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ABSTRACT: Size dependent surface characteristics of nano-
particles lead to use of these nanomaterials in many
technologically important fields, including the field of catalysis.
Here Ag1−xNix bimetallic alloy nanoparticles have been
developed having a 5-fold twinned morphology, which could
be considered as an important alloy because of their excellent
and unique catalytic and magnetic properties. Alloying
between Ag and Ni atoms on a nanoscale has been confirmed
with detailed X-ray diffraction, high resolution transmission
electron microscopy, energy-dispersive X-ray analysis, X-ray
photoelectron spectroscopy, and magnetization measurements. Although introduced for the first time as a catalyst due to having
high active surface sites, the as-synthesized nanoparticles showed one of the best multiple catalytic activity in the industrially
important (electro)-catalytic reduction of 4-nitrophenol (4-NP) and 4-nitroaniline (4-NA) to corresponding amines with
noticeable reduced reaction time and increased rate constant without the use of any large area support. Additionally the same
catalyst showed enhanced catalytic activity in degradation of environment polluting dye molecules. The highest ever activity
parameter we report here for Ag0.6Ni0.4 composition is 156 s−1g−1 with an apparent rate constant of 31.1 × 10−3 s−1 in a 4-NP
reduction reaction where the amount of catalyst used was 0.2 mg and the time taken for complete conversion of 4-NP to 4-
aminophenol was 60 s. Similarly, an incredible reaction rate constant (115 s−1) and activity parameter (576.6 s−1g−1) were
observed for the catalytic degradation of methyl orange dye where 15 s is the maximum time for complete degradation of the dye
molecules. The high catalytic performance of present AgNi alloy NPs over the other catalysts has been attributed to size,
structural (twinned defect) and electronic effects. This study may lead to use of these bimetallic nanostructures with excellent
recyclable catalytic efficiency in many more applications.
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1. INTRODUCTION

Bimetallic alloy nanoparticles (NPs) have recently attracted
considerable attention because of their excellent and unique
catalytic, electronic, optical, and magnetic properties. The
corresponding potential applications of alloy NPs includes
many fields such as catalyst in fuel cell and organic synthesis,
oxygen reduction reactions, magnetic recording, antibacterial
activity, etc.1−4 Ag1−xNix alloy NPs are one of the new additions
to the family of alloy particles that have recently drawn
attention for their unique kinds of synthesis (complete
immiscibility of metals, lower surface energy of Ag, and 14%
lattice mismatch) and theoretical calculations.5−7 Other
interesting aspects of these kinds of alloy NPs is from the
combined strong surface plasmon resonance (SPR) of Ag in the
visible spectral region due to the coherent motion of
conduction band electrons against the lower electrochemical
reduction potential of Ni and size dependent intrinsic ferro/
superparamagnetism. A strong synergistic effect8 could be
expected from the strong coupling of noble metal based and
magnetic transition metal based properties in the case of
Ag1−xNix NPs. Thus, one can expect enhanced catalytic

properties of AgNi alloy NPs, because of a bifunctional
reaction mechanism of bimetallic alloy electrocatalysts.
In the available literature of the Ag−Ni system, most of the

particles are found to be a phase segregated core@shell
structure because of the very fast reduction potential of Ag1+→
Ag0 over Ni2+→Ni0 and the thermodynamic stability. In these
phase segregated core@shell systems, either one of the metals
is the core and the other is the shell with assorted morphologies
and sizes for catalytic and biological applications.9−12 However,
complete immiscibility, the lower surface energy of Ag, and the
14% lattice mismatch between the two metals have been
overcome in recent years by only a few researchers to produce
true alloy NPs employing new synthesis techniques. At the
nano level, the alloying behavior is different, as the size effect
plays a major role in facilitating alloy formation by changing the
heat of formation from positive to negative (opposite in the
case of a bulk counterpart) due to the surface energy
contribution. Thus, when the particles are nanometer sized,
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the surface/size effect and the alloy composition favor the
alloying process of the thermodynamically immiscible systems
and ensure better phase stability.13 Initially, physical methods,
such as vapor quenching,14 gas condensation,15 and the γ-
radiation technique,5,6 have been reported for the synthesis of
AgNi alloy NPs. However, chemical reduction methods have
been used in recent years for the synthesis of AgNi NPs for
determining particle size limits for alloy formation,16

exploration of magnetic properties,17 and for the studies on
optical limiting and photonic applications, which exhibited
substantial enhancement in the optical limiting efficiency.18

In this paper, we have reported a novel synthesis of
monodispersed Ag1−xNix multiple twinned alloy nanoparticles
(MTANP) in the presence of hexadecylamine and octadecene
following a high temperature colloidal reduction method. The
composition of the solid solution can be tuned easily to get the
desired efficient catalyst composition for multiple reduction and
degradation reactions. Detailed X-ray diffraction (XRD), high
resolution transmission electron microscopy (HRTEM), energy
dispersive X-ray analysis (EDAX), selected area electron
diffraction (SAED), and X-ray photoelectron spectroscopy
(XPS) studies revealed the alloying of Ag and Ni metals in the
respective compositions and ruled out the formation of phase
segregated core/shell particles. The entire alloy NPs series is
found to be weakly magnetic, where order of magnetization
increases with the increasing amount of incorporated Ni into
Ag lattice. As-synthesized Ag1−xNix alloy NPs are examined as
possible candidates of catalysts for the reduction of various
nitro-aromatic compounds and degradation of organic dye
molecules. Nitro-aromatic compounds, for instance, 4-nitro-
phenol (4-NP) and 4-nitroaniline (4-NA), are important
commercial compounds have significant functions in many
industries such as the production of anilines, agrochemicals,
explosives, pharmaceuticals, dyes, etc.19,20 These compounds
are important intermediates for the manufacture of analgesic
and antipyretic drugs such as acetaminophenol, acetanilide,
paracetamol, and phenacetin. However, at the same time, these
nitro-aromatic compounds are found to be environmentally
poisonous materials and a major class of aquatic contami-
nants.21,22 The nitro-aromatic pesticides are hydrophobic
contaminants that can accumulate in sediments by the
deposition of suspended solids from surface waters. 4-NP was
reported as a potential carcinogen, teratogen, and mutagen;
accordingly, many aromatic nitrocompounds have been
included in environmental legislation.23 Hence, to reduce
these compounds to beneficial amines and to decompose these
harmful organic dyes, various nanomaterials have been
developed as catalysts and reported so far. However, among
the various reports on variety of catalysts12,24−29 with maximum
catalytic activity, we found that our as-synthesized Ag0.6Ni0.4
alloy NP showed the best catalytic activity (activity parameter K
= 156 s−1 g−1) for the reduction of 4-NP to 4-AP and also
showed a very high degradation rate for the catalytic
degradation of methyl orange and Rhodamine B dyes. In
addition, we found the requirement of very small amount of
present multiple twinned nanoparticle reusable catalyst for the
very fast reduction and degradation reaction.

