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  1   .  Introduction 

 Silver nanocrystals have fascinating optical properties that 

can be maneuvered by controlling their sizes and shapes. [  1  ]  

Among various types of Ag nanocrystals, nanoplates exhibit 
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exquisite features in the localized surface plasmon resonance 

(LSPR) owing to an extreme degree of anisotropy in their 

structure. [  2,3  ]  It is well documented that the in-plane LSPR 

dipole resonance of Ag nanoplates is exceedingly sensitive 

to the change in morphology – it will be red-shifted with an 

increase in edge length or blue-shifted with an increase in 

corner truncation – to encompass peaks over a broad spec-

tral range from visible to infrared. [  4–7  ]  Additionally, discrete 

dipole approximation (DDA) calculations suggest strong 

electromagnetic fi elds at the corners of Ag nanoplates and 

thus remarkable activity for surface-enhanced Raman scat-

tering (SERS), especially when they are arranged in a bowtie 

structure. [  8  ]  Hence, Ag nanoplates offer great potential for an 

array of applications that leverage their SERS activity for the 

monitoring of reaction kinetics  in situ  [  9–11  ]  and detection of 

biological or chemical species with high sensitivity. [  12–14  ]  Fur-

thermore, when compared with nanospheres and nanowires 

having the same volume, nanoplates have such larger surface 

areas, with a strong tendency to form large, ultrathin sheets 

for potential use as metallic inks in printable electronics. [  15,16  ]  

 Strategically, the formation of Ag nanoplates can be pre-

pared using a kinetically controlled process, in which the     DOI:  10.1002/smll.201302877  
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an aqueous solution under a hydrothermal condition, we confi rm that etching plays an 
essential role in promoting the growth of Ag triangular nanoplates with straight edges 
at the expense of multiple twinned particles via Ostwald ripening. Once all the multiple 
twinned particles are gone, etching will continue at the corners of nanoplates, leading to 
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with wavy edges embraces a SERS enhancement factor at least 6 and 13 times stronger 
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atoms would form plate-like seeds through random hex-

agonal close packing with the inclusion of stacking faults, 

followed by their growth into nanoplates. [  17  ]  Since the fi rst 

report on the synthesis of Ag nanoplates using a photo-

induced reaction by Mirkin and coworkers, [  18  ]  great efforts 

have been devoted to the development of methods that are 

based on photochemical reduction, [  19–22  ]  thermal decomposi-

tion, [  23–26  ]  electrochemical reduction, [  27  ]  ultrasound-assisted 

reduction, [  28  ]  seed-mediated growth, [  29  ]  galvanic replace-

ment, [  30  ]  and Ostwald ripening. [  31  ]  Most of them involved 

the use of citrate as a capping agent. Recently, we reported 

a citrate-free protocol for the synthesis of Ag nanoplates in 

ethanol with an edge length of 50 nm and a conversion yield 

approaching 100%. [  32  ]  More importantly, when the reac-

tion temperature was above the boiling point of ethanol, 

the accelerated etching could effectively transform mul-

tiple twinned particles (MTPs) into nanoplates. In this case, 

etching selectively occurred on the high-energy surfaces of 

MTPs, through which Ag atoms were oxidized to ions. The 

ions were then reduced back to atoms, leading to the growth 

of nanoplates at the expense of MTPs. We suspect that the 

etching should continue on the nanoplates once all the MTPs 

have disappeared from the reaction system. To this end, a 

comprehensive understanding of the effects of etching on 

various facets of Ag nanoplates with different surface free 

energies would allow us to maneuver the fi nal morphology 

of the nanoplates. Unfortunately, due to the reducing power 

of ethanol, we were unable to manipulate the rate and site of 

etching to see how these parameters would affect the mor-

phology of nanoplates. 

