Research Article

APPL'ED&MATERIALS

INTERFACES

www.acsami.org

Shape Evolution of Silver Nanoplates through Heating and

Photoinduction

Bin Tang,T Shuping Xu,* Xueliang Hou," Jingliang Li" Lu Sun,*™® Weiqing Xu,* and Xungai Wang

*)T)§

Institute for Frontier Materials, Deakin University, Geelong, Victoria 3216, Australia
*State Key Laboratory of Supramolecular Structure and Materials, Jilin University, Changchun 130012, P. R. China
¥School of Textile Science & Engineering, Wuhan Textile University, Wuhan 430073, China

© Supporting Information

ABSTRACT: Shape conversions of silver nanoplates were
realized by heating and subsequent light irradiation. The initial
silver nanoprisms were transformed into silver nanodisks
gradually in the process of heating, which was possibly
achieved through dissolving and readsorption of silver atoms
on the surface of silver nanoplates. Subsequently, under light
irradiation, the heating induced silver nanodisks were reversed
to silver nanoprisms in the same solution. The dissolved
oxygen was found to play a pivotal role in the shape
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conversion from nanoprism to nanodisk. In addition to heating, deionized water could induce the shape conversion of silver
nanoplates when it was added to precipitate of the initial silver nanoprisms after centrifugation. Citrate in solution is essential to
the photoinduced shape conversion process. Transmission electron microscopy (TEM) and extinction spectroscopy results
demonstrated that localized surface plasmon resonance (LSPR) properties of silver nanoplates were effectively tuned through

shape conversion.
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1. INTRODUCTION

Shape-controlled synthesis of noble metal nanoparticles, in
particular silver and gold nanostructures, has attracted
increasing attention because of their great potential for
applications in surface enhanced spectroscopy,' > biological
and chemical sensing,*® and diagnosis and therapy of
diseases.”” Most of these applications are based on the unique
optical properties of noble metal nanostructures, which are
known as localized surface plasmon resonance (LSPR).*™''
The LSPR of noble metal nanoparticles depends on their size,
shape, composition and surroundings.'>"'® Among the noble
metal nanostructures, the LSPR of silver nanoplates can be
easily tuned by controlling the aspect ratios and shapes. Many
strategies have been developed to synthesize silver nanoplates
and tailor their morphologies, such as photoinduction,'”'®
thermal treatment,"*™® ion e:tching,24_26 sonochemical treat-
ment,”” > ligand-assisted method***"** and surfactant-free
synthesis route.*>** Photoinduction as an effective preparation
route for silver nanoplates was first reported by Mirkin et al.."”
Subsequently, a number of approaches based on photo-
induction have been used to synthesize the anisotropic silver
nanoparticles with stereostructures, such as tetrahedron,>>%¢
decahedron®”** and bipyramid.** In the photoinduced route
for synthesis of silver nanoparticles, the final size and shape
were found to strongly depend on excitation wavelength of
light sources.'¥*'™* Besides the photoinduction method,
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thermal treatment is also performed widely to produce silver
nanoplates with different shapes. Sun et al. prepared triangular
silver nanoplates with sharp corners in the presence of
poly(vinylpyrrolidone) (PVP) and sodium citrate by refluxing
aqueous dispersions of spherical silver colloids."

In addition to direct synthesis of anisotropic silver nano-
particles, post conversion methods for controlling the shape of
silver nanoparticles were also developed. Chen et al.
synthesized silver nanodisks from triangular nanoplates in the
presence of cetyltrimethylammonium bromide (CTAB),
through an aging process at 40 °C.*' Also, uniform discal
silver nanoplates were synthesized from silver nanoprisms by
heat aging in our previous report.”® The size and LSPR of the
nanoplates could be easily adjusted by controlling the heating
time during aging process. Furthermore, triangular silver
nanoplates were transformed into nanodisks through a UV
irradiation method by Yin et al.* In their research, PVP was
added into as-prepared samples to stabilize the silver nanoplates
and the LSPR property of silver nanoplates was adjusted in the
photoinduced reconstruction process. The hexagonal silver
nanoplates were also prepared through transformation from
triangular silver nanoplates by a photoinduction approach.*’
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Additionally, shape conversion and reconstruction of silver
nanoprisms were also achieved by us using a photoinduction
technology, in which a series of shape conversions from
nanoprism to nanodisk, and then back to nanoprism were
realized by controlling the citrate concentrations in solution
during the photoinduction process.*® Additional stabilizers or
structure directing agents were needed to achieve the shape
conversion. For tuning the optical properties of silver
nanoparticles, it is important to accomplish a series of shape
conversions of silver nanoparticles without changing any
components of the reaction system.

