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Reduction by the End Groups of Poly(vinyl pyrrolidone): A New
and Versatile Route to the Kinetically Controlled Synthesis of Ag

Triangular Nanoplates**

By Isao Washio, Yujie Xiong, Yadong Yin, and Younan Xia*

Polymers are widely used in the chemical synthesis of col-
loidal nanocrystals, and their roles are generally documented
as steric stabilizers or capping agents.['? In particular, poly(vi-
nyl pyrrolidone) (PVP) has received special attention because
of its high chemical stability, nontoxicity, and excellent solu-
bility in many polar solvents.[2l Although the repeating unit
of PVP has been extensively investigated for its coordination
capability, the end groups of PVP remain largely unexplored
in terms of functionality and reactivity. For commercially
available PVP, their ends are terminated with the hydroxyl
(—OH) group because of the involvement of water as a poly-
merization medium and the presence of hydrogen peroxide.
Like long-chain alcohols, we suspect that such polymers can
serve as a new class of reductants, whose mild reducing power
is desired for kinetically controlled synthesis of metal nano-
crystals. As established for a number of systems, kinetic con-
trol provides a simple and versatile route to the synthesis of
metal nanocrystals with well-defined shapes.”! For a face-cen-
tered cubic (fcc) noble metal, the thermodynamically favor-
able shapes are truncated nanocubes and multiple twinned
particles (MTPs).[Z] When metal atoms are generated at a suf-
ficiently high rate, the final product will have no choice but to
take the thermodynamically favored shapes. As the reduction
becomes substantially slower, however, the nucleation and
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growth will be turned into kinetic control and the final prod-
uct can take a range of shapes that deviate from the thermo-
dynamic ones. Here we demonstrate for the first time that the
reduction kinetics of AgNO; by the hydroxyl end group of
PVP can be maneuvered in at least two different ways to pro-
duce Ag triangular nanoplates in high yields.

Silver nanostructures have especially been of interest be-
cause of their unique surface-plasmonic features, which have
enabled their use as optical labels, active substrates for sur-
face-enhanced Raman scattering (SERS), near-field optical
probes, and contrast agents for biomedical imaging.!! Like
many other systems, shape control has received considerable
attention for silver,'*>> because in many cases it allows one
to tune the properties for various applications with a greater
versatility than can be achieved otherwise.>”*! Most recently,
particular emphasis has been placed on triangular nanoplates,
as metal nanostructures with sharp corners and edges are
capable of generating maximum electromagnetic-field en-
hancement and thus make these nanoparticles attractive as
substrates for SERS detection or other spectroscopic tech-
niques.m Although several research groups have developed
diverse methods to generate triangular and circular nano-
plates of Agin a number of different solvents,'%!”! the ability
to control and fine-tune the shape of Ag nanostructures has
been modestly successful. It still remains a grand challenge
to produce Ag triangular nanoplates with controllable size
in bulk quantities and with high yield via a facile and clean
method. In this communication, Ag nanoplates between
50 and 350 nm in size were synthesized by heating an aqueous
solution of AgNOj3 and PVP in a capped vial, in which the re-
duction kinetics and growth were significantly altered towards
the thin-plate morphology.

Figure la—e shows scanning electron microscopy (SEM) im-
ages of samples taken at different stages from a synthesis
where the molar ratio of PVP (weight-average molecular
weight My, =29000 gmol™, calculated in terms of the repeat-
ing unit) to AgNOj3 was 30. As shown in Figure S1 in the Sup-
porting Information, the sample contained 80 % circular
nanoplates 50 nm in size and 20 % spherical nanoparticles
20 nm in size at synthesis time #=20 min. At ¢=40 min
(Fig. 1a), the average size of the circular nanoplates and
spherical nanoparticles grew to 60 and 25 nm, respectively.
The inset in Figure 1a shows an SEM image of tilted circular
nanoplates, revealing their thickness as ca. 5 nm. As the reac-
tion proceeded, the circular shape of nanoplates gradually
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ure 2a shows a TEM image of spherical
particles in the sample depicted in Fig-
ure 1b (r=1 h), indicating that the spherical
nanoparticles of relatively small size were
multiply twinned. The inset in Figure 2a
gives an electron-diffraction pattern taken
from the twinned particle. The rings corre-
spond to diffraction from the {111}, {200},
{220}, and {311} planes of fcc Ag. Figure 2b
shows a high-resolution TEM image of the
nanoplate recorded along the [111] zone
axis. The fringes are separated by 2.5 A,
which can be ascribed to the (1/3){422}
reflection that is generally forbidden for
an fcc lattice. The inset in Figure 2b shows
a typical electron diffraction pattern re-
corded by directing the electron beam per-
pendicular to the triangular flat faces of an
individual nanoplate. The sixfold rotational
symmetry displayed by the diffraction spots
implies that the triangular faces are pre-
sented by {111} planes. Three sets of spots
can be identified based on the d-spacing:
the set with a spacing of 1.4 A results from
the {220} reflection of fcc Ag. The outer set
with a lattice spacing of 0.8 A can be in-
dexed to the {422} Bragg reflection. These
two sets of reflection were both allowed by
an fcc lattice. The inner set with a spacing

