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Abstract: Silver nanoplates, with average thickness about 5 nm and average tunable size from 40 to 500 nm, were synthesized via a
simple room-temperature solution-phase chemical reduction method in the presence of appropriate concentration of trisodium citrate
and silver seeds. The optical in-plane dipole plasmon resonance bands of these silver plates could be tuned from 520 to 1100 nm.
Control experiments were explored for understanding of the growth mechanism. It is found that both the amount of citrate ions and
the small silver seeds added to the growth solution are the key to controlling the silver nanoplates without changing their thickness
and crystal structure. Small silver seeds are found to play an important role in the formation of large thin silver nanoplates when

poly(vinylpyrrolidone) (PVP) are used as capping agent.
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1 Introduction

Metal nanostructures play important roles in many
areas due to their fascinating properties. Their optical
properties [1], together with their electrical [2] and
catalytic [3] properties, etc, are most attractive in gold
and silver nanostructures. The optical properties of the
nanostructures are strongly dependent on their shape and
size [4—6]. Therefore, there has been an explosion of
interest in developing versatile methods for shape-
controlled synthesis of these nanostructures for
extending their optical properties according to human
wishes.

A variety of methods have been reported to control
the synthesis of silver nanoparticles with two-
dimensional (2D) morphologies for desirable properties,
such as the photo-induced method [7], electrochemical
method [8], ultrasonic-assistant method [9], solvo-
thermal method [10] and templating method (e.g., “soft”

reverse micelles and “hard” polystyrene spheres) [11].
Seed-mediated process is extremely interesting and
attractive in the synthesis of silver nanomaterials of
two-dimensional (2D) morphologies. It has been applied
to synthesizing silver nanoplates [12—15]. However,
there is only limited success in the size-controlled
synthesis of silver nanoplates by using easy approach.
For example, although the size of silver nanoplates can
be controlled through the reaction condition, a wide
variety of other shapes such as rodlike shapes would be
simultaneously produced [12,13]. Some approach needs
vigorous reaction condition, such as thermal [14] and
irradiated [15] process. Recently, KILIN et al [16]
demonstrated in the ab initio study that the approximate
3-fold symmetry of citrate matches that of Ag(111) and
results in four Ag—O bonds. MPOURMPAKIS and
VLACHOS [17] supposed the citrate ions serve as
charge regulators as well as reducing agents and
stabilizers through density functional theory simulations.

Here, we employed seed-mediated growth strategy
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to prepare silver nanoplates in the presence of citrate at
room-temperature. The shape of the silver particles and
the optical in-plane dipole plasmon resonance bands of
these nanoplates was controlled by varying the
experimental parameters such as the amount of citrate

ions and the small silver seeds.
2 Experimental

2.1 Chemicals

Silver nitrate (AgNO;, 99.9%), trisodium citrate
(99%), sodium borohydride (NaBHy4, 99%), PVP (M=
55000) were all purchased from Sigma-Aldrich. All of
the solutions were freshly made for the synthesis of
silver nanoparticles, especially the freshly made NaBH,4
aqueous solution, which was ice bathed before use. All
solutions were prepared using triply distilled deionized
water.

2.2 Preparation of silver seed

A typical procedure for the synthesis of silver seed
hydrosol was as follows: 0.5 mL 1.0x10 % mol/L AgNOs
solution and 2 mL 2.0x10~> mol/L PVP solution were
added to 17.5 mL distilled water in a two-neck round
bottom flask and the solution was kept under ice cold
condition for 15 min. Then 0.3 mL of 10 mol/L ice
cold aqueous NaBH, solution was added all at once with
vigorous stirring and the stirring was continued for 45 s.
The solution became golden yellow, indicating the
formation of silver hydrosol. Resulting silver hydrosol
was heated to 75—80 °C for 10 min to decompose excess
NaBH, present in the solution. Silver hydrosol thus
prepared was aged at room temperature for 2 h before
using as seed.

2.3 Preparation of silver nanoprisms

Growth solution containing aqueous solution of 0.5
mL 1.0x1072 mol/L AgNOs;, 10 mL 0.1mol/L PVP and
0.2 mL different concentrations of trisodium citrate
solution was prepared in a 25 mL conical flask. Next,
different volumes of seed solution were added to this

growth solution under stirring for 10 min for well mixing.

Then these solutions are stored in the darkroom at room
temperature for about 24 h. The mixture in the bottles
was muddy, and on the bottom of bottles some sediments
appeared.

