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Gold-silver alloy nanoparticles were synthesized via chemical reduction of varying mole fractions of
chloroauric acid (HAuCly) and silver nitrate (AgNOs3 ) by environmentally benign isonicotinic acid hydrazide
(INH) in the presence of starch as a capping agent in aqueous medium. The absorption spectra of Au-Ag
nanoparticles show blue shift with increasing silver content indicating the formation of alloy nanoparti-
cles. When the Ag content in the alloy decreases the size of the nanoparticles increases and as a result of
which the oxidation potential also increases. The emission maximum undergoes a red shift from 443 to

Is(l?// Zords" 614 nm. The nanoparticles are monodisperse and spherical with an average particle size of 3-18 nm. The
Gold catalytic behavior of alloy nanoparticles indicate that the rate constant for the reduction of 4-nitro phenol
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to 4-amino phenol increases exponentially from metallic Ag to metallic Au as Au content increases in the
Au-Ag alloy nanoparticles.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Metal nanoparticles show characteristic size-dependent prop-
erties different from those of bulk metals with significant size
effects occurring in 1-10 nm diameter range (Link, Burda, Wang, &
El-Sayed, 1999a; Link, Wang, & El-Sayed, 1999b). Au-Ag NPs with
certain bimetallic compositions have been synthesized in single-
phase (water) (Mallin & Murphy, 2002) as well as in bi-phasic
(toluene-water) (Hostetler et al,, 1998) medium. Au-Ag alloy
nanoparticles have been synthesized by NaBH4 reduction of sup-
ported metal salts (Kim, Kim, Kim, & Yoo, 2013), citrate reduction
(Link et al., 1999b), hydrazine reduction (Chen & Chen, 2002), laser
ablation (Liz-Marzan & Philipse, 1995), sputter deposition (Okazaki
et al., 2008), laser irradiation (Chen & Yeh, 2001), sonochemical
method (Anandan, Grieser, & Ashokkumar, 2008) and also by
biosynthesis (Senapati, Ahmad, Khan, Sastry, & Kumar, 2005). Kim
et al. have reported the synthesis of Au-Ag alloy nanoparticles by
laser ablation of bulk alloys (Lee, Han, & Kim, 2001). Teo, Keating,
and Kao (1987) have synthesized 38 atom gold-silver clusters
(Auqg Agyo) to investigate the minimum number of atoms in a
cluster required to exhibit metallic behavior.
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The alloy NPs with smaller sizes are often required in the field
of catalysis due to their higher activity (Zhang, Zhang, Wei, Du, & Li,
2009). For example, sub-5nm Au-Ag alloy NPs strongly enhanced
oxidation of carbon monoxide, which could be prepared by half-
seeding or a templating approach (Wang, Liu, Lin, Lin, & Mou, 2005).
However, the complex experimental procedures of such methods
restricted their practical applications. Therefore, it is necessary to
develop a facile method for the preparation of high quality Au-Ag
alloy NPs with smaller size in the solution phase.

4-Pyridine carboxylic acid hydrazide (INH) possesses signifi-
cant physiological activities among the three isomeric 2, 3 and
4-pyridine carboxylic acid hydrazides. INH via passive diffu-
sion rapidly permeates the bacterial cell membrane wherein
the hydrazide group in the molecule serves only as a carrier
group (Kruger-Thiemer) (Kruger-Thiemer, 1955). INH has been the
accepted drug for use as TB prophylaxis in immunocompetent as
well as in HIV positive cases (Carosi & Matteelli, 1996). The transi-
tion metal complexes of INH exhibit interesting biological activities.
The catalytic conversion of epoxides into ninhydrins is possible
with this compound (Sharghi, Eskandari, & Ghavami, 2004) and it
has been found to act as a molecular logic gate in aqueous medium
(Magria & Prasanna de Silva, 2010).