400 600 800
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Figure 1. SEM images of products sampled at different stages of a synthesis: a) t=40 min,
b) t=1h;c) t=3 h;d) t=7 h; and e) t=21 h. f) UV-vis spectra of these products dispersed in
water. The insets of (a) and (e) are SEM images taken from tilted samples. The PVP had an
average molecular weight of 29000 g mol™ and its molar ratio (in terms of the repeating unit)

to AgNO3 was 30.

evolved into faceted ones with sharp edges and corners. At
t=1 h (Fig. 1b), the sample consisted of triangular nanoplates
of 90 nm in edge length and spherical nanoparticles 35 nm in
size. The lateral dimensions of both nanoplates and nano-
particles continued to increase with reaction time. At t=3 h
(Fig. 1c), the triangular nanoplates and nanoparticles in-
creased in size to 170 and 80 nm, respectively. In the follow-
ing 4 h, most of the triangular nanoplates grew to 250 nm in
edge length, together with a small portion of nanoparticles
100 nm in size (Fig. 1d and Fig. S2a). Both nanoplates and
nanoparticles grew slowly during the next 14 h. As shown in
Figures le and S2b, at t=21 h, the size of nanoplates and
nanoparticles became 350 and 120 nm, respectively. For the
nanoplates, the ratio of thickness to edge length was ca. 0.12
(see the inset in Fig. 1e). It is worth noting that the ratio be-
tween the numbers of nanoplates and nanoparticles was es-
sentially unchanged during the entire growth process .

We further characterized the shape and structure of the
product using transmission electron microscopy (TEM). Fig-
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of 2.5 A is believed to originate from the
forbidden (1/3){422} reflection. This forbid-
den reflection has also been previously ob-
served for Ag or Au nanostructures in the
form of thin plates or films bounded by
atomically flat surfaces.'*®!*!!l This assign-
ment is consistent with the geometrical
model, in which each triangular nanoplate
is bound by two {111} planes as the top and bottom faces and
three {100} planes as the side faces.!"”

The edge length of the nanoplates can be readily controlled
by adjusting the reaction time. It is worth pointing out that
the samples displayed size-dependent surface plasmon reso-
nance (SPR) properties. Figure 1f shows UV-vis extinction
spectra of aqueous suspensions of Ag particles obtained at
different stages of the reaction. The extinction peaks at 490,
530, 550, 820, 1000, and 1240 nm can be attributed to the in-
plane dipole resonance of nanoplates, while the shoulders at
390-400, 510, 590, and 690 nm correspond to their out-of-
plane resonance. Similar to previous publications, the posi-
tions of the extinction peaks were gradually red-shifted to the
near-IR region of the electromagnetic spectrum with increas-
ing particle size, exhibiting a strong size dependence for the
SPR bands.

To determine the role of PVP in the reaction, we conducted
a series of syntheses by varying the molar ratio of PVP to
AgNOj as well as the molecular weight of PVP. As shown in
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Figure 2. a) TEM image of two multiply twinned particles in the sample
shown in Figure 1b (t=1 h). b) High-resolution TEM images of the edge
of a triangular nanoplate in the sample shown in Figure 1b (¢=1 h). The
insets show the electron diffraction patterns taken from a single twinned
particle and a triangular nanoplate, respectively. For the nanoplate, the
strongest spots (square) could be indexed to the allowed {220} reflec-
tion, the outer spots (triangle) with the weakest intensity could be as-
signed to the allowed {422} reflection, and the inner spots (circle) with a
weaker intensity corresponded to the formally forbidden (1/3){422} re-
flection.

