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a b s t r a c t

Monodisperse silver spheres were successfully synthesized by a solvothermal method with the assistance
of polyvinylpyrrolidone (PVP). The final products were characterized by X-ray diffraction (XRD), scanning
electron microscopy (SEM), laser particle size analyzer, transmission electron microscopy (TEM), Fourier
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transform infrared spectrophotometer (FTIR), and UV–vis absorption spectroscopy. The as-synthesized
silver spheres with cubic phase structure were nearly monodisperse and had an average diameter of
250 nm. The experimental results showed that their sizes and morphologies could be tailored by chang-
ing the reaction temperature, time, and PVP concentration under solvothermal conditions. The optical
properties of silver spheres were investigated as a function of PVP concentration. A possible mechanism

matio
anostructures
ptical properties

was presented for the for

. Introduction

During the last two decades, research on inorganic nanoparticles
as been developing rapidly due to their exceptional electro-
ptical, magnetic and other physical and chemical properties.
mong the noble metal nanoparticles, silver is perhaps the most
idely recognized for its application in electronics [1], catalysis

2,3], bio-labeling [4,5], surface-enhanced Raman scattering (SERS),
tc. [6–8]. Such properties and applications strongly depend on the
orphologies and dimensions of the silver nanostructures. There-

ore, the synthesis of silver nanoparticles with well-controlled
orphology and a narrow particle size distribution is essential for

ncovering their properties and achieving their practical applica-
ions.

So far, considerable attentions have been drawn to the prepa-
ation of silver nanoparticles with controlled shape and size
9–11]. To obtain these different-shaped nanomaterials, vari-
us techniques including physical and chemical approaches have
een developed such as electrochemical [12,13], vapor-phase
olymerization [14], laser ablation [15], UV-irradiated photore-
uction [16,17], ultrasonic wave-assisted [18,19], wet-chemistry

20,21], biochemistry [22], chemical reduction–protection method
23–25], bionic technology [26,27] and so forth. Although
anocrystalline silver powders are well utilized in nanotech-
ology, challenges associated with a large-scale fabrication

∗ Corresponding author. Tel.: +86 29 85303725; fax: +86 29 85307774.
E-mail address: yschen@snnu.edu.cn (Y. Chen).
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n of monodisperse silver spheres.
© 2011 Elsevier B.V. All rights reserved.

by a solution method are still formidable. Recently, PVP has
been widely used in the synthesis of nanoparticles because
both oxygen and nitrogen atoms of the pyrrolidone unit
can facilitate PVP absorbed onto the surface of metal nanos-
tructures, making it a good stabilizer for protecting the
products from agglomeration [28–30]. However, the fabri-
cation of silver nanospheres with well-controlled sizes in
high yield, by a simple and low-cost route, remains a big
challenge.

In this report, we propose a simple, low-cost and versatile
method, PVP-assisted solvothermal route, to synthesize a large
quantity of uniform silver spheres with controlled diameter. By
changing the concentration of PVP, the size and morphology of
the silver spheres could be readily controlled. A possible growth
mechanism of the silver spheres is presented.

2. Experimental

2.1. Synthesis of silver spheres

In the present work, all the reagents were analytical grade and used without
further purification. In a typical process, 42.5 mg PVP (K-30) was dissolved in 5 mL
silver nitrate (AgNO3, 0.05 M) solution under magnetic stirring at room temperature.
The solution was then transferred into a 50 mL Teflon-lined stainless steel autoclave

containing 20 mL polyethylene glycol (PEG-400), which was introduced as a reduc-
ing agent and solvent. The suspension was homogenized under vigorous stirring for
10 min. Subsequently, the autoclave was sealed, maintained at 120 ◦C for 6 h, and
cooled down to room temperature rapidly. The precipitate was collected, washed
with distilled water and ethanol several times, and dried in the vacuum drying oven
at room temperature for 4 h.

dx.doi.org/10.1016/j.jallcom.2011.02.054
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. XRD pattern of silver spheres synthesized at 120 ◦C for 6 h with 1.700 mg/mL
VP.

.2. Characterization

The crystalline phase and structure of the as-synthesized products were
dentified by a D/Max2550VB+/PC X-ray diffractometer (Rigaku, Japan) with

onochromated CuK� radiation (� = 1.5418 Å) at 40 kV and 40 mA. The morphology,
ize and structural characteristics of the samples were examined using a Quanta 200
canning electron microscope (FEI, The Netherlands) with an accelerating voltage
f 20 kV and a JEM-3010 transmission electron microscope (JEOL, Japan) with an
ccelerating voltage of 300 kV, respectively. The particles size and their distribu-
ion were measured by BI-90Plus laser particle size analyzer (BIC, USA). The UV–vis
bsorption spectra were recorded on a Lambda 950 UV–visible spectrophotometer
Perkin-Elmer, USA). The Fourier transform infrared (FTIR) spectra of the samples
ere measured by a Nicolet Avatar 360 spectrophotometer (Thermo Nicolet, USA).