 In this paper, we report a systematic investigation on the 

role of etching in the formation of Ag nanoplates during the 

reduction of AgNO 3  by poly(vinyl pyrrolidone) (PVP) in 

water under a hydrothermal condition. We replaced ethanol 

with water to eliminate the possible involvement of sol-

vent as a reductant. In our previous work, we found that an 

inclusion of  ca.  5% water in ethanol could signifi cantly slow 

down the reduction rate to generate a smaller number of 

seeds, leading to the formation of MTPs and nanoplates with 

larger sizes in the fi nal product. [  32  ]  Herein, we performed the 

reduction of AgNO 3  with PVP in DI water at 160 °C under 

a hydrothermal condition. As expected, the reducing power 

of PVP in an aqueous solution was signifi cantly weakened as 

compared with the same reaction in ethanol, leading to the 

generation of fewer seeds and thereby Ag nanoplates with 

edge lengths in the range of 100–450 nm. Remarkably, the 

slower reduction of AgNO 3  in an aqueous system allowed 

us to resolve the role of etching in regulating the formation 

of Ag nanoplates with different morphologies, which could 

not be achieved in our previous synthesis with ethanol. We 

also re-dispersed Ag nanoplates synthesized in water under a 

hydrothermal condition in ethanol and then subjected them 

to a solvothermal treatment. Interestingly, the Ag nanoplates 

with straight edges were transformed into nanoplates with 

wavy edges and sharp corners during the solvothermal treat-

ment. The ability to generate Ag nanoplates with different 

edge morphologies allowed us to evaluate their SERS prop-

erties. A direct comparison study indicated that nanoplates 

with wavy edges and sharp corners exhibited the strongest 

SERS. Our experimental data are supported by the results 

from fi nite difference time domain (FDTD) calculations.  

  2   .  Results and Discussion 

  2.1   .  Quantitative Analysis of the Reduction Process 

 Compared with previous syntheses under ambient condi-

tions, [  23–26  ]  our hydrothermal process at an elevated tem-

perature and induced pressure could signifi cantly shorten 

the reaction time to 4 h in the generation of Ag triangular 

nanoplates with straight edges. We were able to monitor the 

reduction by quenching the standard syntheses after dif-

ferent periods of time and characterizing the products using 

a number of techniques. Specifi cally, we used inductively cou-

pled plasma mass spectrometry (ICP-MS) to determine the 

total amount of Ag in the reaction system (solid plus super-

natant) and the content of unreacted Ag +  ions in the solution 

after the solid had been removed from the supernatant by 

high-speed centrifugation. The difference between these two 

values corresponds to the Ag content in the solid product. 

Additionally, we used electron microscopy (EM) and UV-vis 

to characterize the morphology and LSPR properties of the 

Ag nanoparticles. 

  Figure    1   shows the UV-vis spectra and ICP-MS data, 

respectively, of the products obtained at various reaction 

times up to 6 h at 160 °C. At 0.5 h, no feature was observed in 

the UV-vis spectrum while the ICP-MS data shows a decrease 

in Ag +  concentration from 291 to 239  μ M in the solution, 

indicating that  ca.  18% of the initially added Ag +  ions had 

been reduced into Ag atoms. This result suggests that PVP 

has a milder reducing power in an aqueous solution than in 

ethanol, which is consistent with the fi ndings described in 

previous reports. [  32–34  ]  At 1.5 h, we observed a weak LSPR 

peak at 430 nm in the UV-vis spectrum, indicating the forma-

tion of MTPs with relatively small sizes. At 2.5 h, the peak 

at 430 nm slightly increased in intensity, together with the 

onset of a weak peak at 560 nm that can be assigned to the 

in-plane dipole resonance of small Ag nanoplates. [  7  ]  As indi-

cated by the ICP-MS data, the concentration of remaining 

Ag +  ions was sustained at an average value of 250  μ M in the 

solution from 0.5 to 2.5 h. This result is different from the sol-

vothermal synthesis in ethanol, [  32  ]  where the concentration of 

Ag +  ions quickly dropped by 90% during the fi rst 0.5 h.  

 As the reaction progressed to 3.5 h, the peak of MTPs 

at 430 nm drastically increased in intensity and the dipole 

peak of Ag nanoplates also signifi cantly increased in inten-

sity with a remarkable red-shift to 1017 nm. A new peak 

appeared at 337 nm, which can be assigned to the out-of-

plane quadrupole resonance of Ag nanoplates. The ICP-MS 

data also shows a substantial decrease in Ag +  concentration 

from 266 to 112  μ M during the period of 2.5 to 3.5 h. These 

results suggest rapid consumption of the remaining Ag +  ions 

due to continuous increase in population for the MTPs and 

fast growth in edge length for the nanoplates. At 4 h, the con-

centration of Ag +  ions further declined to 50  μ M. The peak 

of MTPs at 430 nm essentially disappeared and the dipole 

peak of nanoplates was red-shifted to 1300 nm while their 
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quadrupole peak at 337 nm became much stronger. Taken 