2. EXPERIMENTAL SECTION
2.1. Materials. Nickel acetate tetrahydrate (Ni(OCOCH3)2·4H2O,

99.9%), hexadecylamine (HDA, 98%), 1-octadecene (ODE, 90%,),
oleylamine (OLA, 90%), and Rhodamine B dye (RhB, 97%) were
from Sigma-Aldrich, USA. Trioctylphosphene (TOP, 98%) was from

Strem Chemicals, USA. Nickel nitrate hexahydrate (Ni(NO3)2.6H2O),
sodium borohydrid (NaBH4, 95%), and methyl orange dye (MO)
were from Merck, India. Silver nitrate (AgNO3, 99.9%), Rankem
analytical reagent, 4-nitrophenol (4-NP, 99%), and 4-nitroaniline (4-
NA, 99%) were from Spectrochem, India. All chemicals were used as
received without further purification.

2.2. Synthesis of AgNi Alloy Nanoparticles. A single pot
approach was employed for the synthesis of Ag1−xNix alloy
nanoparticles with varying compositions, where x = 0, 0.2, 0.4, 0.5,
0.6, 0.8, and 1.0. Typically, NiNO3·6H2O (0.2−0.8 mmol), AgNO3
(0.8−0.2 mmol), and HDA (1.5 mmol) were added to 8 mL of ODE
in a three necked round-bottom flask equipped with condenser,
temperature controller, and magnetic stirring bar. The reaction
mixture was stirred and degassed at 110 °C for 30 min. After that,
the reaction mixture was brought to 250 °C and kept at this
temperature for 40 min under a continuous flow of N2. During the
synthesis of different compositions of AgNi alloy NPs, the total
amount of both metal precursors was kept at 1.0 mmol. After the
reaction, the mixture was cooled to room temperature naturally and
the product was purified by precipitation with ethanol. The as-
obtained dark brown precipitate was centrifuged and washed with
ethanol for three times and finally dispersed in toluene for further
characterizations. A fraction of the sample was dried at room
temperature for the study of various catalytic activities.

2.3. Synthesis of Ag Nanoparticles. Ag NPs were synthesized by
the same method as discussed above. In this synthesis, 1 mmol AgNO3
was used without the addition of any Ni metal precursor while other
parameters were kept constant. A fraction of the sample was dried at
room temperature for the study of various catalytic activities.

2.4. Synthesis of Ni Nanoparticles. Nickel NPs could not be
formed following the above approach when x = 1, hence Ni NPs were
separately synthesized following a reported method with minor
modifications.30 2 mmol Ni(OCOCH3)2·4H2O was added to 16 mmol
OLA in a three necked round-bottom flask and degassed at 100 °C for
30 min. 1.6 mmol TOP was injected to the reaction mixture under
continuous N2 flow. The reaction mixture was brought to 220 °C and
stirred at this temperature for 2 h. After the reaction, the product was
precipitated and washed with ethanol and finally dispersed in toluene.

2.5. Sample Characterization. The crystal structure and purity of
as-synthesized alloy NPs, Ag, and Ni NPs were characterized by
powder X-ray diffraction (XRD) patterns recorded on a Bruker D8
Advance X-ray diffractometer by using Cu Kα as a radiation source at
room temperature. Transmission electron microscopy (TEM), high
resolution TEM (HRTEM), and selected area electron diffraction
(SAED) images were obtained from a Philips Technai G230
transmission electron microscope operating at an accelerating voltage
of 200 kV equipped with an energy dispersive X-ray spectroscopy
(EDAX) attachment. TEM samples were made by putting a drop of
sample dispersion in toluene on a carbon coated copper grid and
letting the solvent evaporate. Elemental proportions in the as-
synthesized alloy samples were analyzed using a Zeenit 700p Analytik
Jena atomic absorption spectrometer (AAS). The surface phase
compositions of the films were analyzed by means of X-ray
photoelectron spectroscopy (XPS, SPECS XPS system). The base
pressure in the main chamber was ≤10−9 mbar and the photoelectrons
were excited using a Mg Kα energy source of 1253.6 eV. The data
acquired has a resolution of 0.1 eV and the accuracy in binding energy
determination was 0.05 eV. The C 1s (284.6 eV) peak was considered
as a reference. Optical absorption measurements were carried on a
PerkinElmer LAMBDA 35 spectrophotometer. Magnetic properties of
the nanoparticle samples were characterized by a vibrating sample
magnetometer (MicroSense EV9) at room temperature (23 °C).

