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07441?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


The d-spacing values (Table S2) for all the constituent crystal
planes were calculated from the SAED pattern (Figure 3d),
and they show an increase from the standard values, in
approval with the PXRD pattern. An important criterion for
alloy formation is the identification of homogeneous
distribution of the compositional elements within the particle.
Elemental mapping in the STEM mode of the NPs shows
uniform distribution and superimposition of both the
constituent elements, omitting the possibility of the formation
of any core−shell structure or phase separation (Figure 4). All
the obtained data clearly indicate an alloy formation from the
designed synthetic protocol. The elemental ratio (Ag:Ni)
obtained from the TEM-energy dispersive spectroscopy
(TEM-EDS) spectra (Figure 4e) is in complete agreement
with the ICP-MS data (Table S1).

Alloying of Ni with Ag led us to test the magnetic properties
of the nanosized sample. The magnetic hysteresis curve of
Ag0.75Ni0.25 alloy NPs (Figure 5) derived a coercivity value of

132.5 Oe, remanent magnetization equal to 0.538 emu/g, and
saturation magnetization equal to 2.063 emu/g. The measured
magnetic parameters denote the synthesis of a weak
ferromagnetic sample and hence unfolds many potential
applications.

The incorporated noble Ag metal has the ability to show
strong resonance in the absorption spectra depending upon the
particle shape, size, and environment. Therefore, the UV−
visible spectra of the as-synthesized Ag0.75Ni0.25 alloy were
probed and a broad absorption in the near-visible and visible
regions was observed. (Figure S1).

Photocatalytic oxidative coupling of aniline to azobenzene
was chosen as the test reaction to test the proficiency of the as-
synthesized samples. Before testing the photocatalytic activity,
the reaction was optimized according to the popular reported
conditions, i.e., DMSO as the solvent and KOH as the base at
60 °C in air with aniline as the substrate. First, the reaction was
done without the supply of heat or light (Table S3, entry 1)
with the as-synthesized Ag0.5Ni0.5 alloy as the catalyst, and no
product formation was observed. On heating the reaction
mixture at 60 °C (Table S3, entry 2), the product was obtained
with 72% yield. The other two synthesized ratios of the alloy
(Ag0.75Ni0.25 and Ag0.25Ni0.75) were also checked for catalytic
efficiency (Table S3, entry 3 and 4), and as anticipated,
Ag0.75Ni0.25 gave the product with the highest yield, and hence,
further optimization was proceeded with Ag0.75Ni0.25 alloy NPs.
Accordingly, the optimized conditions were found to be 5 mg
of Ag0.75Ni0.25, 0.5 mL of DMSO, and 1 mmol KOH at 60 °C
with air as the oxidant for 91% product yield in 5 h (Table S3,
entry 6). Moving toward a greener route, we replaced heat as
the activation source with light. No product was initially
formed (Table S4, entry 1), but by replacing the solvent with
acetonitrile and adding H2O2 as the oxidizing agent, the
product was obtained in quantitative yield (Table S4, entry 3
and 4). Few more reactions were done to check the effect of
the amount of the solvent, base, and light (Table S4, entry 2, 5,
6, 7, 8, and 9). Moreover, to ensure the efficiency and activity
of our photocatalyst and to establish the importance of
nanoalloy synthesis as an industrially significant catalyst,
oxidative coupling of aniline was carried out with Ag-1, Ni-1,
AgNO3, and NiCl2·6H2O (Figure S2), but in no case, a
satisfactory yield of azobenzene was achieved. In no case,
neither any overoxidized azo products like azoxybenzene nor
nitrobenzene formation was observed. The amalgamation of
Ag with Ni not just reduces the cost of the expensive noble
metal catalyst but also makes the material UV−visible-active
due to its inherent property of surface plasmon resonance.

Based on our final optimized conditions, in continuous
irradiation of 250 W visible light, an array of substituted
anilines was studied for the corresponding azobenzene
production. Oxidative coupling progressed smoothly for both
electron-withdrawing and electron-donating substituents,
furnishing a measurable yield (Table 1). We have incorporated
the study on the effect of both electron-donating and electron-
withdrawing substituents such as −CH3, −OCH3, −Cl, −Br,
−I, −NH2, and −NO2, placed variedly in ortho, meta, and para
positions. A high yield of the product was obtained when the
electron-donating group was present at the para position, but

Figure 4. (a) STEM image and elemental mapping for the constituent elements (b) Ag and Ni, (c) Ag, and (d) Ni and (e) TEM-EDS spectra of
the as-synthesized Ag0.75Ni0.25 alloy NPs.

