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Abstract: Silver nanocubes with edge lengths controllable in the range of 30—200 nm were synthesized
using an approach based on seeded growth. The keys to the success of this synthesis are the use of
single-crystal Ag seeds to direct the growth and the use of AgNO; as a precursor to elemental Ag, where
the byproduct HNO3 can block both the homogeneous nucleation and evolution of single-crystal seeds
into twinned nanoparticles. Either spherical (in the shape of a cuboctahedron) or cubic seeds could be
employed for this growth process. The edge length of the resultant Ag nanocubes can be readily controlled
by varying the amount of Ag seeds used, the amount of AQNO; added, or both. For the first time, we could
obtain Ag nanocubes with uniform edge lengths controllable in the range of 30—200 nm and then compare
their localized surface plasmon resonance and surface-enhanced Raman scattering properties.

Introduction

Noble-metal nanocrystals have been extensively studied in
recent years due to their unique physical and chemical proper-
ties, which are substantialy different from those of bulk
materials. ® Silver, a noble metal historically used in the
fabrication of ornaments, electrical conductors, mirrors, pho-
tographic films, and antimicrobial coatings,” ** has received
ever increasing attention when it is in the form of nanocrystals
because of their superior performance in various applications
such as catalysis, dectronics, optical |abeling, and biosenging. > °

A wide variety of methods have been developed for synthesizing
Ag nanocrystals with different shapes such as sphere, cube,
bipyramid, decahedron, bar, and rod/wire with a pentagonal
cross section.** =22 Among them, Ag nanocubes have received
particular interest due to their great potential as catalysts for
epoxidation reactions, substrates for plasmonic sensing, sub-
strates for surface-enhanced Raman scattering (SERS), building
blocks for self-assembly, and sacrificial templates for generating
gold nanocages.>*~%’

Thanks to efforts by a large number of research groups, a
wealth of methods are now available for generating Ag
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nanocubes.?® 3 However, it is still very difficult to find a
method that can be conveniently applied to synthesize Ag
nanocubes with controllable edge lengths over a broad range.
In this article, we report a simple and robust approach based
on seeded growth for producing Ag nanocubes with edge lengths
tunable and controllable in the range of 30—200 nm. In atypical
synthesis, single-crystal Ag seedsin a spherical or cubic shape
were first prepared using a polyol process recently developed
by our group that used CF;COOA(g as a precursor to elemental
Ag.* The seeds were collected and then mixed with AgNOs in
ethylene glycol at an elevated temperature to form Ag nanocubes.
Our mechanistic studies indicate that oxidative etching played
an important role in the seed-mediated growth of Ag nanocubes.
When AgNO; was used for the polyol process, HNOs; was
formed during the synthesis,*® which could serve as an oxidative
etchant to block the homogeneous nucleation of Ag atoms and
the evolution of single-crystal seeds into twinned nanoparticles.
The size of the resultant Ag nanocubes could be reliably
controlled by any one of the following means: (i) quenching
the reaction once the localized surface plasmon resonance
(LSPR) peak had reached a specific position; (ii) varying the
amount of AgNO; precursor mixed with a specific quantity of
Ag seeds; and (iii) varying the quantity of Ag seeds added into
a specific amount of AgNO; precursor. These Ag nanocubes
with highly tunable and controllable sizes alowed us to
systematically investigate the size effect on both LSPR and
SERS properties.

Experimental Section

Preparation of Different Types of Single-Crystal Seeds.
Single-crystal seeds of Ag were prepared using arecently reported
polyol process, with ethylene glycol (EG, J.T. Baker, lot no.
G32B27) as the solvent and silver trifluoroacetate (CF;COOAQ,
Aldrich, 04514TH) as a precursor to elemental silver.>” In atypical
synthesis, 5 mL of ethylene glycol was added into a 100-mL round-
bottom flask (ACE Glass) and heated under magnetic stirring in
an oil bath preset to 150 °C, and then 0.06 mL of NaHS (3 mM in
EG, Aldrich, 02326AH) was quickly injected. After 2 min, 0.5 mL
of HCl (3 mM in EG, Aldrich, cat. no. 01158CJ) was injected into
the heated solution, followed by the addition of 1.25 mL of
poly(vinyl pyrrolidone) (PVP, 20 mg/mL in EG, MW ~ 55 000,
Aldrich). After another 2 min, 0.4 mL of CF;COOAg (282 mM in
EG) was added into the mixture. During the entire process, the
flask was capped with a glass stopper, except to allow the addition
of reagents. The spherical and cubic seeds were obtained by
quenching the reaction with an ice—water bath when the major
LSPR peak of the Ag seeds had reached 399 and 435 nm,
respectively. After centrifugation and washing with acetone and
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deionized (DI) water three times, the seeds were stored in EG. The
particle concentration of Ag seeds was determined using a
combination of transmission electron microscopy (TEM) imaging
(for size measurement) and inductively coupled plasma mass
spectrometry (ICP-MS, for the Ag concentration). The sample for
ICP-MS (Agilent 7500 CE) was prepared by dissolving 10 uL of
the suspension of Ag seedswith 30 uL of concentrated HNO;. The
resultant solution was further diluted to alevel of 100 ppb for ICP-
MS andysis.