2.6. Catalytic Study. 2.6.1. Catalytic Reduction of Nitro
Compounds. For evaluating the activity of our AgNi alloy NPs as
an efficient catalyst, the reductions of 4-NP and 4-NA were chosen as
model reactions. Catalytic reduction reaction study of 4-NP and 4-NA
was carried out in a fashion as discussed below. In a typical process, 2.5
mL of aqueous solution of nitro compound (0.2−1.0 mM) and 0.3 mL
of 0.2 M NaBH4 were taken in a standard quartz cuvette of 1 cm path
length and 3 mL volume. Following which, 100 μL aqueous solution of
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homogeneously dispersed AgNi (0.2 mg, 2 mg/mL) nanocatalyst was
added in the same cuvette and optical absorption spectra (UV−vis
region) were recorded immediately against time at room temperature
(23 ± 1 °C). A similar scheme was applied for all nanocatalyst
(Ag1−xNiX, x = 0, 0.2, 0.4, 0.5, 0.6, 0.8, and 1.0) samples. For studying
the effect of catalyst dose, the amount of AgNi catalyst was varied
(0.2−0.5 mg); however, volume and concentration of 4-NP and
NaBH4 were kept constant (2.5 mL of 0.2 mM and 0.3 mL of 0.2 M,
respectively). In a similar way, 4-NP concentration was varied (0.2−
1.0 mM), however, keeping other parameters constant (0.2 mg of
AgNi catalyst and 0.3 mL of 0.2 M NaBH4) for studying concentration
effect of the substrate.
2.6.2. Catalytic Degradation of Dyes. For measuring dye

degradation activity of a catalyst, we have chosen MO and RhB dyes
as the standard and Ag0.6Ni0.4 alloy NPs as the catalyst (found most
active composition from nitro compound reduction reactions). In this
process, 2.5 mL of aqueous solution of dye (2 × 10−5 M) and 0.3 mL
of 0.2 M NaBH4 were placed in a quartz cuvette. Following this, 100
μL of aqueous solution containing 0.2 mg of catalyst was added to the
above solution in the cuvette and UV−vis spectra against time were
recorded. For investigating the effect of catalyst dose on reaction rate,
the amount of catalyst was varied from 0.2 to 0.5 mg; however, other
parameters for dye and NaBH4 were kept constant (2.5 mL of 1 ×
10−4 M MO and 0.3 mL of 0.2 M NaBH4). To check the effect of
concentration of dye on the rate of reaction, the concentration of MO
was varied from 0.2 to 1.0 × 10−4 M; however, the amounts of catalyst
and NaBH4 were kept constant (0.2 mg and 0.3 mL of 0.2 M,
respectively).

3. RESULTS AND DISCUSSION

3.1. Structural, Morphological, Surface and Magnetic
Characterizations. Phase purity and composition of the
different alloy NPs were examined by powder XRD measure-
ments. Figure 1a represents the XRD patterns of as synthesized
Ag, Ni, and AgNi alloy NPs. These patterns clearly revealed the
fcc structure of all the samples. For Ag NPs, five characteristic
peaks corresponding to the (111), (200), (220), (311), and
(222) planes of the fcc structure were obtained at 2θ diffraction
angles of 38.14, 44.31, 64.49, 77.42, and 81.60°, respectively
(JCPDS No. 04-0783). For Ni NPs, peaks corresponding to
(111), (200), and (311) were observed at 44.83, 52.15, and
76.90° (JCPDS No. 04-0850). However, interesting features
have been observed in the case of powder XRD patterns of
AgNi alloy NPs. All the alloy compositions showed five peaks
resembling the (111), (200), (220), (311), and (222) planes of
Ag but with slight deviation from the actual 2θ values. As the
amount of Ni content increases, the (111) plane of Ag is shifted

toward higher 2θ values. Moreover, the (200) peak of Ag
started disappearing with increasing content of Ni and finally a
well resolved peak at 44.83° appeared for Ni(111). Similar
decreases in the intensity of the peaks with increasing amounts
of Ni content in the alloys were observed for the Ag(220) and
Ag(311) peaks, which were not observed in the case of
reported Ag/Ni core/shell systems.9−12 A magnified 2θ range
elaborating the peak position shifting and changing of peak
intensity with Ag/Ni contents is shown in Figure S1
(Supporting Information). In the literature for Ag/Ni core/
shell NPs10,12,31 and Ni NPs,32,33 along with other planes, the
(200) plane of fcc Ni at 52.15° is prominent, confirming the
presence of nickel in its intact state. However, in the present
alloy NPs, an XRD peak at 52.15°, corresponding to the (200)
plane of fcc Ni was not found, concluding that no Ni NPs were
formed heterogeneously. This observation is consistent with
other AgNi alloy particles synthesized using different
methods.17,18 Absence of characteristic peak of Ni and
resemblance with Ag fcc structure confirmed the formation of
solid solution in which Ni atoms are present in Ag matrix.34

As stated above, an increase in diffraction angle was observed
with increasing Ni content in all alloy compositions and this
shift in diffraction angle with respect to the Ag(200)/Ni(111)
planes is shown in Figure 1b. From this figure, it was noted that
the diffraction angle of all alloy samples was between 2θ values
of the (200) plane of Ag and the (111) plane of Ni. This
further supports the formation of homogeneous solution of
metals according to Vegard’s law. From XRD refinements,
interplanar spacing (dhkl) and average lattice parameter (a, Å)
was calculated for all the samples and the data are entered in
Table 1. Moreover, the change in calculated lattice parameter
with the Ag1−xNix composition variation is plotted in Figure 1b
in the right axis. From these data, decrease in lattice constant or
d-spacing was observed which was due to incorporation of
small sized Ni atoms (124 pm) in Ag (144 pm) matrix.
The size, morphology, and crystal structure of alloy NPs were

further examined by transmission electron microscopy (TEM)
and high resolution transmission electron microscopy
(HRTEM). Figure 2a−c represents the low magnified TEM
images of Ag, Ag0.6Ni0.4 and Ag0.2Ni0.8 compositions,
respectively. These TEM images mainly show the presence of
multiple twinned nanostructures that looks spherical at low
magnifications. The average particle sizes in the case of
Ag0.6Ni0.4 and Ag0.2Ni0.8 compositions are found to be similar,
∼19 nm (see Figure S2, Supporting Information, for particle