Herein, shape conversion and reconstruction of silver
nanoplates were achieved by heating and subsequent irradiating
under a sodium lamp in the same reaction system. LSPR
properties of silver nanoplates were effectively adjusted over a
certain range in the process of shape conversion. Mechanism of
shape conversion for silver nanoplates is discussed. The effects
of dissolved oxygen and citrate on shape conversion of silver
nanoplates are investigated.

2. EXPERIMENTAL SECTION

2.1. Materials. AgNO; (>99%), trisodium citrate (>99.0%),
sodium borohydride (>98%), sodium L-tartrate dibasic dihydrate
(>299%), PVP (M,, = 40,000 g mol™") and hydrogen peroxide (30 wt
%) were purchased from Sigma-Aldrich. All chemicals were of
analytical grade, and used without further purification.

2.2. Instruments. Extinction spectra of silver nanoparticle
solutions were recorded using a Varian Cary 3E UV/vis spectropho-
tometer. Transmission electron microscopy (TEM) images were
obtained using a JEM-2100 with an acceleration voltage of 200 kV.
Samples for TEM analysis were prepared by dripping a drop of silver
nanoparticle solutions onto the carbon coated copper grids and drying
them in the air at room temperature. A Stuart SBS40 shaking water
bath was employed to heat the silver nanoparticle solutions. A sodium
lamp (NAV-T 70 model from Osram China Lighting Co., Ltd.) was
used as the light source for the photoinduced process.

2.3. Shape Conversion of Silver Nanoplates under Heating
and Photoinducing Conditions. The initial triangular silver
nanoplates were synthesized according to the Mirkin’s method.*
Briefly, an aqueous solution of AgNO; (0.1 mM, 100 mL), trisodium
citrate (100 mM, 1.8 mL), PVP (0.06 g), and hydrogen peroxide (30
wt %, 024 mL) was mixed and vigorously stirred under ambient
condition. NaBH, solution (100 mM, 1.5 mL) was then rapidly
injected into the mixtures. After about 30 min, blue silver nanoprism
solution was obtained.

The as-synthesized silver nanoprism solution was placed in a water
bath at 95 °C. The color of silver nanoparticle solution changed from
blue to purple, red and then yellow during the heating process (vials
a—f in Figure 1). The obtained yellow silver nanoparticle solution after
heating was irradiated under a sodium lamp. The color of silver
nanoparticle solution changed to green. Finally, the blue silver
nanoparticle solution was obtained again through the photoinduction
process (vials f—h in Figure 1).

3. RESULTS AND DISCUSSION

The initial blue silver nanoprisms turned purple, red and yellow
gradually within 4 min during the heating process at 95 °C
(vials a—f in Figure 1). Colors of silver nanoparticles are related
to their LSPR properties. The extinction spectra of silver
nanoparticles were monitored to observe the evolution of LSPR
properties in the process of heating (Figure 2A). The LSPR
spectrum of the initial blue silver nanoparticle solution displays
three bands centered at 333, 440, and 616 nm, which are
assigned to the out-of-plane quadrupole, in-plane quadrupole,
and in-plane dipole plasmon resonance modes of triangular
silver nanoplates, respectively (curve a in Figure 2A)."”'® The
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Figure 1. Photos of silver nanoparticle solutions during (a—f) heating
and (f—h) subsequent light irradiation, and (i) after light irradiation
prior to heating. Blue solid arrow denotes the initial silver nanoprism
solution.

in-plane dipole plasmon resonance band of silver nanoprisms
blue-shifted when the silver colloid was heated. This band
changed to 462 nm when the silver nanoprisms were heated for
205 s (curve f in Figure 2A). Meanwhile, the out-of-plane
quadrupole plasmon resonance band of silver nanoplates red-
shifted to 340 nm from 333 nm, implying the aspect ratio (the
ratio of length/diameter to thickness/height) of silver nano-
plates decreased during heating process. These spectroscopic
results indicate that heating caused morphological conversion
of silver nanoparticles.