Figure 5. Magnetic hysteresis curve of the as-synthesized Ag0.75Ni0.25
alloy NPs (inset: magnified curve).
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Table 1. Substrate Scope for the Ag0.75Ni0.25 Photocatalyzed Oxidative Coupling of Aryl Aminesa

aReaction conditions: aryl amine (0.5 mmol), Ag0.75Ni0.25 (5 mg), KOH (1 mmol), ACN (1 ml), and 30% H2O2 (1 ml) at room temperature.
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the yield decreases from 95% to 91% upon meta-substitution
(Table 1, entry 2, 12). Electron-donating groups at the para
position increase the electron density around the −NH2 group,
which facilitates easy proton removal necessary for the next
step of the coupling reaction. To check the behavior of an
aniline substrate toward oxidative coupling if an amine group is
present, one new substrate benzene-1,2-diamine is subjected to
the catalytic test and it was found that (E)-2,2′-(diazene-1,2-
diyl)dianiline (Table 1, entry 13) is the major product formed.
The reason for this monosubstitution or the coupling to only
one amine group is the steric hindrance due to the presence of
other −NH2 groups. The coupling to the other amine is
restricted after the first, and hence, (E)-2,2′-(diazene-1,2-
diyl)dianiline was formed as the major product.

The synthesis of azobenzene as the sole product was first
ascertained by Fourier transform infrared spectroscopy (FT-
IR) analysis (Figure S5), where a characteristic peak for the
−N�N− stretching vibration appears at 1586 cm−1 and no
absorption for N−H was observed. Also, the product
formation was confirmed by 1H and 13C NMR spectra
(Figures S6−S9).

This developed photocatalytic protocol for oxidative
coupling of aniline to azobenzene is very much efficient,
greener, and economic in comparison to most of the recently
reported studies (Table S5). A plausible photocatalytic
mechanism is proposed based on the obtained evidence and
study of the available reported literature in Figure 6.

Controlled catalytic reactions with Ag-1 and Ni-1 (Figure
S2) as the catalysts establish the high activity of Ag over Ni.
Moreover, the excellent activity of Ag0.75Ni0.25 compared to
that of an individual constituent metal also suggests the
contribution of the synergy between the metals toward
oxidative coupling of aniline to azobenzene. The electro-
negativity difference between Ag (1.93) and Ni (1.91)
facilitates electron transfer from Ni to Ag and creates
electron-deficient and electron-rich sites. In addition, the
high content of Ag in the alloy offers surface plasmon
resonance for prolonged charge separation and increased
visible light sensitivity. These electron-deficient sites serve as
the driving force of the reaction by generating O2

−• from H2O2
along with amine free radicals with the assistance of the base
(KOH) by proton abstraction. As a result of radical coupling
between the amine radicals, a N−N bond is formed to give a
hydrazobenzene intermediate, and then, further oxidation of
the intermediate yields the desired azo product.21,35,37

The sustainability of any catalyst is determined by its ability
to surpass the recyclability test. Aniline was opted as the model
substrate to investigate the reutilization of the photocatalyst for
the oxidative coupling. The photocatalyst after one reaction

cycle was recollected using a magnet, and about 96% of this
used photocatalyst was successfully recovered to be used for
the next cycle. The recovered sample was washed with
deionized water and ethanol and dried and again employed in
the next catalytic cycle. In this manner, the photocatalyst was
recycled for five consecutive cycles, and a small decline in the
product yield was observed only from the third cycle (Figure
S3). The justification for the activity retentivity of the catalyst
and the minute but gradual decrease in the product yield was
obtained by the PXRD pattern (Figure S4a) and TEM image
(Figure S4b,c) of the reused catalyst. Both the analyses display
characteristics similar to those of the fresh sample along with
the presence of two new peaks in between 40 and 50° in the
PXRD pattern (Figure S4a), which may be attributed to the
slight surface oxidation of alloy NPs after repeated catalytic
cycles.

■ CONCLUSIONS
In summary, we have designed AgNi alloy NPs resembling a
decahedral-type morphology with varying compositions of Ag
and Ni without the use of any expensive organic surfactant
using a novel hydrothermal protocol. The amalgamation of
both the constituent metals was confirmed by PXRD, XPS,
TEM, and HR-TEM analyses. Out of all the compositions of
the prepared alloys, Ag0.75Ni0.25 alloy NPs efficiently catalyzed
the oxidative homocoupling of aniline to azobenzene on
irradiation of visible light, presenting a greener approach for
the synthesis of industrially important compounds. By
employing a renewable energy source and H2O2 as a
environmentally benign oxidant, a successful approach for
azobenzene production is put forward. After the catalytic
reaction, AgNi alloy NPs can be recovered magnetically and
reused for five consecutive cycles without any substantial loss
in the activity.
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