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The unique shape and crystalline structure of Ag nanoplates provide an interesting model 

system for investigating the roles of capping agents in controlling the evolution of the 

nanostructure shape during growth. This article describes a simple approach to the synthesis 

of Ag nanoplates with well-controlled shapes in which halide ions (including Cl−, Br−, and 

I−) guides the well-defined kinetically controlled synthetic route. The presence of the iodide 

ion promoted vertical growth in the nanoplate structure, resulting in small thick nanoplates. 

The time, during the nanoplate growth process, at which the iodide ion was added, could be 

adjusted to control the shapes of the Ag nanoplates by controlling the lateral and vertical 

dimensions of nanoplates. This shape control method permitted tuning of the localized 

surface plasmon resonance (LSPR) peaks of the Ag nanoplates over the visible and near-IR 

regions of the spectrum.  

 

 

Introduction 

Metal nanostructures, particularly silver nanostructures, have 

been extensively studied in recent decades for their potential 

utility in biological and chemical sensing applications, surface 

enhanced Raman spectroscopy, and the diagnosis and treatment 

of disease.1-3 Most of these applications rely on the unique 

optical properties of nanostructure, that is, the localized surface 

plasmon resonance (LSPR). Ag nanostructures typically exhibit 

LSPR due to the collective oscillations of surface electrons in 

the presence of incident light. The plasmon band of a 

nanostructure is modulated by the nanoparticle size, shape, 

composition, structure (e.g., solid vs. hollow), interparticle 

distance, and dielectric environment.4-5 Several strategies have 

been developed for synthesizing Ag nanostructures with well-

defined shapes in an effort to tune the LSPR properties.6   

Ag nanoplates display fascinating plasmonic properties, 

including intense quadrupole resonance peaks, and have been in 

biological and chemical sensing applications.7 The LSPR of a 

Ag nanoplate can be tuned by controlling the nanoplate size and 

aspect ratio. A wealth of chemical methods have been 

developed to tailor the shapes of Ag nanoplates, such as UV 

irradiation, thermal treatment, ion etching, and sonochemical 

treatment, but most of them were based on the post conversion 

processing methods.8-9 To the best of our knowledge, direct 

synthetic methods for producing Ag nanoplates with tunable 

shapes have not been intensively studied. Successive deposition 

procedures based on seed-mediated growth have been used to 

control the Ag nanoplate shape;10 however, such multistep 

deposition processes require long process times and significant 

efforts. A single-step reduction approach would be preferable.  

The final shape of a nanocrystal can be defined by the 

presence of a capping agent that stabilizes certain 

crystallographic facets. Through its chemical interactions with a 

metal surface, a capping agent can change the order of the free 

energies of different crystallographic planes and, thus, their 

relative growth rates. Preferential capping can drive the 

addition of Ag atoms to certain crystal facets. The unique 

shapes and crystalline structures of Ag nanoplates provide an 

interesting model system for investigating the role of a capping 

agent in controlling the shape evolution during growth.  

Here, we report a new and facile chemical reduction method 

that yields Ag nanoplates with controllable shapes upon the 

introduction of the halide ions (including Cl
−−−−

, Br
−−−−

, and I
−−−−

) in 

a well-defined kinetically controlled synthetic route. The 

present study is different from previous studies that mostly 

replied on seeded-mediated growth of Ag nanoplates or post 

transformation process. This single-step procedure is quite 

simple, and the Ag nanoplates reaction yield (the percentage of 

plates present among the products) was very high. Interestingly, 

the time during the nanoplate growth process at which the 

halide solution was added was critical for defining the final 

shapes. These morphological changes also allow us to finely 

tune the LSPR peaks of the nanoplates from the visible region 

to the NIR region. Here, we present a detailed study of the 

structural, morphological, and spectral changes displayed 
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during the growth of the Ag nanoplates. These results offer 

guidelines for controlling Ag nanocrystal shapes in the presence 

of a capping agent under kinetically controlled conditions.  

  

 

Experimental Section 
 

Chemicals and Materials.  