together, these results indicate effi cient transformation from 

MTPs to nanoplates under the hydrothermal condition, 

which is similar to our fi ndings for the solvothermal synthesis 

of Ag nanoplates in ethanol. [  32  ]  During this period from 3.5 

to 4 h, the Ag +  concentration in the solution decreased from 

112 to 50  μ M, suggesting another route for the growth of 

nanoplates through direct reduction of the remaining Ag +  

ions ( i.e. , involving no MTPs). This result is different from the 

solvothermal synthesis in ethanol. As indicated by the UV-vis 

spectra, there was essentially no MTPs in the solution during 

the period from 4 to 6 h. Additionally, we observed a blue 

shift for the dipole peak from 1300 to 1112 nm, suggesting 

the truncation of sharp corners for the nanoplates due to 

etching. [  35  ]  The etching process should release Ag +  ions into 

the solution to cause a slight increase in Ag +  concentration. 

However, the concentration of Ag +  ions remained at a more 

or less constant level of 50  μ M after 4 h. In this case, the 

Ag +  ions dissolved from the sharp corners of the nanoplates 

were reduced by PVP and re-deposited onto the nanoplates 

without involving additional self-nucleation and growth. It 

is reasonable to understand this result by assuming that the 

reduction and oxidation processes had reached equilibrium. 

At the end, the ICP-MS data confi rms that >80% of the origi-

nally added Ag +  ions had been converted into the Ag nano-

plates after 6 h of reaction. 

 The UV-vis and ICP-MS results are consistent with the 

morphology characterization by EM.  Figure    2   shows electron 

micrographs of the corresponding solid products collected at 

different reaction times. The image in Figure  2 A indicates the 

formation of MTPs with an average size larger than 20 nm 

and small nanoplates with an average size less than 10 nm 

at 1.5 h into the synthesis. As shown in Figure  2 B, MTPs 

of 36 nm in size and triangular nanoplates with an average 

edge length of 43 nm were formed at 2.5 h. Figure  2 C shows 

the growth of triangular nanoplates into an edge length of 

214 nm, together with an increase in population of MTPs 

in the course of reaction from 2.5 to 3.5 h. Figure  2 D indi-

cates the formation of larger nanoplates with an edge length 

of 338 nm at 4 h whereas the population of MTPs signifi -

cantly decreased. Figure  2 , E and F, implies the evolution of 

triangular nanoplates with straight edges into enneahedral 

nanoplates with curved edges. It is reasonable to understand 

a broad distribution in edge length from 100 to 450 nm for 

the Ag nanoplates because nucleation constantly occurred 

      Figure 1.  (A) UV-vis spectra of Ag nanoparticles obtained from six 
standard syntheses quenched at different reaction times; (B) ICP-MS 
data of the corresponding products (solids and supernatants) together 
with four additional data points at t = 0, 0.5, 1.0, 2.0, and 3.0 h, showing 
percentages of the initially added Ag +  ions that had been converted into 
Ag nanoparticles (solid) and those remaining in the reaction solutions 
(supernatant). The Ag +  concentration only applies to the supernatant. 

      Figure 2.  (A) TEM and (B-F) SEM images of Ag nanoparticles obtained 
from six standard syntheses stopped at different reaction times: (A) 1.5, 
(B) 2.5, (C) 3.5, (D) 4, (E) 5, and (F) 6 h, respectively. These images were 
taken form the same samples shown in Figure  1 A. 
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at different stages of the hydrothermal reaction. However, 

these nanoplates have a uniform thickness of 17.6 ± 2.5 nm 

(Figure S1) as measured by atomic force microscopy for the 

sample shown in Figure  2 D.   

  2.2   .  Understanding the Role of Etching in the Formation of Ag 
Nanoplates with Straight, Curved, and Wavy Edges 