Figure 1. (a) Powder XRD patterns of as-synthesized Ag, Ni, and AgNi alloy NPs with variable elemental ratios showing the fcc structure. (b)
Composition dependent diffraction angle at the (200) plane of Ag within the 2θ range 44.31−44.83°. Right axis: average lattice parameter (a, Å) vs
amount of Ag content.
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size distribution histograms of three compositions), however, a
little smaller for Ag particles where the nanoparticles diameter
was found to be ∼14 nm. For further study, HRTEM images
were taken (Figure 2d,e), which clearly shows 5-fold twinned
nanostructures and the presence of clear lattice fringes.
HRTEM results show the presence of twinned nanostructures
oriented in different directions in which primarily five
crystalline domains separated with twinned boundary (more
images in Figure S3, Supporting Information). The d-spacing
calculated from lattice fringes of adjacent faces was 0.24 nm,
which is consistent with the (111) plane of Ag−Ni alloy NPs.
Furthermore, we have considered a single crystal Ag0.6Ni0.4
particle and further magnified the defect free area (see Figure

2f) for the confirmation of orientation of Ag and Ni planes in
an alloy system, and to exclude the possibility of formation of
phase segregated core/shell system. As reported earlier by
Zhang et al.5,6 for fcc AgNi twinned particles and by Tsen et
al.35 for fcc Au twinned particles, a similar trend has been
observed in the present case. The experimental results suggest a
lattice spacing of 0.23 and 0.24 nm and the dihedral angle
between these two sets of fringes is 70°. All the values match
well with the bulk Ag(111) Miller plane spacing of 0.236 nm
and the corresponding angle of 70.5°. Moreover, it was
suggested that the measured {111} fringe spacing can be either
larger or smaller than the bulk value due to small crystal tilts.36

The calculated two-dimensional fast Fourier transform (2D-
FFT) pattern from panel f is shown in Figure 2g, and the
results again confirmed the exposure of the (111) plane of alloy
NPs. The presence of 5-fold twin boundaries and exposure of
the (111) facets confirmed the decahedral structure for AgNi
alloy NPs. The SAED pattern of Ag0.6Ni0.4 NPs is shown in
Figure 2h. The SAED pattern represents the crystalline nature
of the particles with the fcc structure, where the (111), (200),
(220), and (311) lattice planes were clearly indexed in
agreement with XRD results. The elemental analysis using
energy dispersive X-ray (EDAX) spectroscopy was carried out
on various samples for the study of the stoichiometry and the
representative EDAX analysis of Ag0.6Ni0.4 alloy sample is
shown in Figure 2i and, for Ag0.2Ni0.8, Ag0.4Ni0.6, and Ag0.8Ni0.2
alloy NPs, in Figure S4 (Supporting Information). EDAX

Table 1. Alloy Compositions, d-Spacing and Calculated
Average Lattice Constant (a) Values from Powder XRD
Analyses

peaks (hkl)

sample
compositions

111 d
(Å)

200 d
(Å)

220 d
(Å)

311 d
(Å)

average lattice
constant (Å)

Ag 2.375 2.043 1.444 1.231 4.091
Ag0.8Ni0.2 2.349 2.037 1.443 1.230 4.075
Ag0.6Ni0.4 2.342 2.032 1.438 1.227 4.064
Ag0.5Ni0.5 2.336 2.025 1.436 1.226 4.056
Ag0.4Ni0.6 2.332 2.022 1.435 1.224 4.048
Ag0.2Ni0.8 2.325 2.021 1.434 1.223 4.045

Figure 2. Low magnified electron micrograph images (a) Ag, (b) Ag0.6Ni0.4, and (c) Ag0.2Ni0.8 alloy nanoparticles. (d,e) 5-Fold multiple twinned
structure under HRTEM imaging and inset: model of 5-fold twinned structure, (f) clear lattice fringes and the dihedral angle between them seen in
another Ag0.6Ni0.4 alloy single NP, (g) calculated 2D-FFT pattern from the region shown in panel f. (h) SAED pattern from panel b and (i) EDAX
analysis of Ag0.6Ni0.4 alloy NPs.
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results confirmed the presence of Ag and Ni elements in alloy
samples and in corresponding proportions. The composition of
the Ag:Ni ratio in the present sample (Ag0.6Ni0.4) was found to
be 60.38:39.62, which is consistent with the expected Ag:Ni
stoichiometric elemental ratio. The compositional ratio of
Ag:Ni in the other alloy particles was also found to be
consistent with the corresponding stoichiometric elemental
ratio from the EDAX analyses. Further, we have carried out
atomic absorption spectroscopic (AAS) measurements to
determine the elemental ratio of the as-synthesized alloy
samples. In all cases, compositional ratios of Ag:Ni were found
to be consistent with the corresponding stoichiometric
elemental ratio according to synthesis and the ratios obtained
from EDAX measurements.
Alloy and Twinned Particle Formation Mechanism. The

facile synthesis of AgNi alloy MTANPs was carried out in
ODE, where HDA acts as a surfactant and weak reducing agent.
From controlled experiments, it was found that Ni NPs were
not formed in the absence of a Ag precursor; however, addition
of AgNO3 to a Ni precursor resulted into the formation of alloy
NPs. This experimental observation indicated that the Ag
precursor plays a crucial role in the nucleation of Ni. Because
the redox pair potential of Ag+/Ag (0.8 V) is higher than that of
Ni2+/Ni (−0.246 V), Ag nucleation started in the initial phase.
These in situ formed Ag nuclei further induce the reduction of
Ni2+/Ni by the electron transfer process, as shown below