Seed-Mediated Growth of Ag Nanocubes. In a standard
synthesis, 1.25 mL of EG was held in a20 mL glass vid and heated
in an oil bath at 150 °C under magnetic stirring. After 1.5 min, 0.3
mL of a PVP solution in EG (20 mg/mL) was added. After another
1.5min, 50 uL of the as-prepared single-crystal Ag seeds (1.1 x 10%
particlesmL) in EG solution was introduced, followed by the addition
of 200 uL of dlver nitrate (AgNOs, Aldrich) solution in EG (282 mM).
Aliquots were taken at different reaction stages of a synthesis using
glass pipets and then quickly injected into cool acetone held in 1.5
mL centrifuge tubes. The growth was terminated after 3 h by quenching
with an ice—water bath. All the products were centrifuged, followed
by washing with acetone and DI water to remove excess EG and PVP.
The final product was dispersed in DI water.

Solution-Phase SERS M easur ements. The as-prepared samples
of Ag nanocubes were first characterized by SERS prior to surface
functionalization. After washing with DI water, 50 uL of the
suspension of Ag nanocubes was placed in a small measurement
vessel and covered with a glass coverslip. The coverdip prevented
water evaporation and served as a reference point from which the
focal volume was lowered 200 xm into the solution.

Correlated SERS and SEM Experiments. In atypical proce-
dure, a small aliquot of the as-prepared Ag nanocubes (dispersed
in water, 3 uL) was mixed with 30 uL of 1 mM solution of 1,4-
benzenedithiol (1,4-BDT, Aldrich) in ethanol for 1 h. The sample
for correlated SEM and SERS experiments were then prepared by
drop-casting the ethanol solution containing Ag nanocubes and 1,4-
BDT on a Si substrate that had been patterned with registration
marks and letting it dry under ambient conditions. Once the sample
had dried, it was rinsed with copious amounts of ethanol. The
sample was immediately employed for SERS measurements after
preparation, by following a previously reported protocol.*°

Instrumentation. The TEM images were captured using a
microscope (FEI G2 Spirit Twin) operated at 120 kV. High-
resolution TEM images were obtained using a JEOL 2100F
instrument operated at 200 kV. The SEM images were taken using
a field-emission microscope (FEI, Nova NanoSEM 230) operated
at an accelerating voltage of 10—20 kV. The UV —vis spectrawere
taken using a Cary 50 spectrophotometer (Palo Alto, CA). The
SERS spectra were recorded using a Renishaw inVia confocal
Raman spectrometer coupled to a Leica microscope with a 50x
objective (NA = 0.90) in the backscattering configuration. The 514-
nm excitation source was obtained from an argon laser coupled to
aholographic notch filter with agrating of 1200 lines per millimeter.
Ad(ditionally, solution-phase measurements were made using a 785-
nm excitation source generated by a diode laser coupled to a
holographic notch filter with a grating of 1200 lines per millimeter.
The backscattered Raman signals were collected on a thermoelec-
trically cooled (—60 °C) CCD detector. The scattering spectra for
substrate-supported samples were recorded in the range of 550—1800
cm™1, in one acquisition of 20 s accumulation and 0.5 mW of laser
power at the sample. For solution-phase samples, the spectra were
collected in the range of 550—1100 cm™~* with a laser power of 5
mW and 60 s accumulation.