 The UV-vis, ICP-MS, and EM results provide a consistent 

picture about the reaction process.  Figure    3   schematically 

illustrates the reaction details and highlights the role of 

etching in the formation of Ag nanoplates with straight and 

curved edges. Like the solvothermal synthesis in ethanol, the 

reduction of Ag +  ions by PVP in an aqueous solution was a 

thermodynamically controlled process, in which the majority 

of the Ag atoms nucleated and grew into MTPs to achieve 

the lowest total surface energy. [  17  ]  In contrast to the solvo-

thermal synthesis with a conversion of 90% in the early stage, 

the formation of MTPs and small nanoplates only account 

for a conversion of  ca.  18%, with the concentration of Ag +  

ions remaining at a high level of  ca.  239  μ M. As the reaction 

progressed, the formation of MTPs and the growth of nano-

plates continuously consumed the Ag +  ions. As a result, the 

concentration of Ag +  ions was further reduced to a level at 

which MTPs with a higher surface energy became susceptible 

to the O 2  contained in the reaction vessel. During the period 

from 3.5 to 4 h, oxidation-assisted Ostwald ripening triggered 

the quick growth of Ag nanoplates with straight edges at the 

expense of MTPs. We found that the molar ratio of PVP to 

AgNO 3 , [PVP]/[AgNO 3 ], was an important parameter in 

controlling the formation of nanoplates in the hydrothermal 

synthesis. For example, at a slower reduction rate corre-

sponding to a [PVP]/[AgNO 3 ] ratio of 5:3, the relatively large 

MTPs could not be completely transformed into nanoplates 

(Figure S2). When the [PVP]/[AgNO 3 ] ratio was greater than 

10:3, the faster reduction rate favored the formation of MTPs 

with a smaller size, which facilitated complete transformation 

into nanoplates with a conversion yield approaching 100%. 

Upon the depletion of MTPs, the concentration of Ag +  ions 

was further reduced to 50  μ M, at which selective etching at 

the corners with higher surface energies 

started to transform the triangular nano-

plates with straight edges into enneahe-

dral nanoplates with curved edges. In this 

case, the etching at each corner generated 

two new facets different from those at the 

edges of the original nanoplates.  

 We conducted another set of experi-

ments to validate the aforementioned 

mechanism. Specifi cally, we followed the 

standard synthesis to prepare a batch of 

Ag triangular nanoplates (Figure  2 D) by 

reducing AgNO 3  with PVP under hydro-

thermal reduction at 160 °C for 4 h. The 

as-obtained sample was further used to 

perform the three experiments described 

in  Figure    4  A. When the as-prepared 

sample was subjected to an additional 5 

h of hydrothermal treatment at 160 °C (route I), the trian-

gular nanoplates were transformed into enneahedral nano-

plates with a decrease in averaged edge length from 338 nm 

to 160 nm (Figure  4 B). [  36  ]   Figure    5  A shows UV-vis spectra 

of the as-obtained sample before and after two cycles of 

washing with DI water and centrifugation. Different from 

the initial Ag triangular nanoplates, the product shows a peak 

at 812 nm for the enneahedral nanoplates, together with an 

LSPR peak at 430 nm due to the presence of MTPs. In this 

case, since no additional PVP was added into the reaction 

solution, the triangular nanoplates were transformed into 

enneahedral plates due to etching at corners, leading to an 

increase in concentration for the Ag +  ions. The limited amount 

of remaining PVP in the reaction was suffi cient to pro-

mote the formation of small MTPs through self-nucleation. 

However, since the [PVP]/[AgNO 3 ] ratio was below the 

threshold of 5:3, the Ag MTPs could not be transformed into 

nanoplates  via  Ostwald ripening. This argument is consistent 

with the results shown in Figure S2. It is worth noting that 

some of the enneahedral plates could be further converted 

into circular disks due to etching at the corner sites.   

 In the second experiment, we collected the triangular 

nano plates by centrifugation, followed by their dispersion 

in 10 mL of 1.0 mM PVP aqueous solution. When this sus-

pension was treated under hydrothermal condition at 160 °C 

for 5 h (route II), the Ag triangular plates were preserved in 

terms of both morphology and edge length (Figure  4 C). This 

result confi rms that PVP plays an essential role as a reducing 

agent to promote the reduction process, and ultimately hin-

ders the oxidative etching process. With suffi cient PVP in 

the aqueous solution, any dissolved Ag +  ions from oxida-

tive etching could be reduced back into Ag atoms and then 

deposited onto the Ag nanoplates. [  37  ]  Whereas it was diffi cult 

to quantify the growth along lateral and vertical directions, 

comparison of the SEM images confi rmed that this route 

mainly promoted growth along the lateral directions. 