Figure 3a, the conversion percentage of AgNOj; to Ag had a
linear dependence on the molar ratio of PVP to AgNO;. In
contrast, the conversion percentage decreased as PVPs of
higher molecular weights were used (Fig. 3b). Taken together,
we conclude that the amount of AgNO; that can be reduced
is directly proportional to the number of PVP chains. More
specifically, the reduction should be related to the end groups
of PVP. As reported in the literature, the ends of commercial
PVP are terminated with the —OH group."® To identify the
end groups of PVP used in the present work, we obtained a
BC NMR spectrum (Fig. 4) from PVP with a molecular
weight of 10000 gmol™. The weak peak at 61.75 ppm can be
assigned to the —OH group.mb] Although PVP has been
widely cited as a steric stabilizer or capping agent in the syn-
thesis of various colloidal particles,[1’2] this is the first demon-
stration that the end groups of PVP can serve as a reducing
agent for the synthesis of metal nanoparticles. When com-
pared with the calculated results (the hollow boxes in Fig. 3),
the experimental conversion percentages matched well in the
range below 25 %; beyond this point, they gradually deviated
from the calculated values. This deviation can probably be un-
derstood by the following argument: as the molecular weight
of PVP was reduced, the reduction became much faster, and
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Figure 3. a) Plot showing the linear dependence of the conversion per-
centage of AgNOj to Ag on the molar ratio of PVP (M,,=55000 g mol™)
to AgNOs. b) Plot showing the dependence of the conversion percentage
of AgNO;3 to Ag on the molecular weight of PVP, with the molar ratio of
PVP to AgNO; being kept at 30. The solid squares represent the experi-
mental conversion percentages measured by atomic emission spectros-
copy, while the hollow boxes correspond to stoichiometric calculations.
In both cases, the molar ratio of PVP to AgNOs was calculated in terms
of the repeating unit. The insets show SEM images of samples synthe-
sized under the corresponding conditions.

some PVP adsorbed onto the surface of rapidly formed Ag
nanoplates or nanoparticles, hence losing their reduction
power.

In the present synthesis, the concentration of end groups
not only determined the conversion percentage of AgNOj; to
Ag but also affected the reduction rate. When the molar ratio
of PVP to AgNO; was increased or the molecular weight of
PVP was decreased, the reduction rate increased. As a result,
the products displayed different morphologies, as shown in
the SEM images in Figure 3. In general, faster reduction led
to particles of larger size. Since the formation of triangular
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Figure 4. >C NMR spectrum of PVP (M,,=10000 g mol™) dissolved in
D,0.

nanoplates was controlled by growth kinetics, slower reaction
was advantageous for the formation of nanoplates at higher
yields. With regard to size uniformity, the reduction rate
should be kept moderate, as an extremely slow reaction would
continue generating Ag atoms, which eliminated the Ostwald
ripening and thus resulted in size polydispersity. For the cur-
rent synthesis, Figure 1 presents the optimized conditions: use
of 29000 gmol™ PVP with its molar ratio to AgNOj; being
controlled at 30.

The formation of circular and triangular Ag nanoplates can
be attributed to the mild reducing power of PVP, which is as-
sociated with a slow reduction rate. Compared to truncated
nanocubes and multiply twinned particles (the thermodynam-
ically favored shapes), the surface energy of nanoplates is
much higher so that their formation requires kinetic control.
As the reduction was substantially slower, both nucleation
and growth turned into kinetic control; the seeds with stacking
faults formed at the initial nucleation stage and then grew into
nanoplates that deviated from the thermodynamic structures.
Note that the stacking faults are the critical characteristics for
the growth of Ag and Au lamellar nanoplates.""'* In contrast,
if the reduction rate was too fast, these seeds with defects
could also evolve into other structures instead of nanoplates.
Undoubtedly, as demonstrated in this paper, the slow reduc-
tion rate derived from the mild reducing power of PVP
was the key to achieving the kinetically controlled synthe-
sis of Ag nanoplates. Previously we have employed such a
kinetic control to achieve the synthesis of Pd triangular and
hexagonal nanoplates by coupling oxidative etching with
polyol reduction.”*! For Ag nanoplates, a number of methods
have been demonstrated, including photo- or thermally
induced transformation and chemical reduction.!*'”! Tt is
worth noting that most of these methods involved Ostwald ri-
pening that was slow enough to ensure kinetic control 162101
The route presented here is new, versatile, and capable of pro-
ducing Ag nanoplates with controllable sizes and at high
yields.