Results and Discussion
Comparison of Different Seeds and Different Precursors

to Silver. Figure 1 shows TEM images of two different types
of single-crystal Ag seeds and the Ag nanocubes grown from

(39) McLellan, J. M,; Li, Z.Y.; Siekkinen, A. R.; Xia, Y. Nano Lett. 2007,
7, 1013-1017.

J. AM. CHEM. SOC. m VOL. 132, NO. 32, 2010 11373



ARTICLES

Zhang et al.

Figure 1. TEM images of two different types of single-crystal Ag seeds
and Ag nanocubes obtained from these seeds: (A,B) spherical seeds and
the resultant nanocubes and (C,D) cubic seeds and the resultant nanocubes.
In atypical synthesis, 200 uL of AgNO; (282 mM) was added to 50 uL of
spherical (1.1 x 10% particles/mL) or cubic (1.1 x 10* particles/mL) seeds,
and the reaction was terminated in 3 h.

these seeds. The spherical (Figure 1A) and cubic (Figure 1C)
seeds were prepared using a new protocol recently developed
in our group, which involved the use of CF;COOAgQ as a
precursor to elemental Ag.*” The seeds were 29 + 1 nm in
diameter and 39 4 2 nm in edge length, and they were obtained
by stopping the reaction once the extinction peaks of the reaction
solution had reached 399 and 435 nm, respectively. The high-
resolution TEM images (insets of Figure 1, A and C) taken from
these two types of seeds both gave a lattice fringe spacing of
2.0 A, which was consistent with the spacing between the { 200}
planes of face-centered cubic (fcc) Ag.?® These results confirm
that the spherical and cubic Ag seeds were both single crystalline
in structure. When 200 4L of AgNO; solution (282 mM) was
added into suspensions of the seeds as a source of Ag, the
spherical and cubic seeds grew into Ag nanocubes with an edge
length of 154 + 5 and 155 + 6 nm (Figure 1B,D), respectively.
The TEM images suggest that the Ag nanocubes had a uniform
distribution in terms of both shape and size. It isworth pointing
out the Ag nanocubes obtained from these two different types
of seeds had essentially the same edge length, even though the
sizes of the initial seeds were different by 10 nm. This result
suggests that the added AgNO3 was not completely consumed
during the growth process. Otherwise, the larger seeds are
supposed to generate Ag nanocubes with longer edge lengths
(see the discussion in the next section).

For the purpose of testing different precursors to elemental
Ag, CF;COOAg instead of AgNO; was also used for the growth
while the other parameters were kept the same. However,
essentially no Ag nanocubes could be found in the final products.
Instead, we obtained Ag nanoparticles with irregular shapes and
poorly controlled sizes (Figure S1A, Supporting Information).
As discussed in our previous publication,® when AgNO; was
used as a precursor, the small amount of HNO; generated during
polyol reduction could serve as an oxidative etchant to dissolve
any twinned particles that might evolve from single-crystal
seeds. The presence of HNO; could aso help block homoge-
neous nucleation from the added AgNO3, which might lead to
the production of twinned seeds and polydispersed samples. In
comparison, the small amount of CF;COOH resulting from
CF;COOAg precursor and polyol reduction has no oxidative

11374 J. AM. CHEM. SOC. = VOL. 132, NO. 32, 2010
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Figure 2. TEM images of samples obtained at different stages of two
syntheses, where the same amount of seeds (spherical, 50 4L, and 1.1 x
102 particlessmL) was used but AgNO; solutions of two different
concentrations, 11.8 and 31.3 mM, were used: (A,l) 10 min, (B,J) 20 min,
(CK) 40 min, (D,L) 1 h, (EM) 2 h, (FN) 3 h, (G,O) 4 h, and (H,P) 5 h.

etching power. It could not prevent the single-crystal Ag seeds
from evolving into twinned nanoparticles; neither could it block
the homogeneous nucleation process. As a result, twinned
particleswith irregular, poorly defined shapes could easily form
during the seeded growth process (Figure S1A). This observation
is consistent with our previous study where Ag nanocubes could
not be obtained by simply adding CF;COOAg to a polyal
process.>” When we introduced a trace amount of HCI into the
seeded synthesis to provide an oxidative etchant by combining
with the O, from air,® we found that a small portion of Ag
nanocubes with an edge length of about 115 nm could be found
in the final product, in addition to the irregularly shaped Ag
particles (Figure S1B). In this case, the Ag nanocubes evolved
from the added single-crystal Ag seeds, while the irregular
particles most likely grew from the twinned seeds that were
formed during the introduction of CF;COOAQ.