 To better understand the role of oxidative etching in the 

transformation of Ag nanoplates in different solvents, we used 

ethanol to replace DI water (route III) while all other experi-

mental parameters were kept the same as those described 

in route II. Interestingly, with suffi cient PVP in ethanol, the 

      Figure 3.  A schematic diagram showing a possible mechanism for the formation of Ag 
triangular nanoplates with straight edges and enneahedral nanoplates with curved edges 
during a hydrothermal synthesis. 
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Ag nanoplates were transformed into a new morphology 

with sharped corners and wavy edges under a solvothermal 

condition at 160 °C for 5 h (Figure  4 D). In this case, selec-

tive etching occurred on the edges rather than at the corners, 

leading to the formation of triangular nanoplates with wavy 

edges. Figure  5 B shows the UV-vis spectra of the as-obtained 

sample before and after two cycles of washing with DI water 

and centrifugation. Without washing and centrifugation, the 

presence of LSPR peak at 430 nm indicates the formation of 

MTPs in the transformation process. Upon removal of MTPs 

by centrifugation, the LSPR shows a weak and broad peak 

centered around 900 nm, which could be assigned to the in-

plane dipole peak of nanoplates. The blue shift of this peak 

indicates a decrease in edge length. Collectively, our results 

suggest that oxidative etching of Ag nanoplates occurred on 

the edges in ethanol under elevated temperature and pres-

sure in the presence of adequate PVP, leading to an increase 

in the concentration of Ag +  ions for the formation of MTPs 

by self-nucleation. To our knowledge, we are the fi rst to 

observe the etching of Ag nanoplates at the edges to generate 

nanoplates with wavy edges. As it is anticipated, the struc-

tural defect sites on the edges with higher surface energies 

should become more susceptible to oxidation. Our observa-

tions suggest that the {100} facets at the edges were capped 

more strongly by PVP in DI water than in ethanol, leading to 

two completely different pathways for selective etching of Ag 

nanoplates at corners and edges, respectively. It is also worth 

noting that the wavy nanoplates still have well-preserved 

sharp corners, indicating the possible growth at the corners of 

Ag nanoplates in the presence of PVP.  

  2.3   .  Comparison of the SERS of Ag Nanoplates with Straight, 
Curved, and Wavy Edges 

 It is anticipated that the Ag nanoplates with sharp corners 

and wavy edges could generate greatly enhanced local elec-

tric fi elds for SERS. To examine the dependence of SERS 

activity on the morphology, we performed a comparison 

study using Ag nanoplates (at the same particle concentra-

tion) with straight, curved, and wavy edges.  Figure    6   shows 

the SERS spectra of 1,4-benzenedithiol (1,4-BDT) adsorbed 

on the surface of these Ag nanoplates using 785 nm laser exci-

tation. The spectra were recorded from aqueous suspensions 

with the same particle concentration. The peaks at 1564 cm −1  

and 1078 cm −1  can be attributed to the 1,4-BDT signals. [  38  ]  

In these cases, the peak at 1564 cm −1  for nanoplates with 

wavy and straight edges was 13 and 2 times stronger than 

that of the nanoplates with curved edges. In the case of Ag 

nanoplates with wavy edges, the rough edges and sharp cor-

ners could serve as hot spots, leading to the strongest SERS 

signal. In contrast, Ag enneahedral nanoplates with curved 

edges tend to have round corners, leading to weaker SERS 

enhancement.  

 To provide an insight into the strong dependence of 

SERS on morphology, we performed both far- and near-

fi eld calculations for a Ag nanoplate with curved, straight, 

or wavy edges. Specifi cally, we used the fi nite difference time 

domain (FDTD) method to calculate the extinction spectra 

for the three types of plates with geometric confi gurations 

shown in Figure S2. We assumed that the incident light prop-

agates along the z-axis with polarizations along the x- and 

      Figure 4.  (A) A schematic diagram to elucidate the evolution of Ag triangular plates with straight edges into enneahedral nanoplates and nanoplates 
with wavy edges in aqueous and ethanol solutions at 160 °C; (B-D) SEM images of (B) enneahedral nanoplates with reduced edge lengths; 
(C) nanoplates with straight edges and preserved edge length; and (D) Ag nanoplates with wavy edges and reduced edge lengths, respectively. 
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y-axis of the plate, respectively. We used a simulation domain 

that is 1 mm in each dimension and with a grid size of 2 nm 

by 2 nm. The perfectly matched layer as boundary condi-

tion ensures that electromagnetic waves could be absorbed 

completely when they reached the simulation boundary. [  39  ] 