To gain insight into the evolution of silver nanoparticles,
TEM was employed to observe shape transformation of silver
nanoparticles at different heating times. Figure 3A—D show the
TEM images of initial blue silver nanoparticles, and the silver
nanoparticles with different colors obtained in the process of
heating, respectively. As can be seen, all of the initial silver
nanoparticles before heating are triangular nanoplates, with an
edge length of 28.2 + 3.3 nm and a thickness of 5.5 + 0.5 nm
(Figure 3A). The corner of triangular silver nanoplates became
blunt after heating for 73 s (Figure 3B). The edge length and
thickness of the truncated triangular silver nanoplates were
measured to be 25.0 + 2.7 nm and 5.9 + 0.6 nm, respectively,
from an edge-on view when the silver nanoplates stacked with
each other and stood vertically on their edges on the TEM
grids (Figure 3B). Silver nanoparticles with red color were
obtained when the truncated triangular silver nanoplates were
heated. TEM images reveal that most of the red silver
nanoparticles are discal in shape, with a diameter of 23.1 +
3.2 nm and a thickness of 7.1 + 0.6 m (Figure 3C). Finally,
heating produced silver nanodisks with dimensions of 19.6 +
3.2 nm in diameter and 7.2 + 0.4 in thickness (Figure 3D). It
has been suggested that increase in thickness of nanoplates
could result in a drastic change in aspect ratio, which would
cause a large shift in the LSPR band.***’ Detailed data on
morphologies of silver nanoplates in different periods are
shown in Table 1. The aspect ratio of silver nanoplates changed
to 4.2 from 5.1 when silver nanoprisms were truncated by
heating, and there was a small change in edge length (from 28.2
+ 3.3 nm to 25.0 + 2.7 nm). With regards to silver nanodisks
(in red and yellow colors), the diameter of nanodisks decreased
as the heating time increased. It is noted that the aspect ratios
of silver nanoplates decreased in the process of heating, which
is responsible for changes of LSPR of silver nanoplates
involving blue-shift of in-plane dipole plasmon resonance
band and red-shift of out-of-plane quadrupole plasmon
resonance band.
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Figure 2. (A) Evolution of extinction spectra of silver nanoplates under heating for different time periods: (a) 0, (b) 30, (c) 73, (d) 125, (e) 169, and
(f) 205 s. (B) Extinction spectra of heating-obtained silver nanoplates before and after light irradiation for 90, 210, and 270 min.

Figure 3. TEM images of (A) the initial silver nanoprisms, and the silver nanoplates obtained through heating for (B) 73, (C) 125, and (D) 205 s,
(E) the silver nanoprisms transformed from silver nanodisks under light irradiation, and (F) the silver nanoplates from initial silver nanoprisms after

light irradiation.

Table 1. Data on Color, Shape, and Size of Silver Nanoplates
in the Process of Shape Conversion under Heating and
Irradiating

length/diameter thickness aspect

color shape (nm) (nm) ratio
blue triangular 282 + 3.3 5.5+ 0.5 5.1

(initial)
purple truncated 250 + 2.7 59 +06 42
triangular

red discal 23.1 + 3.2 7.1 £ 0.6 33
yellow discal 19.6 + 3.2 72 +04 2.7
blue (final) triangular 624 + 5.8 92 + 04 6.8

After heating treatment, the as-synthesized silver nanodisks
with yellow color were irradiated under a sodium lamp. The
silver nanodisk solution turned green from yellow, and finally
blue under further irradiation (vials f~h in Figure 1). The
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extinction spectra of silver nanoparticles during irradiation are
depicted in Figure 2B. The LSPR band at 462 nm attributed to
in-plane dipole plasmon resonance mode of silver nanodisks
decreased during irradiation, which implies that the amount of
silver nanodisks reduced in the reaction system. In the
meantime, a new LSPR band centered around 670 nm
appeared and increased in intensity during the irradiation
process, which reveals that the silver nanoparticles with a new
morphology were fabricated from nanodisks. The eventual
extinction spectrum of silver nanoparticles after irradiation for
210 min displays three extinction peaks centered at 334, 493,
and 678 nm. TEM characterization confirms that triangular
silver nanoplates were prepared through conversion of silver
nanodisks by photoinduction (Figure 3E). The edge length of
triangular silver nanoplates transformed from nanodisks is 62.4
+ 5.8 nm, and the thickness is 9.2 + 0.4 nm. The final
triangular silver nanoplates from silver nanodisks are larger than
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Figure 4. (A) Extinction spectra of (a) the initial silver nanoprism solution and (b) the silver nanoprism solution with removal of oxygen after
heating for 30 min at 95 °C. (B) TEM image of the silver nanoprisms in the absence of oxygen after heating corresponding to curve b in (A).