The objective of this study is to develop a simple one-step and
“green” approach to synthesize Au, Ag and Au-Ag alloy nanopar-
ticles by chemical reduction using isonicotinic acid hydrazide
(Isoniazid) and starch as the capping agent. Isoniazid is being used
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Scheme 1. Schematic illustration of Ag, Au, Au-Ag alloy nanoparticles.

as a first line anti-tuberculosis drug (Winder, 1956). The byprod-
uct isonicotinic acid produced in this reaction is also non-toxic
and eco-friendly. The homogeneous Au-Ag alloy nanoparticles pre-
pared in this study can be used as a catalyst for the reduction of
4-nitrophenol and picric acid in presence of NaBH4 for the synthesis
of amino phenols. The amino phenol is an important intermediate
in the manufacture of many analgesic and antipyretic drugs besides
its application as photographic developer, corrosion inhibitor and
hair dyeing agent (Corbett, 1999).

2. Experimental
2.1. Materials

Chloroauric acid (HAuCl4-xH,O, LR, LOBA Chemie, India), silver
nitrate (AgNOs, AR, BDH, India), 4-nitrophenol (CgHsNO3, AR, SRL,
India), sodium borohydride (NaBHg4, LR, Merck, India), picric acid
(CgH3N307, AR, BDH, India) isoniazid (CgH7N30, AR, Fluka, India)
and starch [(CgH1¢Os5 ), soluble GR, Merck, India] were used as such
without further purification. Milli-Q water was used throughout
the experiment.

2.2. Methods

2.2.1. Synthesis of silver nanoparticles, gold nanoparticles and
Au-Ag alloy nanoparticles

20mL aqueous solution containing starch (1%) and AgNOs3
(0.1 mM) was taken in a round bottom flask and 0.025 mM (2.5 mL)
of freshly prepared aqueous isoniazid solution was added to it.

The mixture was heated to 60 °C with continuous stirring till the
solution turns yellow indicating the formation of AgNPs. Similarly
a solution containing HAuCl4-xH,0 (0.1 mM) and starch (1%) was
taken in a round bottom flask. The mixture was stirred continu-
ously at room temperature, followed by the dropwise addition of
isoniazid (0.025 mM). The solution turns purple indicating the for-
mation of AuNPs. Au-Ag alloy nanoparticles were synthesized by
the reduction of HAuCl4-xH,0 and AgNO5; with isoniazid in the
presence of starch with varying initial Au-Ag molar ratios (1:0,
0.75:0.25, 0.50:0.50, 0.25:0.75 and 0:1). The resultant 0.50:0.50
Au-Ag solution consists of 10mL of 1% starch, 2.5mL (0.1 mM)
HAuCly-xH,0 and 2.5mL (0.1 mM) AgNOs. 5.0 mL of an aqueous
solution of (0.025 mM) isoniazid was added all at once with vig-
orous stirring. The solution was allowed to stir for an additional
60s. The color of the resulting nanoparticle solution depends on
the initial composition of Au-Ag alloy nanoparticles. The result-
ing nanoparticles were analyzed by UV-visible spectrophotometry
(Scheme 1).

2.2.2. Catalytic reduction of 4-nitrophenol

0.25mL of 10mM aqueous solution of 4-nitrophenol and
0.25mL of 1M freshly prepared aqueous solution of NaBH4
were mixed with 2.5 mL of Milli-Q water at room temperature.
100 L of 0.1 mM Au, Ag, Au-Ag alloy nanoparticles were mixed
with the above solution and UV-visible absorption spectra were
recorded with time to monitor the change in the reaction mix-
ture. The above procedure is also followed for the reduction of
picric acid with or without the presence of the nanoparticles
(Scheme 2).



736

NH,
NaBH,

OH

OH

Scheme 2. Catalytic reduction of 4-nitrophenol.

2.2.3. Fabrication of silver, gold, and their alloy nanoparticles
modified GCE

The CV (cyclic voltammetry) studies were carried out on a CH
Instruments Model CHI-1130A electrochemical workstation (USA).
The three electrode cell assembly consists of the bare GCE as well
as modified by metal/alloy nanocoating as working electrode, plat-
inum wire as counter electrode and Ag/AgCl as reference electrode.
The experiments were conducted in PBS (pH: 7.4) medium and 3 M
KCl as supporting electrolyte. The solution was purged by N, gas to
remove the dissolved oxygen. The potential was scanned between
1V and —1V at a scan rate of 50 mV s~!. The nanoparticles coated
GCE electrode was fabricated individually by casting 10 p.L of each
nanoparticle solution. Then the solvent was allowed to dry at room
temperature and rinsed with water in order to remove any loosely
bound nanoparticles.