  Figure    7  A compares the calculated extinction spectra. All 

spectra included in-plane dipole resonances from 600–800 

nm and out-of-plane quadrupole resonances around 450 nm, 

which are consistent with previous calculations for a trian-

gular plate with an edge length of 100 nm. [  40  ]  We also found 

that the in-plane dipole resonance of the nanoplate with 

wavy edges became signifi cantly broader, together with a 

shift of the peak position to 800 nm. Figure  7 , B and C, shows 

the E-fi eld enhancement contours with the excitation light 

(l = 780 nm) polarized along the x- and y-axis, respectively. It 

is evident that the maximum enhancement occurs at the tips 

of wavy plates when the in-plane dipole resonance matches 

the excitation wavelength. These calculations support our 

experimental observations that the SERS of Ag nanoplates 

originated from their sharp features at corners and edges and 

nanoplates with wavy edges were the most active substrates 

for SERS.    

  3   .  Conclusions 

 We have investigated the role of etching in controlling the 

formation of Ag nanoplates with different edge morpholo-

gies. Specifi cally, we focused on the reduction of AgNO 3  by 

PVP in an aqueous solution under the hydrothermal condi-

tion. At the early stage of a synthesis, both MTPs and plate-

like seeds were formed, followed by the increase of MTPs in 

population and the growth of plate-like seeds in size as more 

Ag +  ions were continuously reduced by PVP. When the con-

centration of Ag +  ions became suffi ciently low, the O 2  present 

in the reaction vessel would trigger oxidative etching, leading 

to the quick growth of plate-like seeds into larger triangular 

plates with straight edges at the expense of MTPs  via  Ost-

wald ripening. Upon complete consumption of the MTPs, 

the Ag nanoplates with straight edges were transformed into 

enneahedral plates with curved edges due to etching at the 

corner sites. We also demonstrated that etching would occur 

on the edges of triangular nanoplates to generate wavy struc-

tures when they were dispersed in ethanol and subjected 

to solvothermal treatment. In contrast, nanoplates from 

the same batch of synthesis were transformed into ennea-

hedral plates under a hydrothermal condition in water due 

to etching at the corner sites. This fi nding suggests that the 

PVP capping in ethanol and DI water could affect the sur-

face energies of edges and corners, resulting in two etching 

pathways. We further evaluated the SERS properties of Ag 

nanoplates with different edge morphologies. Our meas-

urements indicate that Ag nanoplates with wavy edges and 

sharp corners were more active SERS substrates than those 

      Figure 6.  Comparison of SERS spectra at 785 nm laser excitation 
taken from aqueous suspensions of 1,4-BDT-coated Ag nanoplates 
with straight edges, curved, and wavy edges, respectively. The peak at 
1078 cm −1  arises from a combination of the phenyl ring breathing mode, 
C-H in-plane bending, and C-S stretching, and the peak at 1564 cm −1  can 
be assigned to phenyl ring stretching motion. 

      Figure 5.  (A) UV-vis spectra of the Ag enneahedral nanoplates shown 
in Figure  4 B before and after two cycles of washing with DI and 
centrifugation; (B) UV-vis spectra of Ag nanoplates with wavy edges 
shown in Figure  4 D before and after two cycles of washing with DI and 
centrifugation. 
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with straight or curved edges. To understand this difference, 

we used FDTD to calculate the far-fi eld extinction spectra 

and near-fi eld E-fi eld contours for nanoplates with curved, 

straight, and wavy edges, respectively. The calculation results 

suggest that the wavy plates could promote broadening and 

a red-shift for the in-plane dipole resonance to match the 

excitation wavelength of 785 nm, and ultimately generate the 

strongest E-fi eld enhancement for SERS. The Ag nanoplates 

with wavy edges embrace a great potential as SERS sub-

strates for both analytical and biomedical applications.  

  4   .  Experimental Section 

  Chemicals : Silver nitrate (AgNO 3 , 99+%), poly(vinyl pyrro-
lidone) with an average molecular weight of 29 000 (PVP29K), and 
ethanol (200 PROOF) were all purchased from Sigma-Aldrich and 
used as received. 