the initial silver nanoprisms. The final silver nanoparticle
solution from photoinduction was centrifuged. The bottom
layer (precipitate), after redispersion in water, exhibits the
spectral features of triangular silver nanoplates, with three LSPR
bands at 334, S0S, and 678 nm (curve b in Figure S1 in the
Supporting Information).'”*® The extinction spectrum of the
supernatant after centrifugation shows extinction bands around
335, 480, and 660 nm, which are assigned to the small silver
nanoplates unconverted to triangular silver nanoplates (curve c
in Figure S1 in the Supporting Information). The TEM images
of the bottom layer (precipitate) and upper layer (supernatant)
of the final silver nanoparticle solution after centrifugation also
testify the deduction from spectral results (see Figure S2 in the
Supporting Information). The reconstruction of triangular
silver nanoplates was realized from heating-obtained silver
nanodisks through photoinduction process in the same reaction
system. The as-synthesized triangular silver nanoplates changed
slightly in LSPR spectrum after they were heated at 95 °C for 2
h (see Figure S3 in the Supporting Information), which
indicates that the silver nanoplates obtained through photo-
induction were stable even under prolonged heating.

In addition, light irradiation was performed on the initial
silver nanoprisms to examine whether light can transform silver
nanoprisms into nanodisks. The color of silver nanoparticle
solution changed a bit after irradiation (vials a and i in Figure
1). The in-plane dipole plasmon resonance band at long
wavelength of silver nanoprisms narrowed, increased in
intensity and slightly red-shifted when the initial silver
nanoprisms were irradiated (see Figure S4 in the Supporting
Information), implying that the aspect ratio of silver nanoplates
increased. TEM result demonstrates that the silver nanoplates
after irradiation are still triangular, with an edge length of 31.6
+ 4.6 nm and a thickness of 6.5 + 0.4 nm (Figure 2F), which
suggests that irradiation changes the size but not the shape of
initial silver nanoplates. Furthermore, the initial silver nano-
prisms were heated at 95 °C and irradiated by sodium lamp
simultaneously. The evolution of extinction spectra of silver
nanoprism is depicted in Figure SS in the Supporting
Information. The main LSPR band at ~610 nm blue-shifted
to ~485 nm that is assigned to in-plane dipole plasmon
resonance mode of silver nanodisks, in 10 min. This indicates
that the silver nanoprisms were transformed into silver
nanodisks by heating even if the light irradiation was performed
at the same time. The effect of light irradiation cannot block the
shape conversion of silver nanoprisms through heating. The as-
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synthesized silver nanodisks continued to be heated and
irradiated simultaneously for 120 min. The final extinction
spectrum shows complicated LSPR bands that are not the
characteristic LSPR peaks of silver nanoprisms. Therefore, the
spectral results imply that the silver nanodisks were not
converted into silver nanoprisms under heating and irradiating
together.

It is well-known that oxygen etching plays a critical role in
synthesis of silver nanoparticles.’*~>* The oxygen was proved
to etch the twinned silver particles to assist the fabrication of
single crystal silver nanostructures via a polyol method.>*™>* In
the present research, oxygen probably affects the shape
conversion process from prism to disk under heating. To test
this hypothesis, the initial silver nanoprism solution was
bubbled by nitrogen gas and heated at 50 °C for 60 min
simultaneously before heating performance at 95 °C. The initial
silver nanoprism solution in sealed vial after removal of oxygen
was heated for 30 min in water bath at 95 °C. Totally different
from the case in which the dissolved oxygen in the silver colloid
was not removed before heating, the initial silver nanoprism
solution after removal of oxygen did not change much in color.
The extinction spectrum of silver colloid with removal of
oxygen after heating for 30 min is shown in Figure 4A. As can
been seen, though there is some difference between the
extinction spectra of silver nanoprism solutions before and after
heating, the extinction spectrum of silver nanoparticle solution
after heating displays the characteristic LSPR bands.'”'®
Furthermore, the TEM images show that the silver nano-
particles after heating are still triangular nanoplates (Figure 4B).
These indicate that the initial silver nanoprisms could not be
converted into silver nanodisks under heating in the absence of
oxygen even when the heating time was extended to 30 min.
The results demonstrate that the oxygen in solution assists the
shape conversion from prism to disk in heating conditions
because of its etching role.’"~>>

