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A facile one step method for the synthesis of wormlike silver nanoparticles has been carried out in methyl
cellulose matrix. Synthesis is based on the reduction of AgNO3 by sodium borohydride (NaBH4 ) in aqueous
methyl cellulose (MC). Synthesized nanoparticles are mostly mono disperse in size and their aggregation
is controlled by varying the concentration of AgNOs. Silver nanoparticles are analyzed using transmission
electron microscope (TEM), UV-vis spectroscopy and X-ray diffraction (XRD) technique. It has been found
that the concentration of AgNO3 has a significant effect on the morphology of Ag nanostructures. Worm
like nanostructures showed excellent catalytic activity in the borohydride reduction of p-nitrophenol
compared to spherical shaped nanoparticles.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

During the last two decades, research on inorganic nanopar-
ticles has been developing rapidly due to their exceptional
physical and chemical properties that are quite different from
the bulk one (Ozin, 1992). Among the noble metal nanoparti-
cles silver is perhaps the most widely recognized for its unique
optical properties, as manifested by its central role in photog-
raphy (Kreibig & Vollmer, 1995). Study of silver nanoparticles
has led to significant advancement in the area such as photon-
ics (Gould et al., 2000; Lin & Wang, 1996; Wang & Toshima,
1997), micro-electronics (Deheer, 1993; Schimd, 1992), lithogra-
phy (Shipway et al., 2000; Xia, Rogers, Paul, & Whitesides, 1999),
drug delivery (Mann & Ozin, 1996), optics (Jensen, Malinsky,
Haynes, & Van Duyne, 2000; Ramakrishna & Ghosh, 2003), catalysis
(Bawendi, Steigerwald, & Brus, 1990; Kayanuma, 1988; Narayanan
& El-Sayed, 2004; Rashid, Bhattacharjee, Kotal, & Mandal, 2006),
etc.

In nanoscale regime, chemical and physical properties of inor-
ganic crystals are highly dependent on factors such as sizes
and shapes. Precise controls of such factors allow not only to
observe unique properties of nanocrystals but also to tune their
chemical and physical properties as desired. A large variety of syn-
thetic approaches have been explored for the preparation of silver
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nanoparticles with different morphologies, such as hydrother-
mal (Sun, Mayers, & Xia, 2003; Yu & Yam, 2004), microemulsion
(Andersson, Pederson, & Palmgrist, 2005), electrochemical deposi-
tion (Liu & Lin, 2004; Sandmann, Dietz, & Plieth, 2000), photochem-
ical (Keki, Torok, Deak, Daroczi, & Zsuga, 2000; Mallick, Witcomb,
& Scurrell, 2005), y-ray irradiation (Temgire & Joshi, 2004), etc.
Among these approaches ‘hard and soft’ templates are commonly
used in order to obtain silver nanoparticles with variable morpholo-
gies. For examples, silver nanowires can be prepared within ‘hard’
templates, such as porous alumina membranes, carbon nanotubes
and block copolymer (Gobindaraj, Satishkumar, Nath, & Rao, 2000;
Zhang, Qi, Ma, & Cheng, 2001; Zong et al., 2004). Alternatively a
range of ‘soft’ templates, such as PVP (Sun et al., 2003), CTAB (Yu
& Yam, 2004), bis(p-sulfonatophenyl) phenylphosphine dehydrate
dipotassium salt solution (Jin et al., 2001), SDS (Bhui et al., 2009;
Samanta et al., 2010), unsaturated isomeric dicarboxylates (Sarkar
et al., 2009), HPMC (Sarkar et al., 2011) and MC (Bhui et al., 2011;
Sahoo et al., 2010) have been used to prepare silver nanostructures
of various morphologies. On the other hand, seed mediated growth
process has been extensively used to synthesize silver nanowire
(Gou, Chipara, & Zaleski, 2007; Sun, Gates, Mayers, & Xia, 2002),
nanocube (Wiley, Sun, & Xia, 2005) and nanorods (Sun et al., 2003;
Sarkar et al., 2011). Though the reports on morphology-controlled
synthesis of silver nanoparticles are quite abundant, still there are
enough scope for the morphology-controlled synthesis of silver
nanoparticles in terms of its purity and monodispersity.