Supply and Consumption of the AQNO3 Precursor. In order
to better understand the mechanism involved in the seed-
mediated growth of Ag nanocubes, we took aliquots at different
time points from the two syntheses that both used spherical Ag
seeds, but with AgNQ; at different concentrationsin the reaction
solution. The top panel in Figure 2 shows TEM images of the
Ag nanoparticles sampled from the synthesis where 75 uL of
282 mM AgNO; solution and 125 uL of EG were introduced
with other parameters being kept the same as the synthesis
shown in Figure 1. The concentration of AgNO; in the final
reaction solution was 11.8 mM. At t = 10 min, the spherical
Ag seeds (Figure 1A) had already evolved into nanocubes with
rounded corners (Figure 2A), with the edge length (~30 nm)
of these nanocubes being essentially the same as the diameter
(~29 nm) of the spherical seeds. This observation indicates that
the Ag atoms were mainly added to the corners of the seedsin
the early stage of growth. It should be pointed out that the
spherical Ag seeds were essentially cuboctahedrons with a mix
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of both {100} and { 111} facets on the surface.*® They can grow
into nanocrystals with different shapes, including cubes, trun-
cated cubes, and octahedrons depending on the ratio of growth
rates along (111) and (100) directions.** In this case, the
spherical Ag seeds grew into nanocubes because the PV P added
as astabilizer could bind to the {100} facets of Ag more strongly
than other facets.*? After the addition of AgNO; for 20 min,
the product sampled from the reaction solution had grown into
Ag nanocubes of 35 nm edge length, having with sharp corners
(Figure 2B). When the reaction proceeded to t = 3 h, the Ag
nanocubes had been further enlarged to an edge length of 97
nm (Figure 2F). At the same time, the nanocubes became
dlightly truncated at the corners. The truncation could be
attributed to the higher energies of corner sites relative to the
side faces. Once the production of Ag atoms via reduction of
AgNO; had ceased, there would be a strong tendency for the
sharp corners to become rounded through Ostwald ripening. At
t= 4 h, most of the Ag nanocubes had their corners considerably
truncated, so they looked more like nanospheres (Figure 2G).
The diameter of the nanosphere was essentially the same as the
edge length of the nanocubes. When the reaction was further
prolonged to t = 5 h, essentialy al the Ag nanocubes had
evolved into nanospheres (Figure 2H).

The bottom panel in Figure 2 shows TEM images of Ag
nanocubes taken from a similar synthesis where 200 uL of 282
mM AgNO; solution was used. The concentration of AgNO3
in the final reaction solution was increased to 31.3 mM. In this
case, the Ag seeds grew very quickly at the early stage. The
edge length of the Ag nanocubes was increased to 133 nm within
40 min (Figure 2K) and finally to 162 nmat t = 5 h. It isworth
pointing out that the Ag nanocubes could maintain their sharp
corners up to t = 5 h due to the presence of alarger amount of
AgNO; in the reaction solution and prolonged production of
Ag atoms.

To gain insights on the growth mechanism, we plotted the
edge length of Ag nanocubes and the percentage of conversion
for AgNO; (calculated from the changes in volume for the Ag
seeds) as a function of the reaction time. As shown in Figure
3A, the Ag nanocubes grew much faster in size when the
concentration of AgNO; in the reaction solution was increased
from 11.8 to 31.3 mM. At 31.3 mM, the edge length of the Ag
nanocubes quickly increased to 133 nm after the reaction had
only proceeded for 40 min, while the edge length of the Ag
nanocubes only increased to 35 nm for the 11.8 mM case. After
the fast growth stage, the synthesis with 31.3 mM AgNO; went
into a slow growth process that continued until the end of the
reaction. The edge length of the Ag nanocubes only increased
from 133 to 162 nm during this growth plateau. In contrast to
the synthesis with 31.3 mM AgNO;, the Ag nanocubes grew
dowly and continuously in the case of 11.8 mM AgNO;. The
edge length of the Ag nanocubes gradually increased from 30
to 97 nm within the first 3 h. After that, the Ag nanocubes
became truncated at the corners and finally evolved into
nanospheres. The conversion of AgNOs into Ag in the synthesis
with 31.3 mM AgNO; also increased quickly in the early stage
and finally reached the maximum percentage of 40.9% at a
reaction time of 5 h. In the synthesis with 11.8 mM AgNOs;,
the conversion of AgNO; reached the maximum percentage of
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Figure 3. Plots of edge length of Ag nanocubes and percentage of
conversion of AgNO; as a function of reaction time for the two syntheses
shown in Figure 2. The curves with hollow and solid symbols correspond
to syntheses with the use of 11.8 and 31.3 mM AgNO; solutions,
respectively.