www.advmat.de

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

In the previously reported synthesis of Ag nanoplates, light
of appropriate wavelengths were indispensable for the forma-
tion of plate morphology.!*!”! To clarify this point, we per-
formed a reaction where light was completely blocked from
the reaction system. Figure S3 shows a typical SEM image of
the sample prepared in the absence of light, in which we can-
not find any distinct morphological differences compared with
the normal synthesis (Fig. 1e). This result suggests that light is
not indispensable for the formation of the thin-plate morphol-
ogy.

In summary, Ag triangular nanoplates have been synthe-
sized with high purity by heating an aqueous solution of
AgNO; and PVP to 60°C in a capped vial. The hydroxyl end
groups of PVP reduced AgNOs; at a sufficiently slow rate so
that the growth of Ag nanocrystals became kinetically con-
trolled, leading to the formation of triangular plates. This ki-
netically controlled synthesis allows one to obtain Ag nano-
plates with controllable edge lengths by varying the reaction
time. Although the present work was focused on silver and
PVP, we believe that this new strategy can also be extended to
other noble metals and many other polymers. We anticipate
that reduction of metal salts by the end groups of polymers
may provide a generic route to the synthesis of metal nano-
crystals with controllable shapes, at high yields, and in large
quantities.

Experimental

In each synthesis, poly(vinyl pyrrolidone) (PVP, Aldrich,
M, =10000, 29000, or 55000 gmol™) was dissolved in 8.0 mL of
water in a 20 mL vial (liquid scintillation vial with a polyethylene
liner, Research Products International Corp.), and heated to 60 °C in
air under magnetic stirring. Meanwhile, 3.0 mL of an aqueous solu-
tion of AgNO; (188 mM, Aldrich) was rapidly added into the vial.
For PVP of each molecular weight, the molar ratio between the re-
peating unit of PVP and AgNOj; was varied from 30, through 15, to 5.
After the vial had been capped, the reaction mixture was heated at
60°C in air for 21 h. At different stages of the reaction, samples were
taken from the mixture using a glass pipette, centrifuged, and then
washed with water several times to remove excess PVP. In another ap-
proach, a number of reactions were carried out under the same condi-
tions but stopped after different periods of time. The samples were
characterized by SEM, TEM, and high-resolution TEM. UV-vis ex-
tinction spectra were also taken from aqueous suspensions of the
products. The water used in all steps was obtained by filtering through
Millipore cartridges (E-pure, Dubuque, IA).

A drop of the aqueous suspension of silver nanoparticles was
placed on a piece of silicon wafer or carbon-coated copper grid (Ted
Pella, Redding, CA, for TEM) and dried under ambient conditions
for SEM or TEM characterization. TEM images were captured using
a Phillips 420 transmission electron microscope operated at 120 kV.
HRTEM images and electron diffraction patterns were taken on a
JEOL 2010 LaBg high-resolution transmission electron microscope
operated at 200 kV. SEM images were taken on an FEI field-emission
scanning electron microscope (Sirion XL) operated at an accelerating
voltage of 20 kV. UV-vis spectra were recorded at room temperature
on a Cary SE (Varian) spectrophotometer using polymethacrylate cu-
vettes (Fisher Scientific, Pittsburgh, PA) with an optical path of 1 cm.
3C NMR spectra of PVP were obtained using a Bruker AVANCE
AV NMR spectrometer operated at 300.13 MHz with D,O as the sol-
vent. The conversion percentages of AgNO; to Ag were determined
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by atomic emission spectroscopy (AES). The AES measurements
were performed on a Jarrell-Ash 955 Plasma AtomComp atomic
emission spectrometer. The Ag nanoparticles were collected by cen-
trifugation after reaction and then dissolved in an aqueous HNOj so-
lution (63 %). The solution was diluted to 10 ppm and then used for
AES measurements. The emission line at 328.0 nm was used to mea-
sure the concentration of Ag atoms. The conversion percentage was
calculated based on the amount of Ag atoms contained in the HNO;
solution and the amount of AgNOj in the starting solution.
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