In this article, we report a simple one step method to synthe-
size silver nanostructures from aqueous solution of silver nitrate
(AgNOs3)and methyl cellulose (MC). Methyl cellulose is used instead
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Scheme 1. Chain structure of methyl cellulose.

of cellulose, because cellulose itself is insoluble in water and also in
most organic solvents. But MC is water soluble, easily prepared by
controlled methylation of cellulose, nontoxic and renewable cap-
ping agent. The structure of the MC (Scheme 1) shows that there are
linear chains with 3-(1—4) linkage with one free-OH and two free-
OCHj3 group per unit. The absence of strong reducing group insists
us to use sodium borohydride for the reduction of AgNO3. Due to
the 3-linkage, the methylated glucose unit in MC is flipped over.
This enhances the intra and inter chain hydrogen bonding and is
responsible for the MC chain to be rigid and packed with crystalline
arrangement of thick bundles, called micro fibrils. The as-prepared
Ag-nanoparticles are adsorbed on the surface of microfibrils. We
carried out the synthesis with two different concentration of AgNO3
at 0°C. The synthesize particles are small and almost spherical at
lower concentration and wormlike nanostructures at higher con-
centration of AgNOs.

In recent years, several research groups have investigated the
catalytic reduction of aromatic nitro compounds using a number
of noble metal nanoparticles (Esumi, Isono, & Yoshimura, 2004;
Hayakawa, Yoshimura, & Esumi, 2003; Jana et al., 2006; Liu, Qin,
Raveendran, & Ikushima, 2006; Pradhan, Pal, & Pal, 2002; Praharaj,
Nath, Ghosh, Kundu, & Pal, 2004). However, in most of the cases,
metal nanoparticles were supported either by dendrimer/polymers
or resin prior to catalysis reduction (Esumi et al., 2004; Hayakawa
et al., 2003; Jana et al., 2006; Praharaj et al., 2004) and most of the
nanoparticles are spherical. Thus, for the first time we report the
use of worm like Ag nanostructures as an efficient catalyst for the
reduction of p-nitrophenol to p-aminophenol by NaBHy,.

2. Materials and methods
2.1. Chemicals

Silver nitrate was purchased from Sigma-Aldrich Chemical
corp. and was used without further purification. Methyl cellulose
(MC) was purchased from Merck India Ltd. and recrystallized from
methanol/water mixture before use. Sodium borohydride was
purchased from S.D. Fine-Chem. Ltd. p-Nitrophenol was obtained
from Merck India Ltd. All solutions were prepared in triply distilled
de-ionized water.

2.2. Preparation of methyl cellulose (MC) solution

85mg methyl cellulose (average molecular weight:
3,20,000-3,50,000; degree of polymerization: 4000cps; vis-
cosity: 2% (w/v) in water at 20°C) was taken in a 100 ml round
bottom flask. It was heated to 80°C with triply distilled deionized
water for 1h. The turbid solution was kept in deep freeze for an
hour and clear MC solution was obtained.

2.3. Preparation of nanoparticles

10ml 1 mM AgNOs3 solution was added to the freshly prepared
10 ml MC (0.085%) solution and the mixture was stirred for 10 min
under ice cold condition. Then 5ml 0.1 (M) NaBH4 was added drop
wise with continuous stirring at 0°C to the above mixture. After
the complete addition of sodium borohydride the yellow colored
silver hydrosol was obtained and it was brought to normal tem-
perature. The above procedure was repeated using 10 ml 10 mM
AgNO3 and surprisingly the color obtained for silver hydrosol was
green. This difference in color indicates the formation of different
nanostructures of Ag nanoparticles.

2.4. Studies of catalytic activity

Catalytic activities of the as synthesized AgNPs were carried out
by measuring NaBH, reduction of p-nitrophenol (p-NP) in pres-
ence of Ag NPs. In order to study catalytic activity, 10 ml of p-NP
(0.4 nM) was mixed with a freshly prepared aqueous solution of
NaBH4 (0.10ml, 0.3 M) with constant stirring in a 25 ml conical
flask. Then, 0.3 ml each of the as prepared Ag nano hydrosol was
added to the mixture separately and the conical flask was shaken
vigorously for mixing.

The color of the solutions was changed gradually from yellow
to colorless as the reaction proceeded. The progress of the reaction
was monitored by recording the UV-vis spectra of the solution at
a time interval of 60s. The controlled experiment was also carried
out without AgNPs and we noticed no change in the absorption
spectra of p-NP.

2.5. Physical characterization

Transmission electron microscopic study for the characteriza-
tion of particles was carried out by placing a drop of silver sol onto a
carbon film supported on a copper grid, followed by solvent evapo-
ration under vacuum. Samples were studied using a JEOL-JEM-2100
transmission electron microscope (TEM). Absorption spectral mea-
surements were done using Shimatzu (model no. UV1601) UV-vis
spectrophotometer. X-ray diffraction studied was carried out using
X’Pert PRO PAnalytical-PW 3040/60 X-ray diffractometer with Cu
Ka radiation (A =0.154056 nm). Samples for XRD study were pre-
pared by deposition of colored hydrosol on silica glass slide and
then kept in vacuum. Finally the slide was heated and then cooled
to study the diffraction spectra.