Silver nitrate (AgNO3, Product No. 209139, 100 g) and PVP 

(Mw ≈ 29 kDa) were received from Aldrich (USA). Potassium 

chloride (KCl, Product No. P1597, 500 g), potassium bromide 

(KBr, Product No. 221864, 25 g), potassium iodide (KI, 

Product No. 60399, 100 g), and sodium iodide (NaI, Product 

No. 409286, 1 g) were purchased from Aldrich (USA). N-

methyl-2-pyrrolidone (NMP, Product No. 74325, 1 L), used in 

all reactions, was purchased from Junsei Chemical (Japan). All 

chemicals were used without further purification. The deionized 

(DI) water (Product AH365-4, 4 L) used in the reaction was a 

product of SK Chemicals (Republic of Korea).  

 

Synthesis of Ag Nanoplates.  

In a typical synthesis, 1.870 g PVP (Mw ≈ 29 kDa) was 

dissolved in 8 mL NMP in a 20 mL liquid scintillation vial with 

a polyethylene liner and a white cap (Research Product 

International Corp). A 100 µL volume of a 10 mM NMP 

solution containing halide (KCl, KBr, or KI) was rapidly added 

to the vial. In the case of KCl, a small amount of DI water was 

added to the NMP solution containing KCl (the water to NMP 

w/w ratios was 0.1) because the KCl did not dissolve into pure 

NMP. Three milliliters of the NMP solution containing AgNO3 

(188 mM) was then rapidly added to the vial using a glass 

pipette. In a typical synthesis, the PVP to AgNO3 weight ratio 

in the total reaction mixture was fixed at 19.5. After the vial 

had been capped, the reaction was heated at 100 °C with 

magnetic stirring for 6 h. The particle growth process was 

examined at different stages of the reaction by conducting a 

series of reactions under identical conditions and stopping the 

reactions at several points over time. The final product was 

collected by centrifugation and washed with DI water three 

times to remove most of the NMP and PVP. During the 

washing process, the suspension was centrifuged at 14,000 rpm 

for 10 min. Finally, the precipitate was re-dispersed in DI water 

for further use.  

 

 

Instrumentation.  

TEM and high-resolution TEM imaging technologies were 

performed using a Phillips Tecnai G220 microscope operated at 

300 kV. SEM images were collected using an FEI field-

emission microscope (Sirion XL) operated at an accelerating 

voltage of 10 kV. The TEM (or SEM ) sample was prepared by 

placing a drop of the final product (suspended in DI water) on a 

carbon-coated copper grid (or silicon wafer), and the sample 

was dried in a fume hood. The UV-Vis-NIR spectra were 

recorded at room temperature using a Cary 50 

spectrophotometer (Varian, Palo Alto, CA). Photographs were 

captured using a digital camera (Sony Nex 6).  

 

 

Results and Discussion 
 

Most previous studies involving chemical reduction methods 

reported that Ag nanoplates underwent lateral growth along the 

twin defects and stacking faults to produce larger thin plates.11-

12 Vertical growth that could increase the thickness of the Ag 

nanoplates was not observed previously in single-step synthesis 

approaches. These growth mechanisms were related to the Ag 

nanoplate surface energy. The Ag nanoplate surfaces presented 

{111} facets at both the top and bottom surfaces, and they 

contained twin planes with stacking faults on the side facets 

along the vertical direction. Each nanoplate edge consisted of a 

{111} facet and a {100} facet, each with a different size.13 

Truncated triangular and hexagonal nanoplates included six 

edges, half of which featured a {111} facet and half of which 

featured a {100} facet. The general ordering of the surface 

energies of the different facets of an fcc metal structure was: 

γ{111} < γ{100} < γ{110}.
14 As the Ag atoms were generated during 

the reduction reaction, the new Ag atoms were preferentially 

added to the edges of the nanoplates having surface energies 

exceeding those of the top and bottom {111} facets. This 

preferential addition then increased the areas of the top and 

bottom {111} facets having relatively low surface energies. The 

primary growth mode was, therefore, lateral, and vertical 

growth was not extensive.  

Terminated with only {111} and {100} facets, the Ag 

nanoplates provided an interesting model system for 

investigating the roles of capping agents in the evolution of 

shape. Since the lateral growth of Ag naonplates was thought to 

be originated from the high surface energy of {100} facets over 

{111} facets, the growth behavior could change if the {100} 

facets are stabilized by capping agents. Others have 

demonstrated that halide ions, including Cl−, Br−, and I−, bind 

more strongly to {100} than to {111} facets of Ag crystals, and 

thereby stabilizing the facets.15 The addition of halide ions 

could promote the development of {100} facets; thus, the area 

ratio of the {100} facets in the final structure could be 

increased in the presence of halide ions. These additives effect 

can result in the promotion of vertical growth and thus can be 

adjusted to tune nanocrystal shape. 