2.2.4. Characterization

The aqueous solution of monometallic and bimetallic nanopar-
ticles were examined using Ultraviolet-visible spectrophotometer
(Perkin-Elmer, A 35, USA) in the range of 200-800 nm. Transmis-
sion electron microscopic (TEM) studies were carried out using
TECNAI, G2-MODEL, T-30 S-TWIN with an acceleration voltage of
250KkV. The aqueous solution of nanoparticles was drop cast onto
a carbon-coated copper grid sample holder followed by evapora-
tion at room temperature. The size distribution of the nanoparticles
was estimated based on images ] software (version 1.47). The X-ray
photoelectron spectroscopy (XPS) measurements were made on a
Physical Electronics-Quantum 2000 EAC (SPHERA 547) scanning
microprobe. This system uses a focused monochromatic Al Ko X-ray
(1486.7 eV) source for excitation, a spherical section analyzer and
a seven channel detection system. The fluorescence measurement
was carried out at room temperature using a Varian-Cary Eclipse
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fluorescence spectrophotometer. The fluorescence measurements
were carried out in the range 350-700 nm.

3. Results and discussion

The green synthesis of AgNPs was achieved by chemical reduc-
tion of silver ions using INH as a reducing agent and starch
as a capping agent. In this study, starch is used as a template
for nanoparticle growth while INH serves as an environmentally
benign reducing agent for the reduction of silver ions. The silver
nanoparticle solution shows an absorption maximum at 411 nm.
While mild heating is sufficient for the INH reduction of silver ions,
the reduction of Au3* ions of HAuCl, occurs at room temperature.

The surface plasmon absorption maximum of the purple color
AuNPs, which is obtained from 0.1 mM solution of Au3* ions, is
576 nm. The reduction of Au3* ions occurs fairly rapidly and more
than 90% of Ag* and Au3* ions are reduced within 15 min and 2 min
respectively, after the addition of INH to the metal ion solution. The
comparatively slower reduction rate of silver ions relative to that of
goldionsis mostlikely due to differences in the reduction potentials
of the two metal ions, the redox potential being considerably lower
for Ag* to Ag® (Raveendran, Fu, & Wallen, 2003). INH is considered
to be “greener” in terms of biocompatibility and starch is one of
the polysaccharides, which belongs to the most abundant natural
and renewable biopolymers. The hydroxyl groups of starch help to
protect the surface of these particles in the absence of which they
will aggregate as a result of high surface energies. Starch serves as
a stabilizing template for the alloy nanoparticles (Hussain, Kumar,
Hashmi, & Khan, 2011).

The synthesis of Ag, Au and Au-Ag alloy nanoparticles is very
simple. The mixtures of Ag and Au metal ion solution containing
starch undergo change in color upon addition of INH depending on
the molar composition of Ag and Au. The AgNOs solution changes
from colorless to yellow upon reduction. However, as the Au con-
tent increases, the intensity of the purple color increases (Vide:
Supporting Fig. S1). This is the first report where NPs of Ag, Au
and Au-Ag from Ag* and Au3* ions are prepared using INH as a
reducing agent. The Au-Ag alloy nanoparticles, as well as Ag and
Au nanoparticles, can be characterized by UV-visible absorption
spectroscopy. Silver and gold nanoparticles are known to exhibit
surface plasmon resonance bands in the visible region at ~440 nm
(Naik, Stringer, Agarwal, Jones, & Stone, 2002) and ~530 nm (Aryal
et al., 2006), respectively. The UV-visible spectra of the Ag and Au
NPs prepared from the salts of the metals exhibit distinct peaks at
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Fig. 1. (a) UV-visible absorption spectra of Au-Ag alloy nanoparticles, a: Ag, b: Aug2s:Ago.75, C: AUg50:Ag0.50, d: AUg75:Ag025, €: Au. (b) A linear plot of surface plasmon bands

against the mole fractions of Au atoms in alloy nanoparticles.
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Composition, size, cyclic voltammetry, UV-visible, and photoluminescence spectral data of Ag, Au and Au-Ag alloy NPs.