3. Results and discussion
3.1. UV-vis spectra

Formation and the stability of silver nanoparticles in aqueous
colloidal solution are confirmed by UV-vis spectral analysis. The
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Fig. 1. UV-vis extinction spectra of the silver hydrosol synthesized from (a) 1 mM
AgNO3 and (b) 10 mM AgNOs; in MC solution (inset shows the corresponding color
of the as prepared silver nanosols).

UV-vis spectra of silver nanoparticles synthesized from different
concentration of silver nitrate are shown in Fig. 1. Characteris-
tic surface plasmon resonance (SPR) absorption band is observed
at 426 nm and 388 nm, respectively, for yellowish colored silver
nanoparticles synthesized from 1 mM silver nitrate. Overlapping
SPR band suggests the presence of two different size distributions
of AgNPs and it is further confirmed by our TEM measurements
(Fig. 2). On the other hand, the SPR band of silver hydrosol syn-
thesized using 10 mM AgNO3; maximizes at 388 nm with a long tail
showing absorption >800 nm. This long tail absorption along with
the 388 nm band indicates the anisotropic nature of AgNP and the
long tail absorption due to longitudinal SPR absorption (Gou et al.,
2007).

3.2. TEM study

Effect of concentration on the shape, size and dispersity of Ag-
nanoparticles is truly noticeable from the TEM images. Fig. 2a shows
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the TEM image of the as prepared silver nanoparticles synthesized
from 1mM AgNOs. It is obvious from the bar diagram (Fig. 2b)
that most of the silver nanoparticles are spherical with diameter
ranging from 6 to 10 nm (50%) and 16 to 22 nm (50%) and it again
supports the two maxima of SPR band. Polycrystalline nature of sil-
ver nanoparticles has been supported by the selected area electron
diffraction (SAED) image as shown in the inset of Fig. 2a. Worm
like nanostructures are formed when the concentration of AgNO3
is 10 mM (Fig. 3a). Fig. 3b shows the corresponding SAED image and
it supports the crystalline nature of the as prepared silver nanos-
tructures. We believe that the nanostructures are absorbed and
stabilized on the MC bundle which is formed by chemical derivati-
zation (Ruan, Zhang, Zhang, & Xia, 2004).

3.3. XRD study

Fig. 4a and b shows the XRD patterns of vacuum dried silver
nanoparticles obtained from 1 mM and 10 mM AgNOs, respectively.
Fig. 4a shows that a number of Bragg reflections with 26 values of
38.2°,44.0° and 64.5° sets of lattice planes are observed which can
be indexed to the (111), (200) and (22 0) facets of the band for
face centered cubic (fcc) structure of silver. Again from Fig. 4b, the
observed 26 values are 38.2°, 44.5°, 64.5° and 77.4° and these are
from(111),(200),(220)and (31 1) lattice planes of fcc crystalline
structure of AgNP. The peak intensity of the (11 1) plane (26 =38.2°)
isvery high and this is due to the preferential adsorption of Ag atom
on that plane during the growth process.

3.4. Catalytic activity studies of silver nanostructures

Catalytic activities of AgNPs for the conversion of p-nitrophenol
to p-aminophenol (p-AP) in presence of NaBH4 were studied by
monitoring the UV-vis absorption spectra of both the species.
Fig. 5a displays the evolution of the UV-vis spectra with time in the
presence of spherical Ag nanoparticles. Similar results have been
obtained when the worm like Ag nanostructures act as catalyst
(Fig. 5b). The isosbestic points in the UV-vis spectra (Fig. 5a and
b) demonstrate with high precision that p-NP is converted to p-AP
with no side reaction. We also noticed the evolution H, gas dur-
ing the reaction. These bubbles would severely impede the optical
measurements because their presence leads to a shift of the UV-vis
spectra and a slight loss of the isosbestic points.
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Fig. 2. (a) TEM micrograph of silver nanoparticles synthesized from 1 mM AgNOs (inset shows SAED pattern of the corresponding silver nanoparticles). (b) Particles size

distribution histogram of silver nanoparticles determined from TEM images.
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Fig. 3. (a) TEM micrograph of silver nanoparticles synthesized from 10 mM AgNOs; (b) SAED pattern of the corresponding nanoparticles.
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Fig. 4. XRD pattern of silver nanoparticles synthesized from (a) 1 mM AgNOs and (b) 10 mM AgNOs.