. Results and discussion

The crystal structure of the samples synthesized at 120 ◦C for 6 h
ith 1.700 mg/mL PVP were confirmed by XRD. As shown in Fig. 1,

ll the diffraction peaks can be readily indexed to the cubic phase of
g (JCPDS card No. 04-0783), belonging to the Fm3 m space group.
he peaks at 38.1◦, 44.3◦, 64.4◦ and 77.8◦ are well corresponded
s (1 1 1), (2 0 0), (2 2 0) and (3 1 1) planes of face-centered-cubic
fcc) silver with a lattice constant of a = 4.080 Å, which is consistent

ith the previously reported data (a = 4.086 Å). From the strong and

harp diffraction peaks in the XRD pattern, it can be concluded that
he as-obtained samples are well crystalline.

Fig. 2 displays the selected area electron diffraction (SAED)
attern and high-resolution transmission electron microscopy

Fig. 2. SAED pattern (a) and HRTEM image (b) of silver spher
mpounds 509 (2011) 5381–5387

(HRTEM) image of the samples synthesized at 120 ◦C for 6 h with
1.700 mg/mL PVP. In Fig. 2a, the SAED pattern was obtained by
directing the electron beam perpendicular to the surface of silver
sphere. The SAED pattern presenting hexagonal symmetry diffrac-
tion spots confirms that the sphere is well crystalline, which means
that the as-synthesized silver spheres are perfect single crystals.
The HRTEM image, shown in Fig. 2b, provides further insights
into the crystal structure of the as-prepared silver spheres. Some
fringes of crystallographic planes are observed but they are not well
defined.

To study the mechanism for formation of silver spheres pre-
pared by a simple solvothermal process, the samples synthesized
at 120 ◦C for 1.700 mg/mL PVP with different reaction times (0.5,
3, 6, 9, and 24 h) are systematic investigated. The SEM, TEM, and
HRTEM images of the samples are shown in Fig. 3 as a function of
reaction time. Some of these images clearly show the agglomera-
tion of spherical silver particles. As shown in Fig. 3a and Fig. 3b,
silver nanocrystals with the size of 10–20 nm are formed in the
solution system after 30 min of initial reaction, and some parti-
cles possess spherical shape. When the reaction time is increased
to 3 h, the aggregated particles with irregular shape are formed
(Fig. 3c). By prolonging the reaction time to 6 h, a large quantity
of silver spheres with diameters in the range of 200–300 nm are
formed (Fig. 3d); it also shows nearly perfect spherical silver par-
ticles without any aggregation. As the reaction time is extended
to 9 h, the diameter of silver spheres is increased to about 800 nm;
apparently, some irregular particles are also present (Fig. 3e). When
the reaction time is further increased to 24 h, the average size of
the silver spheres has a slight change compared to that of the sam-
ples prepared for 9 h; however, a number of irregular particles are
formed along with silver spheres (Fig. 3f). The sizes of silver spheres
are becoming larger with an increase in reaction time, and small sil-
ver spheres are slowly dissolved into the solution and recrystallized
on the larger ones. This process can probably be attributed to the
involvement of Ostwald ripening in the crystal growth [31].

The synthesis temperature also plays an important role in struc-
ture change of silver spheres at various stages of the growth
process. By simply changing the reaction temperature, the size and
shape can be significantly tuned. The products are dominated by
silver spheres at a temperature from 90 ◦C to 150 ◦C. In contrast,
when temperatures ≥150 ◦C it was not beneficial for the formation
of silver spheres. The SEM images of silver particles prepared at

different temperatures for 6 h with 1.700 mg/mL PVP are shown in
Fig. 4. As can be seen in Fig. 4a, the resultant products synthesized
at 90 ◦C are densely agglutinated and have a small size distribu-
tion in the range of 50–100 nm. Compared to that of the sample
prepared at 90 ◦C, the sample having very few irregular particles is

es synthesized at 120 ◦C for 6 h with 1.700 mg/mL PVP.
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Fig. 3. TEM and SEM images of silver spheres synthesized at 120 ◦C with 1.700 m

ainly composed of spheres when the reaction temperature is set
o 120 ◦C. This indicates that the as-prepared nanoparticles have
pherical shape with an average diameter of 250 nm, as shown in
ig. 4b. At 150 ◦C, the products are dominantly composed of irreg-
lar silver particles instead of regular silver spheres. When the
eaction temperature is further increased to 180 ◦C, the products
re mainly composed of quasi-spherical (including some sharp or
runcated corners) silver nanoparticles. These nanoparticles have
wider size distribution from 100 nm to 1000 nm, as illustrated in

ig. 4d.