Molar ratio of NPs

Size (nm)

Epa (V)

Epe (V)

Amax (M)

Aex (Nm)

Aem (NM)

Ag
Aug25:Ag0.75
Aug50:AZ0.50

Aug75:AL025
Au

3.8 +0.80
4.1+ 1.50
4.6 + 1.00
7.0 £ 0.50
144 + 2.7

0.30
0.34
0.37
0.47
0.51

-0.67
-0.37
+0.15
+0.18
+0.36

411
443
481
513
576

407
440
475
500
575

443
463
513
563
614

411 nmand 576 nm [Fig. 1a: spectral traces (a) and (e)] respectively
in the present investigation.

The UV-visible spectra of the Aug5:Ag0.75, Augs50:Ag0.50 and
Aug 75:Ag025 samples are reproduced in Fig. 1a: spectral traces (b),
(c) and (d), which exhibit single absorption maximum at 443, 481,
and 513 nm respectively, thus confirming the formation of alloy
nanoparticles with only homogeneous composition. The spectra
of the alloy nanoparticles did not undergo any change for several
months. The surface plasmon absorption of the Au-Ag compos-
ite is linearly red-shifted (~170 nm) from that of a monometallic
Ag in proportion to the increase in the composition. Au-Ag alloy
nanoparticles are very stable in the aqueous phase. The mole frac-
tion of the Au-Ag content indicates that the nanoparticles are alloys
rather than core-shell nanoparticles or mixture of monometallic
nanoparticles. This is illustrated in Fig. 1b in which the UV-visible
absorption maximum is plotted against the mole fraction of Au
in the precursor samples. It is known that a physical mixture of
monometallic Ag and Au nanoparticles has two absorption peaks
corresponding to the monometallic Ag and Au respectively (Kim
et al, 2013) (Vide: Supporting information Fig. S2). The core-shell
nanoparticles would exhibit the same two absorption peaks (Tang,
Yuan, & Chai, 2006), where one increases in absorbance with the
increase in the concentration of that component with concomitant
decrease in the absorbance of other component. The stability of as
synthesized Au and Ag nanoparticles was monitored by UV-visible
spectral studies. The SPR band of starch stabilized nanoparticles did
not undergo any change either in its position or its intensity even
after two months of storage at ambient temperature.

The cyclic voltammograms of GCE modified with Au-Ag
alloy nanocoating with the ratio Ag, Aug 75:Ag025, AUgs50:Ag0.50,
Aug5:Ag0.75 and Au in PBS medium (pH: 7.4) are reproduced in
Fig. 2 and Supporting information (Fig. S3). The AuNPs modified
GCE (Au) (Fig. 2a) recorded in the range 0.2-1.0 V shows the broad
anodic peak and prominent cathodic peak at0.51 and 0.36 V respec-
tively. In the case of Augsp:Agos0 alloy nanoparticle, the anodic
peak at 0.37V and cathodic peak at 0.15V were observed (Fig. 2b).
The redox behavior of the alloy NPs Aug 75:Agp.25 and Aug 25:Ag0.75
is reported in supporting information [Vide: Supporting informa-
tion: Fig. S3]. The oxidation and reduction peaks appear at 0.34V,
0.47V and —0.37V, 0.18 Vrespectively (Table 1). But the AgNPs (Ag)
modified GCE exhibits the oxidation at Ep, =+0.30V and reduction
at Ep,c=—0.67V as shown in Fig. 2c.