We recently reported a method for synthesizing Ag nanoplates 

in a high yield using chemical reduction approaches.16 This 

method involved reducing of AgNO3 by PVP in NMP. During 

the synthesis, PVP acted as a colloidal stabilizer and a reductant 

with a weak reducing power, thereby enabling kinetic control 

over both the nucleation and growth steps. The roles of halide 

ions in the synthesis of the Ag nanplates were explored by 

adding small amounts of KCl, KBr, or KI to the reaction 

mixture. In a typical synthesis, PVP had an average molecular 

weight of 29 kDa, and its weight ratio relative to AgNO3 was 

maintained at 19.5. The synthesis was conducted at 100°C in 

NMP. Fig. 1A shows the Ag nanoplates TEM images of Ag 
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nanoplates (A) in the absence of halide ions. Fig. 1B-1D show 

TEM images of the Ag nanoplates after introduction of the 

halide ions (including Cl−, Br−, and I−). It should be noted that 

the nanoplate thickness increased remarkably in the presence of 

halide ions whereas the lateral dimensions decreased. These 

results indicated that halide ions dramatically affected the 

synthetic pathways by promoting vertical growth relative to 

lateral growth via Ag deposition onto nanoplate seed, consistent 

with our expectations. SEM images of the nanoplates are shown 

in Fig. S1. 

 

 Fig. 1. (A) TEM image of Ag nanoplates formed in the 

absence of halide ions. TEM images of Ag nanoplates formed 

in the presence of (B) KCl, (C) KBr, or (C) KI. PVP (29 kDa) 

to AgNO3 w/w ratio was 19.5. All syntheses were performed at 

100 °C over a period of 6 h. 

 

 

Because halide ions bind strongly to the {100} Ag surfaces, Ag 

atoms added preferentially to the top and bottom {111} facets, 

which lengthened {100} facets. The vertical growth in the 

nanoplate structures was promoted in the order of Cl− < Br− < I−, 

as shown in Fig. 1. The chemisorption of the halide ions on the 

Ag surfaces increased in an order of Cl− < Br− < I−;17 thus, the 

iodide ions bound most strongly to {100} facets, to favor the 

vertical growth of Ag nanoplates. Without the halide ions, the 

average plate size was 208 nm and the approximate thickness 

was 28 nm, respectively. The ratio of the lateral dimensions to 

the vertical dimensions was nearly 7.4. This ratio decreased in 

the presence of halide ions. As shown in Fig. 1D, the presence 

of I− produced some cube-like particles, indicating that the 

vertical and lateral dimensions of the nanoplates grew to the 

same degree. These poorly-symmetric particles clearly revealed 

stacking faults in their inner structures.  

The Ag nanoplates growth in the presence of I− was examined 

by monitoring the evolution of the shape by conducting a series 

of reactions under identical conditions and stopping the 

reactions at several points in time. Fig. 2A-2D show TEM 

images of Ag nanoplates grown in the absence of I− and 

sampled at different reaction times over a 6 h reaction period. 

At t = 1 h, the sample mainly contained triangular nanoplatets. 

As the reaction proceeded, the structures evolved to form 

truncated triangular shapes with sharp edges and corners. 

During a reaction time of 6h, the nanoplates primarily 

underwent lateral growth, which increased the lateral 

dimensions of the nanoplates to yield large thin nanoplates. Fig. 

2E-2H revel TEM images of the products obtained after 1, 2, 3, 

and 6 h reaction times, in the presence of I−. During the early 

stages of the reaction, most nanoplates had circular cross-

sections. Unlike the particles shown in the Fig. 2A, the particles 

appeared to be smaller and thicker, as shown in the TEM 

images. In the presence of I−, by contrast, the lateral dimension 

increased preferentially during the first 2 h. Vertical growth 

was preferred subsequently, and the nanoplate thickness 

continued to increase up to a reaction time of 6h. And finally, 

small thick nanoplates were obtained.  

 

 

Fig. 2. TEM images of products sampled at different stages of 

the reaction: (A), (E) t = 1 h, (B), (F) t = 2 h, (C), (G) t = 3 h, 

and (D), (H) t = 6 h. The synthesis was performed in the 

absence of I− (A)-(D) and in the presence of I− (E)-(H). Scale 

bar = 200 nm for (A-D) and 50 nm for (E-H).  