23.2% at a reaction time of 3 h but then decreased to 8.9% at
a reaction time of 4 h. This decrease can be attributed to
oxidation of Ag into Ag™ ions during the truncation of corners
for the Ag nanocubes.

It iswell known that the synthesis of metal nanocrystalsis a
dynamic process that involves interplay of both growth and
dissolution.? During growth, Ag atoms were added onto the Ag
seeds or nanocubes, and the remaining Ag™ ionsin the reaction
solution would be reduced, together with an increase of the
generated HNOs. As aresult, oxidative etching of Ag by HNOs
was expected to increase in terms of dominance. For the
synthesis with 11.8 mM AgNQOs;, the dissolution of Ag caused
by HNO; overcame the growth caused by reduction of AgNO3
at t = 3 h, so the Ag nanocubes started to be truncated at corners
to form nanospheres. For the synthesis with 31.3 mM AgNO;,
the concentration of AgNO; also decreased (t0 21.6 mM at t =
3 h), but it was still much higher than the concentration of
AgNO; (9.1 mM) in the case of 11.8 mM AgNOs. As aresult,
the Ag nanocubes in the reaction with 31.3 mM AgNO; could
keep their sharp corners from being truncated (Figure 2N—P).
To verify the oxidative etching role of HNOs in this synthesis,
we added a small amount of HNO; to a typical synthesis after
the reaction had continued for 20 min. The product obtained at
areaction time of 1.5 h consisted of Ag nanocubes with rounded
corners, Ag nanospheres, and a small number of Ag nanocubes
with sharp corners (Figure S2, Supporting Information). This
observation suggests that HNOs indeed played an important role
in the evolution from Ag nanocubes to nanospheres.

Size Contral for the Silver Nanocubes. The results described
in Figure 2 suggest a simple method for controlling the size of
the Ag nanocubes by stopping the synthesis at different reaction

J. AM. CHEM. SOC. m VOL. 132, NO. 32, 2010 11375
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|
— 100 nm

Figure 4. Size control over Ag nanocubes by adding different amounts of
AgNO; (left column) and single-crystal seeds (right column): (A—E) 10,
50, 75, 100, and 200 uL of AgNO; was added to 50 uL of spherical seeds
(1.1 x 10% particlessmL); (F—J) 300, 200, 100, 50, and 20 uL of the
spherical seeds (1.1 x 10% particlessmL) was used with 50 L of AgNO3
solution (282 mM).

times. In addition to this method, we could vary the sizes of
Ag nanocubes in a better controlled fashion by adjusting the
amounts of Ag seeds and/or AgNO; added into the reaction
system. Figure 4A—E shows TEM images of Ag nanocubes
with different sizes that were obtained by adding different
amounts of AgNQO; into reaction solutions that contained the
same amount of single-crystal Ag seeds. All the syntheses were
stopped at t = 3 h. The edge length of these Ag nanocubes
increased from 36 to 58, 99, 144, and 172 nm, respectively,
when the amount of AgNO; added into the reaction solution
increased from 10 to 50, 75, 100, and 200 uL. As shown in
Figure 5A, the magjor LSPR peaks of these Ag nanocubes
displayed a continuous red-shift from 430 to 468, 497, 513,
and 537 nm. The Ag nanocubes obtained from the reactions
with the addition of 50, 75, 100, and 200 uL of AgNO; showed
relatively broad L SPR peaks, which could be attributed to their
large sizes and thus the involvement of multipode excitations
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Figure 5. UV —vis spectra taken from products of the syntheses shown in
Figure 4: (A) adding different amounts (as indicated on the curves) of
AgNO; to the same amount of spherical seeds and (B) adding different
amounts (as indicated on the curves) of spherical seeds to the same amount
of AgNO; solution.