+ → ++ +2Ag Ni 2Ag Ni0 2 0
(1)

+ →+ −Ag e Ag0
(2)

This type of electron transfer process might cause
simultaneous nucleation of both Ag and Ni within the reaction
mixture, which later on grows as AgNi alloy NPs. Because HDA
is a weak reducing agent that causes a slow nucleation rate,
prevents separate Ni nucleation and results in a product with
high anisotropy. The fcc metals like Ag and Au readily form a
twinned nanostructure due to low twinning energy, which can
compensate the strain induced by formation of completely
(111) bounded NPs.37 As indicated above (Figure 2a−e), the
average size of Ag and Ag0.6Ni0.4 alloy MTANPs was ∼14 and
∼19 nm, respectively, hence larger sized AgNi alloy NPs are
indicative of more stability of alloy NPs over pure Ag
nanocrystals. This gain in stability might be due to
incorporation of small sized Ni atoms in the Ag lattice, which
lowers the bulk strain of twinned Ag lattice and this decrease in
lattice strains favors the formation of a twinned alloy
nanostructure. This is supported by literature report, where
5-fold twinning is found thermodynamically favorable at a small
size for fcc metals like Ag and Au.38 Therefore, the crystal lattice
of AgNi MTANPs does not collapse, even if the alloyed
samples grow larger than pure Ag MTNPs.39

Surface Characterization. Figure 3 presents X-ray photo-
electron spectroscopy (XPS) data for the as-synthesized
Ag0.6Ni0.4 nanocrystals. Figure 3a shows the survey spectrum
of the sample confirming the presence of the 3d state of Ag and
the 2p, 3s, and 3p states of Ni in their respective compositional
ratios along with the O 1s and C 1s peaks. Figure 3b shows the
two components of the Ag 3d spectrum. The Ag 3d5/2 and Ag
3d3/2 peaks occurring at the binding energies of 368.2 and
374.2 eV with a difference of 6.0 eV can be assigned to metallic
Ag in a AgNi alloy.17 The XPS spectra of Ni 2p3/2 and Ni 2p1/2
core levels and its satellites peaks are shown in Figure 3c. The
Ni 2p3/2 and Ni 2p1/2 peaks appear at 855.2 and 873.0 eV,

respectively, and the corresponding satellite peaks are observed
at 861.6 and 879.4 eV, respectively. In both cases, the energy
spacing of 17.0 eV is due to Ni2+, which indicates the oxidation
of a minute amount of surface Ni to NiO.40,41 This statement is
further supported by repeated XRD measurements on aged
alloy samples, where no NiO peaks are observed within the
diffractometer’s detection limit. The peak observed at 531.3 eV,
as shown in Figure 3a, can be assigned to the oxygen bonded
with Ni to form some surface NiO. Further, a very weak
shoulder at 852.3 eV is observed in the Ni 2p XPS spectrum,
which corresponds to Ni 2p3/2 binding energy of metallic
Ni.17,40,41

Magnetic Characterization. Magnetic properties of as-
synthesized AgNi alloy NPs were studied at room temperature
(23 °C) using a vibrating sample magnetometer. Figure 4
represents the magnetization curves of three compositions of
AgNi alloy NPs. All the AgNi alloy samples show weak
ferromagnetic behavior due to the presence of Ni atoms in the
Ag lattice. The values of saturation magnetization (MS),
remanent magnetization (Mr), and coercivity (HC) were
calculated for different alloy compositions and are presented

Figure 3. XPS spectra of Ag0.6Ni0.4 alloy sample. (a) Wide scan survey
XPS spectrum. High resolution spectrum of (b) Ag 3d and (c) Ni 2p.

Figure 4. Magnetization of Ag0.4Ni0.6, Ag0.5Ni0.5, and Ag0.6Ni0.4 alloy
NPs as a function of applied field, measured at 23 °C.
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in Table 2. Magnetization data clearly shows that all three
magnetic parameters (MS,Mr, and HC) increase with increase in

Ni content. This result clearly indicates the distribution of Ni
atoms in Ag lattice forming an alloy and a weak ferromagnetic
interaction among the doped Ni contents in Ag lattice.
3.2. Catalytic Reduction. Catalytic Reduction of 4-

Nitrophenol. To evaluate the catalytic performance of AgNi
alloy NPs, we have chosen the catalytic reduction of 4-
nitrophenol to 4-aminophenol by NaBH4 as the first model
reaction. The progression of the reduction reaction was
monitored by UV−vis absorption spectroscopy. An aqueous
solution of 4-NP is light yellow in color, which shows
absorption at 317 nm. Addition of an aqueous solution of
NaBH4 to 4-NP results in a change of color from light yellow to
deep yellow. This color change can be attributed to an increase
in the alkalinity of the solution, which results in the formation
of the 4-nitrophenolate ion. The 4-nitrophenolate ion shows an
absorption peak at 400 nm, which remains unchanged in the
presence of NaBH4, even up to 30 min. This indicates the
reduction process does not occur in the absence of a catalyst.
This is due to presence of high kinetic barrier between the
mutually repelling negative ion of borohydride (BH4