2.4 Instrumentation and measurements

A JEM-2010 transmission electron microscope
(TEM) was used to observe the nanoparticles. All TEM
samples were prepared by dropping the as-prepared
colloids (centrifuged at 4000 r/min for 30 min and then

redispersed in 2 mL of de-ionized water) on copper grids
and letting dry in air. X-ray diffraction patterns (XRD)
were recorded on an X’ Pert PRO X-ray diffractometer
using Cu K,, (40 kV, 40 mA) radiation. All XRD samples
were prepared by dropping some centrifuged colloid on
clean glass slides and letting dry. Fourier transform
infrared spectroscopy (FT-IR) was obtained with a
Perkin-Elmer spectrophotometer, model 1600, using the
KBr pellet technique, which involves mixing thoroughly
the material to be tested with KBr before forming a pellet
at high pressure. All UV-VIS-NIR spectra were recorded
within a 1 cm optical length quartz cell on a
Perkin-Elmer Lambda 12 spectrophotometer.

3 Results and discussion

3.1TEM

TEM images of the initial silver nanoparticles and
the products by seed-mediated growth approach in
aqueous solvent are shown in Fig. 1. Silver nanoparticle
seeds with an average diameter of 5 nm are obtained
after reduction of AgNO; with NaBHj, in the presence of
PVP as a surface ligand for the nanoparticles (Fig. 1(a)).
Figures 1 (b—f) show the TEM images of products
deoxidized by trisodium citrate in aqueous solvent with
different volumes of seed solution at 24 h. It can be seen
that the size of nanoplates becomes larger as the amount
of silver seeds decreases. When 0.6 mL seed solution is
introduced into, the size of silver nanoplates in the range
of 60—120 nm is obtained (Fig. 1(b)). When the amount
of the seeds is decreased to 0.4 mL (Fig. 1(c)), the size of
the nanoplates increases to 140—200 nm. Figure 1(d)
shows the magnification of the region in Fig. 1(c). As
shown in the image, the silver nanoplates are composed
of triangle and hexagon. Further, the seed solution is
decreased to 0.2 mL (Fig. I(e)), resulting in the
formation of larger nanoplates with the size between 230
and 300 nm. When the amount of the seeds is decreased
to 0.1 mL (Fig. 1(f)), the size of the nanoplates increases
to 380—500 nm. The yield of silver nanoplates relative to
the total number of nanoparticles formed is more than
85%. As shown in Figs. 1(b)—(f), the thickness of the
nanoplates with different edge lengths is almost the same
(~5 nm). When silver ions in the growth solution are kept
at a constant, more nucleation centers will evidently lead
to fewer silver ions for a single nanoplate. So, it is
reasonable that the size of nanoplates will decrease with
increasing the amount of seed.

In order to comprehend the growth mechanism of
the silver nanoplates, TEM was used to monitor the
morphological evolution of the nanostructures from
silver nuclei or nanoparticles to nanoplates at various
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Fig. 1 TEM images of silver seeds (a), and products deoxidized by trisodium citrate solution ( 0.20 mmol/L ) with 0.6 mL (b), 0.4

mL (c, d), 0.2 mL (e) and 0.1 mL (f) of seed solution at 24 h

time during the growth reaction. Figure 2 shows the
TEM images of the as-synthesized silver nanoplates with
different growth time. The volume of silver seed solution
is 0.2 mL and concentration of trisodium citrate is 0.20
mmol/L. The silver nanoplate lengths increased up to
500 nm, whereas the thicknesses remained almost
constant (~5 nm) throughout all stages of the growth
reaction. During the initial stages of growth (after 1 h,
Fig. 2(a)), the size of silver nanoparticles does not
obvious change, indicating that the growth reaction is
very slow. With increase of the growth time (Fig. 2(e),
the type silver nanoparticle seeds with an average
diameter of 5 nm changed from spherical to triangular

shape with the edge length between 230 and 300 nm.
After 30 h, most of the triangular silver nanoplates are
completely converted into hexagonal silver nanoplates
with edge length 400-500 nm. According to our
experimental results, the suitable growth reaction time is
24 h to synthesize triangular silver nanoplates.

3.2 XRD and SAED pattern analysis

Figure 3(a) shows XRD pattern of the products. The
three peaks are assigned to the diffraction of {111}, {200}
and {220} planes of FCC silver. The cell parameter is
calculated from this pattern to be 4.087 A in agreement
with the standard card (PCPDF No. 04—0783). It is
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Fig. 2 TEM images of products with different growth time: (a) 1 h; (b) 6 h; (¢) 12 h; (d) 18 h; () 24 h; (f) 30 h (Volume of seed
solution is 0.2 mL and concentration of trisodium citrate is 0.20 mmol/L)

noticed that the ratio between the intensities of {111}
and {200} diffraction peaks is much higher than the
conventional value (13 versus 4) [18]. This indicates that
the nanoparticles are {111} oriented, and tend to lay with
these planes parallel to the supporting substrate. Thus,
diffraction intensity of the {111} plane should be greatly
enhanced compared with that of other planes. Further
evidence is offered by the selected-area electron
diffraction analysis. Figure 3(b) shows the selected-area
electron diffraction (SAED) pattern of one flat-lying
nanoplate with its top surface perpendicular to the
electron beam, in which the spots correspond to the
{220}, {422} and 1/3{422} Bragg reflections of
face-centered cubic (fcc) silver respectively. The