  Synthesis of Ag Nanoplates with Straight and Curved Edges : 
The Ag nanoplates were prepared by heating a mixture of AgNO 3  
and PVP in DI water at 160 °C in Acid Digestion Vessels (Parr Instru-
ment Company, Catalog Number 4745). In a standard synthesis, 
AgNO 3  and PVP29K were separately dissolved in water at concen-
trations of 10.0 m M  and 1.0 m M  (in terms of the average molecular 
weight of PVP), respectively. Next, the as-prepared PVP solution 
(10 mL) was added into a Tefl on liner, followed by the addition of 
AgNO 3  solution (0.3 mL). The Tefl on liner was sealed and placed 
in the stainless vessel and heated in an oven at 160 °C for 4 h or 
6 h to obtain Ag nanoplates with straight or curved edges. Upon 
completion, the vessel was cooled with water to room temperature 

prior to dis-assembly. To characterize the sample, 1.5 mL of the 
as-prepared solution was used to record UV-vis spectra, followed 
by centrifugation at a speed of 15 000 rpm to separate the solid 
and supernatant for measuring the Ag contents by ICP-MS. For the 
preparation of TEM and SEM samples, the particles were collected 
by centrifugation at 15 000 rpm, washed four times with water to 
remove excess PVP, re-dispersed in water, dropped on TEM grids or 
silicon substrates, and then dried under ambient conditions. 

  Preparation of Ag   Nanoplates with Wavy   Edges : We initially 
prepared Ag nanoplates with straight edges using the standard 
procedure at 160 °C for 4 h. The nanoplates were collected by cen-
trifugation at 15 000 rpm, washed twice with ethanol to remove 
excess PVP, and then re-dispersed in PVP29K solution (10 mL, 
1.0 m M ) in ethanol. The newly prepared solution was transferred 
into a Tefl on liner, which was sealed, placed in a stainless vessel, 
and heated in an oven at 160 °C for 5 h. Upon completion, the 
vessel was cooled with water to room temperature and the solid 
was collected by centrifugation at 15,000 rpm, follow by washing 
with ethanol four times prior to SEM characterization. 

  Instrumentation and Characterization : The UV-vis spectra were 
recorded using a Cary 50 spectrometer (Agilent Technologies, Santa 
Clara, CA). The measurements of Ag contents were performed using 
ICP-MS (Perkin-Elmer, NexION 300Q). A routine centrifuge (Eppen-
dorf 5430) and a high-speed centrifuge (Beckman Coulter Optima, 
Max-XP Ultracentrifuge) were used for the collection of solid product 
from a synthesis and preparation of solid/supernatant samples 
for ICP-MS, respectively. TEM images were taken using a JEM-1400 
microscope (JEOL, Tokyo, Japan) operated at 120 kV. A fi eld-emis-
sion scanning electron microscope (Zeiss Ultra 60 FE-SEM) was used 
to image the Ag nanoparticles with an accelerating voltage of 5 kV. 

      Figure 7.  (A) Far-fi eld extinction spectra calculated for a Ag nanoplate with curved, straight, and wavy edges, with an assumption that the incident 
light propagates along the z-axis and is polarized along the x- and y-axis of a plate (E x  and E y ), respectively; (B) E-fi eld amplitude patterns of a Ag 
nanoplate with curved, straight, and wavy edges, with E-fi eld along the x-axis (E x ) and an excitation wavelength of 780 nm; (C) E-fi eld amplitude 
patterns of a Ag nanoplate with curved, straight, and wavy edge, with E-fi eld along y-axis (E y ) and an excitation wavelength of 780 nm. 
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  SERS Measurements : The Ag nanoplates were functionalized 
with a solution of 1,4-BDT in ethanol (0.6 m M)  for 1 h, and then 
washed with DI water twice. Afterwards, the Ag nanoplates were re-
dispersed in DI to achieve a particle concentration of 0.9 m M . The 
Raman spectra were recorded in the solution phase using a Ren-
ishaw in Via Raman spectrometer coupled with a Leica microscope 
with a 100X objective lens (N.A. = 0.90) in the refl ection confi gu-
ration. We used the excitation wavelength of 785 nm equipped 
with a holographic notch fi lter based on a grating of 2400 lines/
mm. The Raman signals were collected using deep depletion CCD 
camera with a laser power of 10 mW and a collection time of 60 s 
for all samples. The sample cell for SERS was constructed from a 
poly(dimethyl siloxane) (PDMS) block with a small, punched hole 
on the surface, which could hold 20  μ L of solution. A glass cover 
slip with a thickness of 170  μ m was carefully placed on top of the 
hole to prevent solvent evaporation and to act as a reference point, 
from which the focal plane was moved 200 mm into the sample 
prior to spectrum recording.  
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