This shape conversion from nanoprism to nanodisk under
heating seems to be similar to that in our previous research.*’
However, the shape conversion in the present study can be
performed even if the concentration of citrate was 3.8 mM,
much higher than that in previous report (0.2 mM). The citrate
with higher concentration in this study did not block
conversion from silver nanoprism to silver nanodisk under
heating. Surface properties of silver nanoprisms prepared at
room temperature here are markedly different from that
prepared from the photoinduction method in previous
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research.® The initial silver nanoprism solution was centrifuged
to separate silver nanoprisms from original aqueous solution.
Interestingly, the color of the silver nanoplates changed to
purple, red, and yellow from blue gradually after deionized
water was added into the precipitate of silver nanoprisms
(upper panel in Figure S), which is similar to the conversion
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Figure S. Upper panel: photos of (a) the initial silver nanoprism
solution and (b—d) the precipitate of silver nanoprisms redispersed in
deionized water for different times. Bottom panel: extinction spectra
corresponding to silver nanoplate solutions in upper panel.

process of silver nanoplates under heating. The bottom panel in
Figure S displays the corresponding extinction spectra of silver
nanoparticles with different colors after deionized water was
added. The changes of extinction spectra of silver nanoplates
reveal that deionized water induced shape conversion from
nanoprism to nanodisk. In addition to the extinction spectra,
the TEM characterization demonstrate that the silver nano-
prisms were converted to silver nanodisks after the precipitate
of silver nanoprisms was redispersed in deionized water (see
Figure S6 in the Supporting Information). Compared with
solvent of the initial silver nanoprisms, the deionized water as
fresh water has higher concentration of dissolved oxygen.>® It is
suggested that the more dissolved oxygen in deionized water
boosts the shape conversion of the initial silver nanoprisms at
room temperature. To further clarify the role of oxygen in
deionized water induced shape conversion, we removed the
dissolved oxygen in deionized water by bubbling with nitrogen
gas and heating at 50 °C for 60 min simultaneously. The
precipitate of silver nanoprisms was redispersed in the
deionized water after removal of oxygen. The color of
redispersed silver nanoprisms did not change observably. The
extinction spectrum of silver nanoprisms redispersed in the
deionized water after removal of dissolved oxygen still has the
typical LSPR bands of silver nanoprisms when placed at room
temperature for 24 h (see Figure S7A in the Supporting
Information), which implies that the deionized water in the
absence of oxygen was not able to transform silver nanoprisms
into silver nanodisks. Besides, the TEM images show that the
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silver nanoprisms did not change obviously in morphology
when they were redispersed in deionized water after removal of
oxygen (see Figure S7B in the Supporting Information). These
results further prove that the oxygen in solution is pivotal in
shape conversion from silver nanoprism to silver nanodisk. It
should be noted that the as-synthesized initial silver nano-
particles did not change before they were centrifuged even
though they were dispersed in water, which is probably due to
lower concentration of oxygen in the initial solution than
deionized water. It is proposed that heating can provide the
initial solution with more energy to promote the role of oxygen
in shape conversion of silver nanoprisms. Additionally, the
precipitate of silver nanoprisms was redispersed in citrate
aqueous solution (1 X 107 M) to clarify the stabilizing role of
citrate. It was found that the color of solution changed, which is
similar to the case of deionized water (see Figure S8 in the
Supporting Information). The results further demonstrate that
the presence of citrate cannot prevent oxygen from changing
the shape of silver nanoprisms.