−) and 4-
nitrophenolate ion (C6H4NO3

−).42 As a representative case of
the catalyst, after the addition of 0.2 mg of Ag0.6Ni0.4
(homogeneously dispersed aqueous solution) MTANPs, the
reduction reaction is completed in 60 s. Figure 5a represents
the absorption spectra of 4-NP vs time in the presence of a
Ag0.6Ni0.4 nanocatalyst. From the absorption spectra, it was
noted that the intensity of the absorption peak at 400 nm
dramatically decreases and, at the same time, a new peak at 294
nm started to rise due to the conversion of 4-NP to 4-AP. For
AgNi alloy NPs, no induction time was observed, indicating
high diffusibility of reactant and product on the bimetallic
surface. The optical absorption spectra show two isosbestic
points at 280 and 314 nm, suggesting the formation of 4-AP as
a single product. In the reduction process, the concentration of
NaBH4 (0.2 M) is much higher than that of 4-NP (0.2 mM)
and remains almost constant during the reaction process.
Considering this, first-order kinetics was applied to calculate the
catalytic performance of all Ag1−xNix alloy NPs compositions.
The apparent rate constant of different alloy nanocatalyst
samples including monometallic Ag and Ni NPs as controlled
reactions was measured from linear plots of ln(At/A0) vs
reduction time (Figure 5b). Here At and A0 are the absorbance
of the 4-NP solution at times t = t and t = 0, respectively, which
are equivalent to the concentrations at times t = t (Ct) and t = 0
(C0). The apparent rate constants (kapp) for all samples were
determined from the slope of a linear plot and are presented in
Table 3.
These results clearly demonstrate the higher activity of alloy

NPs over their monometallic counterparts. The Ag0.6Ni0.4 alloy
sample showed the highest reaction rate (kapp = 31.1 × 10−3

s−1) among all the alloy compositions, which is also nearly 4

times that of Ag (7.8 × 10−3 s−1) and approximately 7 times
that of Ni (4.5 × 10−3 s−1) NPs, showing a strong synergistic
effect of Ag and Ni alloying. To compare the catalytic activity of
our catalyst with reported ones in literature, we calculated the
activity parameter K = kapp/m, where kapp is a rate constant and
m is mass of catalyst loaded. The activity parameters of some
recently reported highly active catalyst were compared with our
measured activity parameter. The high activity of our catalyst
was observed as compared to a few of the best activities
reported recenty for the same catalytically induced reduction
reaction,12,24−29 but using different types of alloys and their
composite NPs. However, Qiao et al. and Zhang et al.
separetely reported higher activity of Ag−Au and Pt−Pd alloy
NPs supported on Fe3O4@C than the present AgNi material,
where synthesis of catalyst is critical and relatively expensive

Table 2. Saturation Magnetization (MS), Remanent
Magnetization (Mr), and Coercivity (HC) values for
Different Composition of Alloy NPs

sample composition MS (emu/g) Mr (emu/g) HC (Oe)

Ag0.4Ni0.6 0.203 0.065 349
Ag0.5Ni0.5 0.170 0.029 153
Ag0.6Ni0.4 0.111 0.015 130

Figure 5. (a) Absorption spectra of 4-nitrophenol in the presence of
0.3 mL of 0.2 M NaBH4 and 0.2 mg of Ag0.6Ni0.4 catalyst. (b) ln(At/
A0) vs time plot of all alloy compositions including Ag and Ni metals
for first-order kinetics.

Table 3. Summary of Comparative Reduction Time (t),
Apparent Rate Constant (kapp), and Activity Parameter (K)
for Different MTANP Samples

sample
name

reduction
time (s)

apparent rate constant
(kapp, 10

−3 s−1)
activity parameter

(K, s−1 g−1)

Ag 280 7.8 39
Ag0.8Ni0.2 80 14.4 72
Ag0.6Ni0.4 60 31.1 156
Ag0.5Ni0.5 65 28.0 140
Ag0.4Ni0.6 80 26.2 131
Ag0.2Ni0.8 140 13.7 68.5
Ni 540 4.5 22.5
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materials were used.43,44 Because our catalyst is of low cost,
easy to synthsize, and highly efficient, it is beneficial over those
from other reports.
The effects of 4-NP concentration and catalytic loading were

studied by choosing the highest active Ag0.6Ni0.4 alloy NPs as
the primary catalyst. Figure 6a represents the absorbance vs

time spectra at 400 nm for different concentrations of 4-NP;
however, Figure 6b represents absorbance vs time spectra at
400 nm for different catalytic loadings on reaction rate while
keeping other parameters constant. The results were compared
in terms of reduction time, which is inversely proportional to
reaction rate. From Figure 6a, an increase in reduction time was
noted with an increase in concentration of 4-NP. The reduction
time for the 0.2 mM 4-NP solution was 60 s whereas 68, 79, 85,
and 100 s were observed for 0.4, 0.6, 0.8, and 1.0 mM 4-NP,
respectively. An increase in substrate concentration promotes
more 4-NP molecules on the catalytic surface, which slows
down adsorption of the BH4

− ion. This resulted in reduced
electronic communication between 4-NP and NaBH4 mole-
cules and slowed down the reaction rate. However, in the case
of catalyst loading, a sharp decrease in reduction time was
observed with increasing catalyst amount (Figure 6b). A 0.2 mg
sample of catalyst completed reduction in 60 s whereas the
reduction reaction could be completed within a record time of
20 s if 0.5 mg of catalyst was used. This is obviously due to
availability of increased active catalytic surfaces, which increases
with the increasing amount of catalyst.
To check the stability of an alloy catalyst, a recyclability test

was carried out over six cycles using the Ag0.6Ni0.4 composition,
which showed the highest catalytic activity toward 4-NP
reduction (entry 3 in Table 3). After each test, the catalyst was
recovered by centrifugation followed by washing with distilled
water and drying. Figure 6c represents the reduction time for
successive cycle. These results concluded recyclability of alloy
NPs with the increase in reduction time from 60 to 120 s after
six successive cycles. This increase in reduction time may be
due to aggregation and catalyst lost during successive cycles.