The oxidation potential (Ep,) gradually increases from 0.30 to
0.51V and the reduction potential (Epc) also gradually increases
from —0.67 to 0.36V, when the concentration of silver nanopar-
ticles is reduced from 100% to 0% in Au-Ag alloy nanoparticles
(Table 1). Moreover the redox potential gradually increases as the
size of the NPs is increased from 3.8 to 14.4nm. These values are
comparable to that of the earlier report by Tominaga et al., which
indicates the dependency of the redox potential with the size of
the Au-Ag alloy NPs as well as the fall in the redox potential
with increasing concentration of silver (Raimondi, Scherer, Kcotz,
& Wokaun, 2005). Pumera et al. have indicated the size dependent
electrochemical behavior of silver (Giovanni & Pumera, 2012) and
gold (Bonanni, Pumera, & Miyahara, 2011) nanoparticles. Compton
et al. have demonstrated that stripping potential of Ag NPs depends
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Fig. 2. Voltammograms of Ag, Aug s0:Ago50 and Au nanoparticles modified GCE in a
PBS medium.

on the size of the nanoparticles (Jones, Campbell, Baron, & Xiao,
2008).

The redox potential of alloy nanoparticles essentially depends
on two factors: size and composition. These two factors may oppose
each other in some cases while they have cumulative effect in some
other systems. It has been found that if the size of the alloy nanopar-
ticles decreases, anodic potential increases and when the silver
content decreases, the oxidation potential also increases (Tominaga
etal.,2006). However, in the present investigation it has been found
that when the size of the nanoparticle increases, the oxidation
potential also increases while the reduction in silver content results
in increase in anodic potential. The latter behavior compares well
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Fig. 3. Emission spectra of Ag, Augs0:Agos0 and Au nanoparticles.

with that of the literature report, while the former exhibits a rever-
sal in this trend. This observation confirms that the Au-Ag alloy
nanoparticles are composed of by homogenous mixture of AgNPs
and AuNPs and not by Ag and Au metal domains.

The characteristic photoluminescent behavior of Ag, Au and
Au-Ag alloy nanoparticles was observed by measuring fluorescence
emission spectra (Fig. 3). The emission maximum of Ag and AuNPs
was observed at 443 nm and 614 nm respectively when they were
excited at 407 nm and 575 nm respectively. As the molar ratio of
Ag decreases, the fluorescence emission maximum undergoes a
red shift from 443 to 614 nm along with an increase in excitation

wavelength due to synergism (Vide: Supporting information Fig.
S4). It has also been observed that when the solutions of metal and
alloy NPs were excited at different wavelengths, the emission max-
imum did not undergo any change. For example, when the solution
of Ag was excited at 390, 400 and 407 nm, the Aem was found to
be 443 nm while the excitation of Aug75:Agp25 at 400, 420 and
440 nm resulted in Aem at 463 nm indicating that the alloy NPs is
monodisperse. This observation closely resembles that of the silver
nanoclusters reported earlier (Ganguly, Pal, Negishi, & Pal, 2013;
Shang & Dong, 2008). Millstone et al. have reported the photolumi-
nescence behavior of Au/Cu NP alloys in which the fluorescence of
the alloy NPs undergoes bathochromic shift when the concentra-
tion of copper increases (Andolina et al., 2013). This is in contrast
to the observation made in the case of Au-Ag alloy nanoparticles in
which the decreasing concentration of Ag results in increasing red
shift. The fluorescence intensity of pure Ag metal is considerably
reduced due to the quenching by Au with increase in its concentra-
tion, which is similar to the observation made in the earlier report
(Ganguly et al., 2013). The fluorescence intensity also decreases
with decrease in the Ag concentration in the alloy NPs. The fluores-
cence maximum depends on the applied potential and it has been
demonstrated by Tafel plot (Kaneko, Uosaki, & Kita, 1986; Naget al.,
2012).