existence of {220} reflection indicates that the
nanoplates are single crystals with {111} planes as the
basal planes, and the appearance of normally forbidden
1/3{422} reflection implies the presence of numbers of
{111} stacking faults lying parallel to the {111} surface
and extending across the entire nanoplate [18]. Thus, it is
reasonable that the top and bottom surfaces of the
nanoplates are bounded by atomically flat {111} planes
[19]. From the structure analyses on the XRD and SAED
patterns, it is clear that the products are nanoplates with
{111} facets being the basal planes.

3.3 UV-VIS spectroscopic study
The UV-VIS absorption spectra of silver nanoplates
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Fig. 3 XRD pattern of products deoxidized with 0.2 volume of
seed solution at 24 h (a) and selected-area electron diffraction
(SAED) pattern obtained by focusing electron beam onto one

single nanoplate (b)

in aqueous solvent are shown in Fig. 4. Absorption
spectra of these products normally exhibit some peaks. A
small peak at around 332 nm is attributed to the
out-of-plane quadrupole resonance of silver nanoplates.
A shoulder peak at 400—450 nm can be ascribed to the
out-of-plane dipole resonance of silver nanoplates. The
third peak at the longest wavelength side, which is very
sensitive to the size and aspect ratio of the particles, is
due to the in-plane dipole plasmon resonance of silver
nanoplates. The in-plane dipolar band is always paid
more attention as it holds the strongest peak and is the
most sensitive to the changes of the anisotropy and
component of the nanoplates [20]. Citrate ions, usually
generated from citric acid or sodium citrate, have been
extensively used in the synthesis of silver or gold
nanoparticles [6,20,21]. In order to investigate the role in
the synthesis of silver nanoplates, the trisodium citrate
concentrations are adjusted from 0.05 mmol/L to 0.35
mmol/L and other parameters are kept constants (The
amounts of silver seeds are 0.20 mL and grown time is
24 h.). Figure 4 (a) displays the absorption spectra of the
products obtained with different trisodium citrate
concentrations. In the absence of trisodium citrate,
the UV-VIS absorption spectra of silver nanoplates keep
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Fig. 4 UV-VIS absorption spectra of triangular silver
nanoplates: (a) Products obtained from different concentrations
of trisodium citrate; (b) Products obtained from different

amounts of seeds; (c) Products obtained with different growth
time

immovability, indicating that trisodium citrate is
necessary to nanoplates growth. As the
concentration of trisodium citrate minished from 3.5 to
0.05 mmol/L, the in-plane dipolar SPR absorption band
of these products red shifted to 851 nm from 520 nm.
Among the curves b, ¢, d, e and h, the curve e has the
maximum red shifted absorption intensity. As the
surfactant, citrate ligands can effectively block the
overgrowth of Ag onto the {111} facets and ensure

silver
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anisotropic growth along the lateral direction. Ag ions
were pretreated with citrate ions to form Ag-citrate
complexes, which later can also release the citrate anion
to help maintaining anisotropic growth without
introducing any new ligand [22]. From the curves e, f, g
and h, we know that when the concentration of silver
citrate is 0.2 mmol/L, the in-plane dipolar SPR
absorption band of products reaches the maximum red
shifted absorption intensity, that is, the higher the
concentration of citrate ions, the slower the reaction rate
under the same conditions. This is probably caused by
the formation of silver citrate complexes if more citrate
ions exist in the reaction solution, which can decrease the
reducing rate and hence the reaction time to reach the
absorption intensity [21]. When the
concentration of silver citrate is 0.2 mmol/L, the in-plane
dipolar SPR absorption band of products reaches the
maximum red shifted absorption intensity. The change of
the in-plane dipolar absorption band indicates that
trisodium citrate is necessary to silver nanoplates
formation.

Using seed-mediated growth approach, the size of
the silver nanoplates can be controlled by adding an
amount of small silver seeds. Larger nanoplates can be
obtained using a smaller amount of silver seeds. The
in-plane dipolar SPR absorption band of these products
red shifts because the size of plates increases. According
to Fig. 4(b), the concentration of trisodium citrate is 0.20
mmol/L and growth time is 24 h. When the amount of
seed is 6 mL, the other two peaks at 442 nm and 678 nm
are assigned to the out-of-plane dipole resonance and
in-plane dipolar SPR band. The shoulder peak at
415—453 nm is normally attributed to the out-of-plane
dipole resonance of nanoplates. However, its relative
intensity is much stronger than theoretically expected
one. Since spherical silver particles may also have
absorption band in this range, it may imply the existence
of spherical particles in the aqueous solvent. When the
seed amount is decreased to 2 mL, the two peaks red
shift to 450 and 851 nm respectively, which runs parallel
to the size increase of the triangular nanoplates [23]. The
in-plane dipolar band red shifts with the increased plate
size, and it can even reach 1060 nm in the near-IR region
when the amount of seed is 0.05 mL.