Although PVP has been widely used as a reducing agent, it prob-
bly acts as a capping agent in PEG solution. In the absence of PVP,
e could also obtain silver nanoparticles. However, without the

apping agent, the size and shape will be not uniform. This also
PVP for different reaction times: (a and b) 0.5 h; (c) 3 h; (d) 6 h; (e) 9 h; (f) 24 h.

confirms that the PEG-400 played roles as reducing reagent. In
order to optimize the fabrication of well-controlled silver spheres, a
more detailed investigation of silver particles prepared with differ-
ent PVP concentrations was carried out by SEM (Fig. 5). When PVP
with the concentration of 1.700 mg/mL is introduced into the reac-
tion system, a large quantity and good uniformity of silver spheres
are achieved, as shown in Fig. 5e. The product consisting of well-
defined silver spheres with an average diameter of 250 nm and a
narrow particle size distribution of 230 nm to 280 nm are obtained

(Fig. 5f). In contrast, when the PVP concentration is decreased to
0.085 mg/mL, it can be clearly seen that the resultant products are
aggregated nanoparticles. Smaller spheres with an average diame-
ter of 150 nm and a narrow particle size distribution of 120–180 nm
are obtained (Fig. 5a and b). With 1.132 mg/mL PVP, the as-prepared
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Fig. 4. SEM images of silver spheres synthesized at different temperatu

roducts are composed of spheres and some irregular nanoparti-
les with a wider particle size distribution ranging from 100 nm to
00 nm, as presented in Fig. 5c and d. When the PVP concentra-
ion is increased to 3.400 mg/mL, the diameter of silver spheres is
ncreased to 500–600 nm. Interestingly, some spheres are closely
inked and fused into each other (Fig. 5g and h). It can be seen that
he average particle diameter is increased and the lognormal size
istribution is narrowed as the PVP concentration increases. One
eason is that with PVP concentration increasing, the polymer chain
f PVP molecule in an entangled network may take place, so that
he wrapped silver particles coalescence to form a relatively larger
verage size. Another reason is that, at relatively high tempera-
ures, capping agent may be desorption from the nucleus due to
he heating [32], which lead to Ostwald ripening phenomenon. So
ven if with a very high PVP concentration, large particles can also
e generated by temperature. The corresponding XRD patterns of
he samples prepared at 120 ◦C for 6 h are shown in Fig. 6 as a func-
ion of the PVP concentration. All the diffraction peaks indicate that
he as-prepared samples are phase-pure silver with a hexagonal
tructure. It is apparent that the diffraction peaks become narrower
nd sharper with an increase in PVP concentration, indicating the
rowth of the silver nanocrystallites.

In order to study the effects of particle morphology on the
ptical properties, the samples synthesized at 120 ◦C for 6 h with
ifferent PVP concentrations were further investigated by UV–vis
pectroscopy. As shown in Fig. 7a, the silver spheres prepared with

.085 mg/mL PVP exhibit an extinction peak at 410 nm with a nar-
ow full width. The extinction peak of silver spheres prepared with
.132 mg/mL PVP is around 430 nm (Fig. 7b), which has a 20 nm
ed-shift. It is much wider in comparison to that of the samples
repared with 0.085 mg/mL PVP. When the PVP concentration is
ith 1.700 mg/mL PVP for 6 h: (a) 90 ◦C; (b) 120 ◦C; (c) 150 ◦C; (d) 180 ◦C.

increased to 1.700 mg/mL, the extinction peak is slightly blue-shift
to 425 nm (Fig. 7c) with a narrow full width at half-maximum,
which is in accordance with the SEM result (Fig. 5e and f). When the
PVP concentration is 3.400 mg/mL, the extinction peak is red-shift
to 445 nm (Fig. 7d), and the extinction band is much broader due
to the larger size and wider particle size distribution of the silver
spheres. These results are consistent with the SEM results (Fig. 5g
and h).

To further investigate the interaction between PVP molecules
and silver spheres, TEM and FTIR were conducted. Fig. 8 displays a
TEM image of silver sphere with an average diameter of 250 nm. It
is shown that the small black silver nanoparticle is located on the
centre of sphere, which has a layer of an imaginary polymer on its
surface. This image clearly shows that the PVP is simultaneously
adsorbed on the surface of silver spheres during the evolution of
small silver nanoparticles. FTIR spectra are another evidence for
the coverage of the PVP on the silver spheres. Fig. 9 shows the
main features of pure PVP and the prepared silver spheres with
1.700 mg/mL PVP. It can be seen that both samples have the very
similar spectra. Compared with that of the pure PVP, the appear-
ance of stretching vibrations at 1126 cm−1 confirms that maybe the
PVP molecule is coordinated to the silver surface through the non-
bonding electrons of the oxygen atom in carbonyl. At the same time,
the significant signals at 2942 cm−1 and 2850 cm−1, asymmetric
stretching vibration of CH2 in the skeletal chain of PVP, reveals that
the CH2 chain is close to the surface of silver spheres. This evidences

that PVP is adsorbed on the silver nanoparticles surface during the
crystal growth process.