When the Ep, of the system increases, the emission wavelength
also undergoes a red shift. When the concentration of Ag in the
bimetallic alloy is reduced from 100% to 0% the Ep, increases from
+0.30Vto+0.51 V with a corresponding increase in the fluorescence
emission maximum from 443 nm to 614 nm. The electrochemical
studies have clearly established the relationship between the com-
position and oxidation potential of the NPs. Similar correlation can
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Fig. 4. XPS analysis of Au-Ag alloy nanoparticles (Aug2s:Ago.75)-
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Fig. 5. (a) TEM micrographs of AgNPs (20 nm). (b) Particle size distribution of AgNPs. (¢) SAED pattern of AgNPs. (d) EDAX spectrum of AgNPs.

be made between the composition, oxidation potential and emis-
sion wavelength [Table 1]. The photoluminescence efficiency of
colloidal nanocrystals has also been reported to vary with the zeta
potential especially, in the case of Cd/Se colloidal nanocrystals (Nag
etal, 2012).

The crystal structure of Au, Ag and their alloy nanoparticles has
been further characterized by XRD analysis. The XRD pattern for the
synthesized Ag, Au and their alloy nanoparticles are reproduced in
supporting information (vide: Supporting Fig. S5). The XRD pattern
of Au and Ag synthesized in the present investigation matches with
those of earlier reports(JCPDS file nos: 870597and 740526 respec-
tively). The four peaks appearing at 260 =37.97°, 44.11°, 64.35° and
77.27° correspond to the (111),(200), (220) and (311) planes,
respectively, of the face centered cubic Ag (or Au) particles. Since
gold and silver have the same fcc structure and almost the same
lattice constant it is difficult to distinguish gold-silver alloy from
a mixture of the monometallic phases from XRD pattern (Chen &
Chen, 2002; Shankar, Rai, Ahmad, & Sastry, 2004).

The surface alloy composition of Au-Ag alloy NPs was confirmed
by X-ray photoelectron spectral analysis. The XPS traces of Au-Ag
alloy NPs are shown in Fig. 4. The XPS data for the alloy Aug »5:Ag0.75
as well as metallic Ag, Au and their peak positions are tabulated
(Table 2). Au-Ag alloy nanoparticles show both Au 4f (85.0 eV) and

Table 2
XPS peak positions (BE/eV) for Au-Ag NPs.
Nanoparticles Au (4f7)) Ag (3ds2)
Au 84.0 -
Ag - 368.0
Au (0.25):Ag (0.75) 85.0 368.4

BE, binding energy; eV, electron volts.

Ag 3d (368.4eV) peaks in Fig. 4, confirming the bimetallic nature of
alloy nanoparticles. The content of Au and Ag within the X-ray pen-
etration depth (3-5nm) on the surface is quantified by Au 4f and
Ag 3d peak areas divided by the respective atomic sensitive factor
(ASF) 6.250 and 5.987 which indicates an average composition of
23 atomic% Au and 77 atomic% Ag. In general, the binding energies
of alloy nanoparticles exhibit a shift, compared to those of metallic
Ag and Au forms, indicating that the two noble metals form alloy
nanoparticles rather than individual metal nanoparticles. The XPS
binding energies of alloy nanoparticles have been reported by sev-
eral groups (Kariuki et al., 2004; Srnova-Sloufova, Vickova, Bastl, &
Hasslett, 2004). The shift in the peak binding energy is indicative of
the formation of alloys. Both Au and Ag bands have been identified
(Table 2) which are in agreement with the literature data (Moulder,
Stickle, Sobol, & Bomben, 1995). The analysis of XPS spectra con-
firms the presence of starch (C1s) as a capping agent of the Au-Ag
alloy nanoparticles, which prevents their aggregation (Fig. 4). The
C1s spectrum shows peaks corresponding to C (CH,) at 284.7 eV,
C—0 at 286.0eV, O—C—0 at 287.3 eV and O=C—O0 at 288.7 eV.

The nature of the metal nanoparticles has been analyzed by TEM
and selected area electron diffraction pattern (SAED) studies. The
representative TEM images recorded from carbon coated copper
grid of the AgNPs prepared by the reduction of Ag* ions in starch
by INH are reproduced (Fig. 5a). The particles are polydisperse in
nature with an average size of 3.8 + 0.8 nm (Fig. 5b). The SAED for
AgNPs and the ring pattern are indexed to the 111, 200, 220
and 3 11 Bragg reflections from the fcc structure of silver (Fig. 5c).
The EDAX spectrum of AgNPs shows peaks around 3.4 keV, which
correspond to the binding energies of silver thus confirming the
formation of metallic AgNPs (Fig. 5d).