 

 

We further characterized the Ag nanoplates using high-

resolution (HR) TEM techniques. Fig. S2 presents a HR TEM 

image of the nanoplate shown in Fig. 2G. In this image, the 

(111) stacking faults in the nanoplate are clearly visible, and the 

vertical dimensions of the particle are analogous to the lateral 

dimension, indicating that vertical growth was promoted in the 

presence of I− ions. The inset of Fig. S2 shows that the lattice 

spacing of the Ag nanoplates which was 0.23 nm, 

corresponding to the Ag (111) crystal plane. This measure 

provided direct evidence for the vertical growth of Ag 

nanoplates. These results indicated that iodide ions play a 

pivotal role in the growth of the nanoplates. To confirm that the 

iodide, and not potassium ions, induced vertical growth in the 

Ag nanoplates, we replaced the KI with NaI, holding other 

reaction parameter constant. As shown in Fig. S3, the particle 

morphology was indistinguishable from that shown in Fig. 1D.  

In the present system, the time, during the nanoplate growth 

process, at which the iodide ions were added could be critical 
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for preparing a desired shape, and it could be used to effectively 

control both the size and thickness of as-synthesized Ag 

nanoplates. Therefore, we monitored the evolution of the shape 

over the reaction time. Fig. 3A-3E show SEM images of 

samples obtained after 6 h reaction times, for a given iodide 

concentration: however, iodide ions were added at the start of 

the nanoplate growth process (A), or 1 h (B), 2 h (C), 3 h (D), 

or 4 h (E) into the nanoplate growth process. Fig. 3F shows 

SEM images of the nanoplates grown in the absence of iodide. 

In the absence of iodide, the nanoplates primarily underwent 

lateral growth during the first 6h to form large thin nanoplates. 

The addition of iodide ions early in the reaction process 

decreased the lateral dimensions and increased the thickness, as 

shown in Fig. 3. Interestingly, the lateral dimensions of the 

nanoplates shown in Fig. 2A-2C and Fig. 3B-3D were similar, 

confirming that the lateral growth had ceased upon the addition 

of iodide, and the nanoplates grew vertically. TEM images of 

the nanoplates shown in Fig. 3 are shown in Fig. S4, and 

plots of the average size and thickness of the nanoplates are 

also shown in Fig. S5. A schematic diagram illustrating the 

nanoplates formations in the presence of iodide ions is shown in 

Fig. 4. 

 

 

 

Fig. 3. SEM images of the Ag nanoplate samples obtained from 

the reaction performed in the presence of a given concentration 

of I−; however, I− solution was added (A) at the start of the 

reaction, or at (B) t = 1 h, (C) t = 2 h, (D) t = 3h, or (E) t = 4h 

after the reaction had started. (F) SEM image of the Ag 

nanoplates formed in the absence of I−. All syntheses were 

performed at 100 °C over a period of 6 h. Scale bar = 200 nm 

for all images.  

 

 

 

 

 

 

Fig. 4. Schematic diagram illustrating the nanoplates 

formations in the presence of iodide ions. 

 

 

Tuning the shape of Ag nanoplates by halides had been studied 

by other researcher groups. However, the present study should 

be distinguished from these studies that mostly replied on post 

transformation process using halide ions as etchants.9,18 Herein, 

the iodide ion formed specific binding to the surface of {100} 

and ultimately promoted vertical growth of Ag nanoplates. 

When the iodide is insufficiently involved, the vertical growth 

is not dominant and more anisotropic nanoplates form. When 

the concentration of I− decreased to 1/2, the product showed 

small but thin nanoplate structures as shown in Fig. S6, which 

confirms that the I− forms strong capping the edges of plates.  

We are not the first group to observe the vertical growth Ag 

nanoplates in the presence of capping agents. Kitaev et al. 

reported similar transformation behavior of Ag nanoplates 

into bi-pyramids and twinned cubes.19 They attained a 

mixture of right bipyramids and twinned cubes by heating 

aqueous dispersions of silver nanoplates with silver nitrate 

in the presence of PVP and citrate ions.  They also reported 

such structural transformation pathway of Ag nanoplates in 

the presence of Br−.20 These approaches are based on 

seeded-mediated growth (two-stage modification), and the 

reaction rate during the transformations was so fast that 

the control over of nanoparticle size and aspect ratio was 

not observed. They tried the same experiment in the 

presence of I− in the latter, but they found no notable 

differences. In the present study, the reaction rate based on 

the reduction of silver ion by PVP went quite slowly and 

thus the size and aspect ratio of the nanoplates could be 

controlled as shown in Fig. 3. Furthermore, the difference 

between Br− and I− upon the ability to promote the vertical 

growth in the nanoplate structure was confirmed.  