In order to identify the reduction role of PEG-400 in the forma-
tion of silver nanoparticles, the products obtained in the absence
of PEG-400 were characterized by XRD, as shown in Fig. 10. Only
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Fig. 5. SEM images and particle size distribution of silver spheres synthesized at 120 ◦C for different PVP concentrations (mPVP:Vsolution): (a and b) 0.085 mg/mL; (c and d)
1.132 mg/mL; (e and f) 1.700 mg/mL; (g and h) 3.400 mg/mL.
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Fig. 6. XRD patterns of silver spheres synthesized at 120 ◦C for different PVP con-
centrations (mPVP:Vsolution): (a) 0.085 mg/mL; (b) 1.132 mg/mL; (c) 1.700 mg/mL; (d)
3.400 mg/mL.

Fig. 7. UV–vis absorption spectra of silver spheres synthesized at 120 ◦C for dif-
ferent PVP concentrations (mPVP:Vsolution): (a) 0.085 mg/mL; (b) 1.132 mg/mL; (c)
1.700 mg/mL; (d) 3.400 mg/mL.

Fig. 8. TEM image of silver spheres synthesized at 120 ◦C for 6 h with 1.700 mg/mL
PVP.

Fig. 9. FTIR spectra of silver spheres synthesized at 120 ◦C for 6 h with (a)
1.700 mg/mL PVP and (b) pure PVP.
Fig. 10. XRD pattern of the silver spheres obtained at 120 ◦C for 6 h in the absence
of PEG-400.

a weak and broad diffraction peak at 38.0◦ is observed, indicating
the formation of silver particles with poor crystalline quality. This
confirms that the PEG-400 has a stronger reduction than PVP in the
formation of silver nanoparticles.

Based on the above results, a possible mechanism for the for-
mation of silver spheres is tentatively proposed. In our experiment,
the growth of silver spheres involves a multistep process: in an ini-
tial stage, single-crystal seeds and twinned seeds can be formed
through the homogeneous nucleation, as shown Fig. 11. In the ini-
tial stage (step A), silver atoms generated from the reduction of
AgNO3 diffuse to the surface of nuclei and position themselves at
active surface sites, forming metallic bonds with their neighbors. As
thermodynamic growth occurs there is physical adsorption of the
diffusing nanoparticles once they are in contact with one another
(step B). The PVP forms just a very weak interaction especially with
the isotropic nanoparticles, which influence the gradual growth of
silver nanoparticles. In the subsequent growth process (step C), by
adjusting the molar ratio between PVP and AgNO3, the thickness of
PVP coating and the location of PVP chains on the surface of a seed

could both be modified. This modification, in turn, alters the resis-
tance of each facet to growth (addition of silver atoms), and led to
the formation of silver nanostructures with distinct shapes. In the
later case (step D), the selectivity in interaction between PVP and
various crystallographic planes is lost because such loss enables a
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ig. 11. Schematic illustration of the mechanism proposed to account for the gro
lusters; (C) the growth of seeds with assistance of PVP; (D) the evolution of sphere

ower surface energy, thus inducing no anisotropic growth. From
he experimental results, it can be concluded that the concentration
f PVP seems to be an important factor in kinetically controlling the
ucleation and growth of silver spheres. Both oxygen and nitrogen
toms of the pyrrolidone unit can facilitate PVP adsorbed onto the
urface of metal nanostructures, making PVP a good stabilizer to
rotect the product from agglomeration.

. Conclusions

In summary, monodisperse silver spheres in high yields have
een successfully prepared by solvothermal process. PEG and PVP
ere employed as a reducing agent and capping agent, respectively.

he present method is advanced in its simplicity, high yield and
ontrollability. Uniform silver spheres with an average diameter
f 250 nm could be routinely synthesized at 120 ◦C for 6 h with
.700 mg/mL PVP. The morphology and dimensions of the silver
pheres are highly dependent on PVP concentration, the synthe-
is reaction time and temperature. Among these factors, the PVP
oncentration has the strongest effect on silver spheres morphol-
gy. It is expected that reduction of metal salts by the end groups
f a polymer may eventually provide an environmentally benign
nd scalable route to morphology-controlled synthesis of metal
anocrystals. We believe that this new strategy is applicable to
ther noble metals and organic polymers.
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