The TEM micrograph for AuNPs is shown in Fig. 6a. The nanopar-
ticles are spherical and monodisperse with diameter in the range
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Fig. 6. (a) TEM micrographs of AuNPs (50 nm). (b) Particle size histogram of AuNPs. (c) SAED pattern of AuNPs. (d) EDAX spectrum of AuNPs.

of 14.4+ 2.7 nm (Fig. 6b). The SAED for AuNPs and the ring pattern
are indexed tothe 111,200,220 and 31 1 Bragg reflections from
the fcc structure of gold (Fig. 6¢). The EDAX spectrum of AuNPs is
shown in Fig. 6d. The peaks around 1.8 and 10.8 keV correspond to
the binding energies of AuNPs, indicating that the resultant product
is metallic AuNPs.

The TEM indicates the size and shape of the alloy nanoparticles.
Fig. 7a shows the TEM micrograph recorded at equimolar ratio of
Au-Ag alloy NPs. The average size of the alloy NPs is 4.6 + 1.0 nm;
Au: 0.50 (Fig. 7b) and they are spherical in shape (Table 1). The
SAED pattern of Augs0:Ago.50 confirms that the alloy NPs formed
are crystalline in nature and they belong to fcc lattice (Fig. 7c). Both
Au and Ag adapt an fcc structure and have very close crystal lattice
parameters. Hence it would be very difficult to observe any shift in
the position of the rings from those of individual Au or Ag NPs. The
EDAX analysis suggests the Au-Ag mole ratio of the sample with an
elemental composition of Au (50%) and Ag (50%) (Fig. 7d). The size
of alloy nanoparticles is less than 10 nm, which is smaller than that
of Ag-Au alloy prepared in aqueous solution as reported earlier
(Kim et al., 2013). The TEM images of Au-Ag alloy nanoparticles
did not show either a dense core or a light shell, which is typical for
core-shell structure. The TEM micrographs recorded at different
molar ratios of Au-Ag alloy NPs and the average size of the alloy
NPs are 4.1 £1.5nm; Au: 0.25 and 7.0+ 0.5nm; Au: 0.75nm and
they are spherical in shape (Vide: Supporting Fig. S6) and (Table 1).

3.1. Catalytic activity of Au, Ag, and Au-Ag alloy nanoparticles

The catalytic efficiency of Au-Ag alloy nanoparticles for
the reduction of mono and trinitrophenol systems has been

investigated. In a typical bimetallic catalytic reduction in the
present investigation, upon the addition of NaBH,4 to the aqueous
4-nitrophenol (4NP), nitrophenolate ion is formed immediately
(Li et al., 2012) which shows red shift in the UV-visible absorp-
tion band from 317 to 400nm (Fig. 8a). In the absence of any
catalyst, the thermodynamically favorable reduction of 4-NP (E°
for 4-NP/4-AP=-0.76V and H3BO3/BH4;~ =-1.33V versus NHE)
was not observed and the peak due to 4-nitrophenolate ion at
400 nm remains unaltered even for a couple of days (Mrinmoyee
& Tarasankar, 2011; Chap. 2). However, immediately after adding
a small amount of catalyst Ag or Au into the reaction system, the
intensity of the absorption band at 400 nm successively decreases
with increasing reaction time and simultaneously a new band
appears at 300 nm indicating the formation of 4-AP (Fig. 8b).

The product conversion is fast (12min) in the presence Au
(100%) (Vide: Supporting information Fig. S7) catalyst when com-
pared to that of Au (0%) (40 min) (Vide: Supporting information
Fig. S8). However, the reaction is completed within 30 min in the
presence of bimetallic alloy nanoparticles Au (50%):Ag (50%). The
catalyst appears to have marginal influence on the reduction of
picric acid (PA) system and the reduction occurs within 5 min with
or without the addition of catalyst. The electron withdrawing effect
of the three nitro groups and resonance structure play an important
role in the process of strong reduction. The reduction of one of the
nitro groups to amino group activates the benzene ring by electron
donation. However, immediately after adding a small amount of
NaBHy4 to the reaction system, the disappearance of 355 nm peak
indicates the complete reduction of nitro compound (Fig. 8c).