Nevertheless, the color of silver nanoplates did not change
obviously when ethanol was added in the precipitate of silver
nanoprisms instead of deionized water. The extinction
spectrum of silver nanoprisms redispersed in ethanol is similar
to that of initial silver nanoprisms, besides slight red-shift of
LSPR at long wavelength (see Figure S9A in the Supporting
Information). This implies that the silver nanoplates did not
change in shape when redispersed in ethanol, which is also
demonstrated by TEM characterization (see Figure S9B in the
Supporting Information). The silver nanoprisms redispersed in
ethanol (in a sealed vial) were heated for 100 min at 95 °C.
The color and extinction spectrum of silver nanoprisms in
ethanol did not change obviously after heating (see Figure S10
in the Supporting Information), which indicates that the silver
nanoprisms in ethanol are stable even at high temperature (95
°C). This is different from the case of silver nanoplates in
deionized water. Though the concentration of dissolved oxygen
in ethanol is higher than that in deionized water,>* ethanol
cannot convert the silver nanoprisms to nanodisks even at high
temperature for a long time. It is inferred that the shape
conversion of silver nanoprisms is influenced markedly by
property of solvent besides oxygen in solution.

The conversion process of silver nanoplates under heating
and light irradiation is illustrated in Scheme 1. The initial

Scheme 1. Illustration of the Shape Conversion of Silver
Nanoplates under Heating and Light Irradiation
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triangular silver nanoplates were truncated by heating with
assistance of oxygen, and then converted into silver nanodisks.
The diameter of silver nanodisks (19.6 nm) in yellow color
solution is more than the diameter of inscribed circle of the
initial nanoprism (16.3 nm), suggesting that the silver
nanodisks were obtained through not only dissolving of silver
atoms on the corner of silver nanoprisms but also readsorption
of silver atoms on the side of nanoplates. Silver nanoprisms
have been converted into silver nanodisks under heating in the

Y

dx.doi.org/10.1021/am302072u | ACS Appl. Mater. Interfaces 2013, 5, 646—653



ACS Applied Materials & Interfaces

Research Article

presence of a stabilizer (citrate) at a low concentration.*® The
shape conversion was realized through the migration of silver
atoms from unstable sites to the stable ones, which was caused
by the difference in surface energy and the selective adsorption
of citrate. Moreover, the thickness of silver nanoplates did not
change during shape conversion and the shape conversion just
took place on basic planes of silver nanoplates. Yin et al.
reported that the triangular silver nanoplates were converted
into silver nanodisks by UV irradiation.*” In their work, the
thickness of silver nanoplates increased during transformation
from triangular nanoplates to discal ones after irradiation of UV
light. They suggested that the shape transformation involved a
migration process of surface atoms of silver nanoplates. In the
present study, the thickness of silver nanoplates increased by
1.7 nm (from 5.5 to 7.2 nm) during shape conversion from
prism to disk through heating, which reveals that silver
nanoplates changed in both direction of basic plane and height
direction under heating. According to the Gibbs—Thomson
effect, the sharp corners of silver nanoprisms have higher
surface energy and are less stable, which could result in
conversion from prism to disk by heat or light.>"?%**5 1t is
proposed that the shape conversion of silver nanoplates was
completed through dissolving of silver atoms on less stable sites
including sharp vertexes with high surface energy and
readsorption of silver atoms to more stable sites with low
surface energy.*®>” The total volume of the nanoplates
increased when the silver nanoprisms were converted into
silver nanodisks with red color. It is possible that small silver
nanoparticles in solution were involved in the rearrangement to
silver nanodisk through the Ostwald ripening process driven by
heating during conversion from nanoprism to nanodisk. The
diameter of silver nanodisks decreased when the silver
nanodisks in red solution were transformed into silver
nanodisks with yellow color during heating, but their thickness
remained almost unchanged (7.1 + 0.6 nm and 7.2 + 0.4 nm).
It is suggested that only dissolving process of silver atoms on
the sides of silver nanoplates happened during shrinking of
silver nanodisks through heating. As can be found, many factors
influence the process of shape conversion, such as the role of
dissolved oxygen in solution, difference in surface energy
corresponding to different parts of silver nanoparticles, and
reaction temperature. The dissolved oxygen in solution possibly
etched the parts with higher surface energy in the silver
nanoprisms to assist the shape conversion from prism to disk.
The selective oxidative etching during the shape conversion in
the present research is different from the case of the previous
report in which the interconversion between silver oxide
particles and silver nanoparticles took place at room temper-
ature.*®