As the surface plasmon resonance (SPR) absorption
of metal nanoparticles like gold and silver is very
sensitive to the changes of the size and shape. This
sensitivity can be used as a tool to monitor the shape of
the particles through the optical extinction spectrum. The
growth of products is monitored by UV-VIS
spectroscopy. Figure 4(c) exhibits surface plasmon
resonance (SPR) absorption band with different grown
time. The amount of seeds is 0.20 mL and the
concentration of trisodium citrate is 0.20 mmol/L. Metal

maximum

nanoparticles SPR absorption band is produced by the
particles of collective oscillation that the surface particles
of conduction band electrons are driven by photoelectric
field. The peak absorption is affected by the morphology
and scale of particle, the dielectric constant of the
medium, the character of particle surface-coupled
molecules, the degree of aggregation of particles and
other factors [24]. Curve a in Fig. 4(c) shows that when
the reaction begins about 1 h, the in-plane dipolar SPR
absorption band peak is around 567 nm. This weak peak
suggests that the nanoplates were growing up. When the
reaction proceeds for 12 h, the in-plane dipolar SPR
absorption band peak red shifts to 786 nm. In the period
from 18 h to 48 h, the in-plane dipolar SPR absorption
band peak red shifts to 1100 nm, indicating that the size
of silver nanoplates is bigger and bigger.

3.4 Role of PVP in growth solution

The infrared spectra (IR) of PVP and silver
nanoplates are shown in Fig. 5(a). It is found that all
peaks are identical in both silver nanoplates and pure
PVP, which confirms the PVP adheres to the
nanocomposites, the stretching vibration peak of C—=0
at 1670 cm™'. The stretching vibration absorption peak of
carbonyl (1642 cm ') of the silver nanoplates is shifted
28 cm ' to the right in comparison with the stretching
vibration absorption peak of carboxyl (1670 cm ') of
pure PVP, indicating that the action of silver atoms with
PVP can affect the part IR character of PVP [25]. The
reason is that PVP adheres to the nanoparticles through a
charge-transfer interaction between the pyrrolidone rings
and surface metal atoms so as to form strong —C—0—
Ag bonds. These C—0 vibrational peaks will gradually
shift to low frequency [26]. The lone pair of electrons
from the nitrogen and oxygen atoms in the polar groups
of the PVP repeated unit may be donated into sp hybrid
orbitals of Ag” ions to construct complex compounds; an
sp hybrid orbital usually forms a linear coordinative
bond [27]. Thus, the two possible bonding styles, PVP
molecule intra- and interchain interactions, may occur
when Ag' ions interact with PVP molecules. The two
kinds of coordinative types can effectively decrease
chemical potential and further enable the PVP-bound
Ag" ions to be reduced more easily. The chain length of
protecting polymer PVP plays a significant role in
controlling the growth rate of crystals planes [28]. Figure
5(b) shows the TEM image of the verge of one silver
nanoplate. There is an internal difference color in
contrast between its verges, suggesting that the
cross-linking PVP can form polymeric shell around the
silver nanoplate. As shown in Fig. 5, there is a certain
chemical action between silver nanoparticles and the
carboxyl of the PVP in silver nanoplate.



Y1 Zao, et al/Trans. Nonferrous Met. Soc. China 22(2012) 865—872 871

PVP
(a) /
3446 2958
1670
Ag/PVP,
2958
1642
3446 . ,
3500 2500 1500 500
Wavenumber/cm™

Fig. 5 Infrared transmittance spectra of PVP powders and silver
nanoplates (a) and TEM image of single silver nanoplate (b)

4 Conclusions

1) Silver nanoplates with different sizes were
prepared by seed-mediated method in the presence of
trisodium citrate and poly (vinyl pyrrolidone) at room
temperature. The experimental conditions, such as the
trisodium citrate concentration, the amount of silver
seeds and the growth time were optimized to prepare
silver nanoplates. It is found that both the amount of
citrate ions and the small silver seeds added to the
growth solution are the key to control the silver
nanoplates without changing their thickness and crystal
structure.

2) The optical in-plane dipole plasmon resonance
bands of these plates can be tuned from 520 to 1100 nm.
The changing of the in-plane dipolar absorption band
indicating trisodium citrate and seeds is necessary for
silver nanoplates growth. Based on our experimental
results, PVP was proposed to play a vital role in
synthesis of silver nanoplates as it has restricted silver
nanoparticles to diffuse and aggregate interaction pool.
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