The Kkinetic rate constants of the Au, Au-Ag alloys and Ag
nanoparticles are reproduced in supporting information (Vide:
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Fig. 7. (a) TEM images of Augs0:Ago.50 alloy NPs (20 nm). (b) Particle size histogram of Augso:Agos0 alloy NPs. (¢) SAED pattern of Augso:Ago.s0 alloy NPs (b) EDAX spectrum

of Augs0:Ago.50 alloy NPs

Supporting Fig. S9). The rate constant of Au nanoparticles is
2.884 x 10-3 s~1, which is significantly higher than those of Au-Ag
alloy nanoparticles (1.7606 x 103s-1, 1.3368 x 10~3s~1 and
1.0564 x 10~3 571 for Aug 75:A80.25, AUg 50:AL0.50 and Aug 25:A80.75
particles respectively) as well as that of AgNPs (0.6880 x 10-3s~1),
The rate constant for the reduction exponentially increases from
0.6880 x 103 s~ 1(Ag) to 2.884 x 10~3 s~1(Au) as the gold content
was increased in the Au-Ag alloy nanoparticles indicating that Au
could be much more efficient than Ag for the electron transfer from
BH4~ ion to 4-nitrophenol (Vide: supporting information Table:
$10). The reduction of 4-nitrophenol in the presence of NaBH,4 and

Au-Ag alloy nanoparticles was investigated and it was found that
the rate constant for the reduction exponentially increases from Ag
to Au as the Au content was increased in Au-Ag alloy nanoparticles
(Shin, Dohnalkova, & Lin, 2010). However, there is no definite cor-
relation between the composition of the alloy nanoparticles, size
and rate. The percentage of Au in Au-Ag alloy NPs and their cor-
responding alloy nanoparticle size can vary either linearly (Mallin
& Murphy, 2002), inversely (Kariuki et al., 2004) or at random (Pal,
Shah, & Devi, 2007) depending on the method of preparation. The
size of the Au-Ag alloy NPs in the present investigation increases
with the increase in the Au content in the alloy NPs.

2.0 :
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H ——5min .
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1.5+ 2 —15min ]
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Fig. 8. (a) UV-visible absorption spectra of 4-nitrophenol and 4-nitrophenolate ion. (b) UV-vis absorption spectrum of 4-nitrophenol in the presence of NaBH4 and catalyst
(Augs0:Ago50) at different time intervals. (¢) UV-visible absorption spectrum of picric acid (black) and after the addition of NaBH4 (red). (For interpretation of the references
to color in text, the reader is referred to the web version of the article.)
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4. Conclusions

The rapid and green synthesis of stable silver, gold and Au-Ag
alloy nanoparticles has been achieved using anti-TB drug INH as
a reducing agent. The formation of homogeneous alloy nanopar-
ticles was confirmed by UV-visible absorption spectroscopy, CV,
fluorescence, TEM and XPS measurements. The alloy nanoparti-
cles were synthesized within a short period using environmentally
benign chemicals. The TEM analysis shows that the mean particle
size increases from 3.8 £ 0.8 nm for (Ag) to 14.44+2.7 nm for (Au)
while the size of Au-Ag alloy NPs is found to be 4.1 £1.5,4.6 £ 1.0,
and 7.0 4+ 0.5 nm, respectively. The surface plasmon band displays
a red shift with the increase of Au% in the bimetallic nanoparticles,
which confirms the formation Au-Ag alloy nanoparticles. When
the Ag content in the alloy decreases, the size of the nanopar-
ticles increases and as a result of which not only the oxidation
potential increases but also the emission maximum undergoes a
bathochromic shift from 443 to 614 nm. The rate of conversion
of 4-NP to 4-AP is significantly enhanced by the bimetallic cata-
lyst when NaBH4 was employed as a reducing agent. However, the
role of catalyst in the reduction of picric acid was found to be only
marginal.
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