From the analysis of UV−vis results, outstanding catalytic
activity was observed for AgNi alloy NPs. The high catalytic
performance of the present AgNi alloy NPs over the other
reports can be attributed to following three facts: (a) size effect,
availability of high effective surface area for catalysis due to
small sized alloy NPs as it is well-accepted that the apparent
kinetic rate constant kapp is proportional to the total surface (S)
of metal nanoparticles;45 (b) structural effect, structural defects
created due to formation of twinned nanostructure favor the
enhanced adsorption of substrates and reducing agents and
enhance catalytic performance of alloy NPs; (c) electronic
effect, the electronegativity difference between Ag (1.93) and
Ni (1.91) metals would cause electron transfer from Ni to Ag
resulting in the creation of electron rich and electron poor
regions on the bimetallic surface. The existence of these regions
on metallic surfaces facilitates electronic communication
between adsorbed molecules, which could enhance the
adsorption capability of alloy NPs. Hence alloying of Ag and
Ni would cause higher uptake and increased electron transfer
between substrate molecules resulting in high catalytic activity
of alloy NPs. Notwithstanding, it is not clear to us yet why the
Ag0.6Ni0.4 composition is more active than the other
compositions. It might be the last point from above, where
60% Ag and 40% Ni and the effective electronegativity46 play a
balancing role for the best electron transfer from BH4

− to
substrate due the electronic effect. Because noble metals are
considered for high catalytic activity, owing to their stability,
recyclability, and high electronic conduction, as compared to
transition metals, in the present case, the catalytic activity of Ag
is approximately double that of pure Ni (Table 3). However, in
the case of alloy systems, both the electronegativity difference
and synergistic effects of individual metals play the major role
in determining the final property of the former. Therefore, alloy
NPs show higher catalytic activity than the pure metal (Ag, Ni)
NPs; however, at the same time, Ag0.6Ni0.4, Ag0.5Ni0.5, and
Ag0.4Ni0.6 alloy NPs show comparatively higher activity (i.e.,
156, 140, and 131 s−1g−1, respectively) than the rest. The minor
decrease in activity for Ag0.5Ni0.5 and Ag0.4Ni0.6 may be
attributed to the lower content of Ag. Because the activity of
Ag0.8Ni0.2 and Ag0.2Ni0.8 is distinctively less than the others, this
may be due to the large difference in Ag:Ni ratios, resulting in a
very weak synergistic effect. In other words, it can be stated that
the synergistic effect plays a maximum role when the
differences in the ratios of Ag and Ni are small. Thus, the
highest activity of Ag0.6Ni0.4 is likely to be from the best
combined effect of both factors (high electronic conduction
due to balanced Ag content and strong synergistic effect
resulting from Ag and Ni combination). On the basis of the
above facts (a−c), a schematic illustration is demonstrated in
Figure 7 showing the catalytic reaction mechanism of the
reduction of 4-NP to 4-AP with an aqueous solution of NaBH4
over a AgNi alloy NP catalyst.

Catalytic Reduction of 4-Nitroaniline. Apart from 4-NP, we
examined the catalytic activity of the Ag0.6Ni0.4 alloy nano-
catalyst for the reduction of 4-nitroaniline (4-NA). Absorption
spectra for catalytic reduction of 4-NA by NaBH4 in the
presence of 0.2 mg of catalyst are shown in Figure 8a. 4-NA
exhibits an absorption peak at 380 nm, which gradually
decreases in intensity after addition of the AgNi nanocatalyst
and disappears in 80 s. Within that same time, two peaks at 240
and 300 nm were observed, attributed to the formation of p-
phenylenediamine.16 The rate of reaction was measured by
applying first-order kinetics as discussed in 4-NP reduction.

Figure 6. Absorption spectra recorded at 400 nm with 0.3 mL of 0.2
M NaBH4 showing (a) effect of 4-NP concentration on reduction time
with 0.2 mg Ag0.6Ni0.4 catalyst, (b) effect of catalyst loading on
reduction time with 0.2 mM 4-NP. (c) Reusability of Ag0.6Ni0.4 as
catalyst for reduction of 0.2 mM 4-NP with 0.3 mL of 0.2 M NaBH4.
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The apparent rate constant calculated by plotting ln(At/A0) vs
time (Figure 8b) for 4-NA reduction was found to be 23.5 ×
10−3 s−1, which is slightly lower than the 4-NP reduction rate
for the same catalyst composition. This difference in rate is due
to presence of different substituents on nitrobenzene, which
varies the activation energy for catalytic reduction reaction.
3.3. Catalytic Degradation of Dyes. Organic dyes such as

methyl orange, Rhodamine B, methyl red, Eosin Y, etc., which
are generally used in dye industries and biological tagging, cause
adverse effects on our environment, so their degradation is
necessary before discharging them to aquatic environments. In
this report, we choose MO and RhB dyes, for investigating
model degradation activity of the as-synthesized AgNi catalyst.
The degradation reaction of dyes was studied by adding NaBH4

to an aqueous solution of dyes in the presence of AgNi catalyst
and reaction kinetics was monitored by measuring optical
absorption against time in an UV−vis spectrometer.