The silver nanodisks obtained by heating were transformed
into silver nanoprisms under irradiation of light. This
photoinduced shape conversion of silver nanoplates occurred
in the same original silver nanoparticle solution. It has been
suggested that the dipole plasmon excitation by light irradiation
induces charge separation on the nanodisk surface and assists
citrate photo-oxidation on the nanodisk surface.’”® The silver
ions in solution were reduced by the citrate left in solution to
become silver atoms that could contribute to growth and shape
conversion of nanodisks. The small silver nanoparticles almost
disappeared after photoinduction and the final nanoprisms were
enlarged because of adsorption of silver atoms produced from
photoinduced reduction by citrate. More citrate is not needed
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to realize the photoinduced reaction, which is different from
our previous study.*®

PVP has been widely used to improve the stability of silver
nanoparticles, assisting the synthesis of silver nano-
plates.'”**¢'=%> The initial triangular silver nanoplates can be
synthesized without PVP in a short time (less than 10 min),
which was reported by Yin et al.** In this research, the silver
nanoprisms without PVP were treated by heating as well. The
evolution of extinction spectra was similar to those without
PVP (see Figure S11A in the Supporting Information), which
indicates that the silver nanoprisms without PVP were also
transformed into silver nanodisks by heating. The heating-
obtained silver nanodisks without PVP were irradiated by light.
The changes of extinction spectra imply that the silver
nanodisks without PVP were converted into silver nanoprisms
through a photoinduced process (see Figure S11B in the
Supporting Information). These results demonstrated that PVP
does not influence the shape conversion of silver nanoplates
under heating or light irradiation.

The color of silver nanodisks induced by deionized water did
not change distinctly when the solution was irradiated under a
sodium lamp. The extinction spectrum of silver nanoplates
broadened a little and slightly blue-shifted after silver nanodisks
were irradiated for more than 12 h without addition of citrate
(curve b in Figure 6), indicating that the silver nanodisks were

1.2 a—silver nanodisks
) b——irradiating without citrate
| ¢ — irradiating with citrate
~ 101
= |
S 0.8-
g |
S o6
g J
= 0.4 b
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w ] a
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300 400 500 600 700 800

Wavelength (nm)

Figure 6. Extinction spectra of (a) the original silver nanodisks
obtained through addition of deionized water in precipitate of silver
nanoprisms, (b) the silver nanoplates after light irradiation for 12 h
without addition of citrate, and (c) the silver nanoplates irradiated for
7 h after addition of citrate.

not converted into silver nanoprisms due to lack of citrate in
the reaction solution after centrifugation. More citrate was
added in the deionized water induced silver nanodisk solution
to examine the role of citrate on the photoinduced shape
conversion of silver nanoplates. The extinction spectrum of
silver nanoplates displayed the characteristic LSPR bands of
silver nanoprisms after light irradiation for 7 h in the presence
of citrate (curve c in Figure 6). Tartrate containing
dicarboxylate can be used to prepare silver nanoplates instead
of citrate by Mirkin’s method.*”®* However, the extinction
spectrum of deionized water induced silver nanodisks did not
change visibly with 10 h irradiation (see Figure S12 in the
Supporting Information) after addition of tartrate, revealing
that the silver nanodisks cannot be transformed into triangular
silver nanoplates by using tartrate instead of citrate under
irradiation. These results demonstrate that citrate is essential
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for the transformation from silver nanodisks to silver
nanoprisms in photoinduced reaction.

4. CONCLUSIONS

Shape conversion and reconstruction of triangular silver
nanoplate were accomplished by heating and subsequent light
irradiation in one reaction system. The initial silver nanoprisms
were transformed to silver nanodisks by heating, and the LSPR
property of silver nanoplate can be effectively adjusted by
controlling the heating time. Oxygen in solution is proved to
play a crucial role in shape conversion of silver nanoparticles
from nanoprism to nanodisk. Moreover, the difference in
surface energy of different parts of nanoplates is also a key
factor causing the conversion from nanoprism to nanodisk. The
silver nanodisks obtained from heating were reversed to silver
nanoprisms just through light irradiation. Citrate is essential to
the photoinduced conversion from silver nanodisks to silver
nanoprisms. It is proposed that the citrate left in solution has a
reduction effect on the surface of silver nanodisks under
photoinduction, leading to reverse shape conversion of silver
nanoplates. Shape conversion of silver nanoplates in the same
system will allow effective tuning of optical properties of noble
metal nanostructures.
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