In the absence of AgNPs, the solution containing p-NP and addition of a small amount (0.3 ml) AgNPs to the above reaction
NaBH4 shows absorption band with maxima at ~400 nm and this mixture with stirring causes fading and ultimate bleaching of yel-
band correspond to the p-nitrophenolate ion under alkaline condi- low color of p-NP. A time-dependent UV-vis spectrum of these
tion. No change of the above 400 nm band in the absence of AgNPs reaction mixtures shows the disappearance of the peak at 400 nm

with time suggests the positive role AgNPs as catalyst. However, and is accompanied by a gradual development of a new peak at
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Fig. 5. UV-vis spectra of p-nitrophenol at different time interval during its reduction by NaBH, in presence of (a) spherical (b) worm like Ag nanoparticles as catalyst (initial
reaction mixture: [p-NP] =10 ml, 0.4 wM; [NaBH4]=0.10 ml, 0.3 M; [catalyst]=0.3 ml).
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Fig. 6. Plots of ‘InA; vs. time ‘t' (s) for the reduction of p-nitrophenol to p-
aminophenol by NaBH4 in presence of (a) spherical and (b) worm like Ag
nanoparticles as catalyst.

300 nm. This 300 nm band is due to the absorption of p-AP. It is also
observed that catalytic activity of worm like Ag nanostructures is
greater than the spherical shaped silver nanoparticles.

Present catalytic conversion of p-NP to p-AP follows the first
order kinetics. In our reaction system, with the different shapes
of silver nanocrystals, the reaction rate constant has been evalu-
ated by plotting the ‘InA;’ versus time ‘t’; where A; is absorbance
at any time, ‘t’. The approximate linear relations of InA; versus ‘t’
are observed for all the samples as shown in Fig. 6, support the
first-order kinetics. The values of the calculated rate constants are
1.87 x 10-3 s~ for spherical nanoparticles and 3.37 x 10~ s~ for
worm like nanostructures. From the values of rate constants, it is
clear that the rate is nearly 200 times faster for worm like nanos-
tructures than spherical nanoparticles. We believe that the higher
rate of reduction in worm like nanoparticles is due to the uneven
surface of these anisotropic nanoparticles. The mechanism of the
surface reaction was provided by Zhang, Li, and Chen (2009) by
investigating the catalytic activity of Ag nanoclusters supported on
TiO,. They suggested that surface hydrogen is first transferred to
the Ag nanoparticles by the decomposition of borohydride. This
species then reacts with p-NP to yield the product p-AP. The reduc-

tion reaction is summarized in the following equation:
NH,

Ag NP:
gNIs ~ 4

4 + 3 NaBH, + 3NaBO> + 2 H2O

o
The kinetics of the reaction is modeled in terms of a
Langmuir-Hinshelwood mechanism, where both reactants need to
be adsorbed on the surface prior to reaction (Vannice, 2005; Xu,
Kong, Yeh, & Chen, 2008). The mechanism is schematically dis-
played in Scheme 2. The rate-determining step is governed by the
reaction of the adsorbed species. The adsorption/desorption equi-
librium is assumed to be much faster and is modeled in terms of a
Langmuir isotherm.

Again, the rate of reduction is independent of NaBH4 concentra-
tion because this reagent used in excess compared to p-NP and the
reaction rate follows first order kinetics (Ghosh, Mandal, Kundu,
Nath, & Pal, 2004). So, the apparent rate constant Kjpp is propor-
tional to the total surface ‘S’ of the nanoparticles (Lu, Mei, Ballauff,

BHZ

BH4 P-NP

@ @ + ruso,

Scheme 2. Mechanistic model of Langmuir-Hinshelwood mechanism for the reduc-
tion of p-NP to p-AP by sodium borohydride in presence of Ag nanoparticles.

BHZ P-NP

& Drechsler, 2006; Lu, Mei, Walker, Ballauff, & Drechsler, 2006; Mei
et al., 2005).

dCt _
g =
where C; is the concentration p-NP at time t and Kj is the rate con-
stant normalized to S, the surface area of nanoparticles normalized
to the unit volume of the system. Due to uneven surface of worm
like AgNPs the total surface area for a given volume of nanosol is
higher in worm like particle compared to spherical particle. This
results the higher rate of catalytic activity of worm like AgNPs than
that of spherical particles.

KappCt = K1SCt (1)

4. Conclusions

We have reported a simple one step method for the synthe-
sis of worm like silver nanostructures and their catalytic activity.
The silver nanostructures prepared in this present method can be
stored at room temperature for nearly 6 months without any visible
change. Reproducibility of the present synthesis suggests that this
synthetic protocol can be used for the large scale production of sil-
ver nanostructure. We also investigated that the catalytic activity
of AgNPs is greatly enhanced by the shape and size of nanocrys-
tals. Due to the use of environmentally benign MC as template, it is
also more helpful for the purpose of biomedical and pharmaceutical
applications.
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