Catalytic Degradation of Methyl Orange. Figure 9a
represents the absorption spectra of the degradation of MO
by NaBH4 in the presence of AgNi catalyst. From this
spectrum, it was observed that MO exhibits a characteristic
absorption peak at 464 nm17, which disappears just in 15 s after
adding the catalyst, showing a high catalytic activity. When the
experiment was carried out in the absence of the AgNi catalyst,
it was observed that NaBH4 showed almost zero activity over a
period of 210 min (Figure 9b). Thus, it can be corroborated
that the catalyst is providing a surface for the adsorption of
both species (substrate dye and NaBH4 reducing agent
molecules), which increases the rate of degradation reaction
by increasing electron transfer between these reacting
molecules. In the present reaction, NaBH4 concentration was
very high, which remained almost unchanged during the course
of reaction. So, first-order kinetics was applied for studying
reaction kinetics. The apparent rate constant was calculated
from the linear plots of ln(At/A0) against time, as discussed in
the preceding section, and the values are given in Table 4. The
apparent rate constant observed for the degradation of 0.02
mM MO in the presence of 0.2 mg of catalyst was found to be
0.115 s−1, which is the highest MO degradation ability and best
rate constant value (fastest degradation) observed to-date in the
literature,47,48 as per our knowledge. To further gain insight, the
effect of concentration of MO and catalyst loading on rate of
reaction was studied while keeping the other parameters
constant (Figure 9c,d). As expected, the degradation of this dye
could be completed within no time by increasing the amount of
catalyst two times. For comparing these results, the activity
parameter (K, s−1g−1) was calculated and is presented in Table
4. From these results, it was observed that the rate of reaction
decreases with increasing concentration of MO, which supports
first-order kinetics of the degradation process. This decrease in
rate is due to the slowing down of the electron transfer process
on the catalyst surface between NaBH4 and dye molecules.
However, with increases in catalyst loading, increases in the rate
of reaction as well as increases in the activity parameter were
observed, which is obvious due to increases in the effective
catalytic surface area for the degradation reaction.

Catalytic Degradation of Rhodamine B. RhB exhibits a
characteristic absorption peak at 554 nm. Figure 9e represents
the UV−vis degradation spectra of 0.02 mM RhB with 0.2 mg
of Ag0.6Ni0.4 nanocatalyst. The absorption peak of RhB at 554
nm disappeared within 20 s in the presence of NABH4 and
catalyst, again showing the high activity of our catalyst. The
apparent rate constant was calculated for 0.1 mM RhB from a
linear plot of In(At/A0) vs time, shown as the inset in Figure 9f.
The rate constant for degradation of RhB was found to be 3.63
× 10−2 s−1. The high catalytic degradation activity of our
catalyst can be explained on the basis of size, structural, and
electronic effects, which we had already discussed in 4-NP
reduction.

4. CONCLUSIONS
We have developed a colloidal high temperature based
reduction reaction to synthesize multiple twinned AgNi alloy
nanoparticles. At the bulk state, thermodynamically immiscible
Ag and Ni metals formed alloy nanoparticles of various
compositions due to the nanosize effect. The as-synthesized
alloy NPs were ∼19 nm in diameter and fcc in crystal structure.

Figure 7. Schematic illustration demonstrating the catalytic reaction
mechanism of the reduction of 4-NP to 4-AP by aqueous solution of
NaBH4 over AgNi alloy NP catalyst.

Figure 8. (a) Absorption spectra of 0.2 mM 4-nitroaniline in the
presence of NaBH4 (0.3 mL of 0.2 M) and 0.2 mg Ag0.6Ni0.4
nanocatalyst. (b) Plot of ln(At/A0) vs time representing first order
kinetics for the reduction reaction of 4-nitroaniline.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503913y | ACS Appl. Mater. Interfaces 2014, 6, 16071−1608116078



Apart from HRTEM and EDAX analyses, powder XRD
patterns showed clearly the formation of an alloy and the
incorporation of the smaller Ni atom in the bigger fcc-Ag crystal

lattice. A systematic trend of the variation of lattice parameter
or d-spacing of Ag1−xNix NPs was observed according to
Vegard’s law with the change of “x”. 5-Fold twinning is
observed in most of the alloy NPs, confirming the presence of
twinned defect sites and a highly active surface, which are
mandatory for a good catalyst.
As a first case with these AgNi alloy NPs, we have carried out

four catalytic reactions. All four reactions were accelerated by
the present catalyst in such a way that, in all cases, we have
observed accountably a very high apparent rate constant and
activity parameter. These overwhelming catalytic activities of
the present catalyst are due to its size, presence of twinned
defect (responsible for enhanced adsorption of substrate
molecules), and redox potential difference between Ag and
Ni. Elaborating the last point, the electronegativity difference
between the Ag and Ni metals would cause electron transfer
from Ni to Ag, which finally results in the enhanced electron

Figure 9. UV−vis absorption spectra of degradation of (a) 0.02 mM methyl orange by NaBH4 in the presence of 0.2 mg of Ag0.6Ni0.4 NPs. (b) Plot
of At/A0 vs reaction time for a mixture of methyl orange and NaBH4 without the addition of catalyst. Plots of At/A0 vs reaction time for first-order
kinetics (c) with varying concentration of methyl orange (0.02−0.1 mM) and constant amount (0.2 mg) of catalyst, (d) with varying amount of
catalyst (0.2−0.5 mg), and constant amount (0.1 mM) of methyl orange dye. (e) UV−vis spectra of degradation of 0.02 mM RhB in the presence of
0.2 mg catalyst. (f) Plot of At/A0 againest time for first-order kinetics. Inset: linear plot of ln(At/A0) vs time evaluating the rate constant of the RhB
degradation reaction.

Table 4. Summary of Reaction Time (s), Apparent Rate
Constant (kapp) and Activity Parameter (K) for Degradation
of MO with Varying Concentration and Catalytic Loading

concentration
of MO (mM)

amount of
catalyst
(mg)

reaction
time (s)

apparent rate
constant

(kapp, 10
−3 s−1)

activity
parameter
(K, s−1 g−1)

0.02 0.2 15 115 576.6
0.04 0.2 20 108 543.0
0.06 0.2 25 96 480.3
0.08 0.2 30 75 377.6
0.1 0.2 45 43 218.1
0.1 0.3 25 105 350.4
0.1 0.4 15 152 382.1
0.1 0.5 10 227 454.6
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transfer from reducing BH4
− to a nitro-aromatic compound or

organic dyes.
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