Iodide ion dramatically affected the synthetic pathways by 

promoting vertical growth over lateral growth via the 
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deposition of Ag onto the nanoplate seeds. The size and shape 

of the resulting nanoplates depended on the time at which the 

iodide ions were added addition time of iodide ion. The 

addition time, therefore, could be used to control the resulting 

LSPR properties, which depend strongly on the size, shape, and 

thickness of a nanoparticle. Fig. 5 shows the UV-vis-NIR 

extinction spectra of the nanoplates shown in Fig. 3. The 

spectrum of anisotropic Ag nanoplates grown in the absence 

of iodide ion exhibits several peaks. The peaks at 352 nm 

and 387 nm can be attributed to the out-of-plane 

quadrupole and out-of-plane dipole resonances, and the 

peak shoulder at 500-550 nm corresponds to the in-plane 

quadrupole resonance.21-22 The peak at the longest 

wavelength (at 918 nm) is the contribution of the in-plane 

dipole resonance.11  

In Fig. 5, two distinct features can be found. First, the 

excitation peaks at the longest wavelengths could be shifted 

continuously from 918 nm to 444 nm, depending on the 

addition time of the iodide ion. Specifically, the peak was 

blue-shifted from 918 nm to 845, 697, 556, 463, or 444 nm in 

the presence of I−, due to changes in the shapes of the 

synthesized Ag nanoplates. The in-plane dipole resonance of 

the Ag nanoplates became blue-shifted as the edge length 

decreased. These results confirm that the SPR peaks of the 

nanoplates could be finely tuned from the visible region to 

the NIR region by varying the time, during the nanoplate 

growth process, at which the iodide ions were added. Fig. 5 

also shows that the number of peaks in the spectrum 

decreased as the iodide ion had been added earlier. The 

early addition of I− induced nanoplate growth such that the 

vertical and lateral dimensions were comparable, resulting 

in the loss of the optical anisotropy identified by the 

vanishing out-of-plane resonance bands.20  

 

 

Fig. 5. UV-vis-NIR extinction spectra of the reaction products 

shown in Fig. 3.  

 

 

Fig. 6 shows a photograph of eight aqueous dispersions of Ag 

nanoplates prepared by adding I− to the reaction mixture at 

different times during the reaction process. The color could be 

tuned from yellow to purple to blue. The optical properties 

resulted from the structural characteristics, which ranged from 

small thick Ag nanoplates (yielding yellow solutions) to large 

thin Ag nanoplates (yielding blue solutions).  

 

 

Fig. 6. Photographs of aqueous dispersions of Ag nanoplates 

grown in the presence of iodide ions. The times, during the 

nanoplate growth process, at which the iodide solutions were 

added to the reaction solution were (from left to right): t = 0 h, t 

= 1 h, t = 1.3 h, t = 1.6 h, t = 2 h, t = 3 h, or t = 4 h after the 

reaction had begun. The sample farthest to the right was 

prepared without adding iodide ions.  

 

 

Conclusions 

Ag nanoplates with tunable shapes were synthesized in the presence 

of halide ions (Cl−, Br−, and I−) via a well-defined kinetically 

controlled synthetic route in which the nanoplates grew primarily in 

the lateral direction over the reaction time. The addition of halide 

ions promoted the development of {100} facets, and thus, vertical 

growth. The halides promoted vertical growth in the order of Cl− 

< Br− < I−. Small thick nanoplate structures with low degrees of 

distinct symmetry were obtained in the presence of iodide. The time, 

during the nanoplate growth process, at which the iodide ions were 

added could be varied to yield Ag nanoplates with a range of lateral 

and vertical dimensions. These morphological transformations 

enabled us to finely tune the LSPR peaks of the Ag nanostructures 

from the visible to the near-IR region of the spectrum. This work 

offers a new method for synthesizing Ag nanoplates with tunable 

sizes and shapes in high yields. It also provides important 

information about how nanoplate shapes may be finely controlled in 

the presence of a capping agent under conditions of kinetic control.  
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