in addition to dipole excitation.*® Figure 4F—J shows TEM
images of Ag nanocubes with edge lengths increasing from 38
to 40, 45, 56, and 76 nm that were obtained by adding 300,
200, 100, 50, and 20 uL of the single-crystal Ag seeds to the
reaction solutions, followed by the addition of 50 uL of AgNOs.
All the syntheses were stopped at t = 3 h. As the number of
Ag seeds in the reaction solution was reduced, the edge length
of the Ag nanocubes was increased. As shown in Figure 5B,
the major LSPR peaks of these Ag nanocubes also exhibited a
continuous red-shift from 400 to 489 nm as their edge lengths
were increased. The results above suggest that both methods
of quenching the reaction at different times and varying the
amount of AgNO; precursor added into the reaction solution
provided us reliable and precise routes to adjust Ag nanocubes
in a broad range of sizes.

Additionally, Figure 6 shows that the intensity of SERS bands
from PV P adsorbed on the surface of the Ag nanocube increased
asthe edge length increased. Thisis a clear indication that PVP
remained on the surface of the Ag nanocubes to stabilize the
colloidal solution post-synthesis. The surface area of the cube
increases in proportion to the square of the edge length, which
alows agreater number of PVP moleculesto adsorb to the larger
cubes. Since the particle concentration was essentialy the same
for all different samples (as determined by the concentration of
the Ag seeds), the SERS signals were supposed to be stronger
as the nanocubes became bigger. Some of the key vibrational
bands of PVP that increased with edge length were the

(43) zZhou, F.; Li, Z.-Y.; Liu, Y.; Xig, Y. J. Phys. Chem. C 2008, 112,
20233-20240.
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Figure 6. Solution-phase SERS spectra of the as-prepared Ag nanocubes
with five different edge lengths as labeled on the plot. Band assignments
for PVP are as follows: C—C stretch (689 cm™2), pyrrolidone ring torsion
(749 cm™?), pyrrolidone ring breathing mode (841 and 862 cm™Y), CH,
ring rocking mode (936 cm™), and backbone CH, deformation (1004 cm™?).
cps = counts per second.

pyrrolidone ring breathing modes at 841 and 862 cm™! and the
rockir!‘g mode of CH; groups on the pyrrolidone ring at 936
cm™L,

SERS Properties of Silver Nanocubes with Different Sizes.
We further performed SERS measurements with a standard
probe molecule for Ag nanocubes with different edge lengths.
We used 1,4-BDT as the probe molecule because it is known
to form a well-defined monolayer on the Ag surface with a
characteristic molecular footprint, whichis critical for estimating
the total number of molecules probed in the SERS measurement
and thus for calculating the enhancement factor (EF). Figure 7
shows the SERS spectra recorded from individual Ag cubes
with four different edge lengths: 57, 82, 125, and 170 nm (from
bottom to top in the plot). The insets show the corresponding
SEM images. In Figure 7A, the nanocubes were oriented with
one of their edges parallel to the laser polarization. The strong
peak located at 1562 cm™* can be assigned to the phenyl ring
stretching motion (8a vibrational mode), while the weak peak
at 1181 cm™* can be attributed to the CH bending motion (9a
vibrational mode).*>*® The broad band at 900—1000 cm™* came
from the Si substrate. In addition, the SERS spectra for 1,4-
BDT showed a broad band from 1056 to 1086 cm™*. This is
because the ordinary Raman spectrum of 1,4-BDT displays two
bands in this region (1080 and 1065 cm™?), which tend to
broaden and overlap in the SERS spectrum owing to the
interactions between the Ag surface and the s-orbital system
of the benzene ring.***® It is clear that the intensity of the
characteristic 1,4-BDT SERS peaks increased with increasing
edge length for the cubes: 57 nm < 82 nm < 125 nm < 170 nm.
The intensity of SERS signal for the 170-nm cube was about
12 times stronger than that of the 57-nm cube. The same trend
was also observed when the nanocubes were orientated with
one of their face diagonals parallel to the laser polarization
(Figure 7B). Moreover, it should be pointed out that the scale

(44) Mahmoud, M. A.; Tabor, C. E.; El-Sayed, M. A. J. Phys. Chem. C
2009, 113, 5493-5501.

(45) Joo, S. W.; Han, S. W.; Kim, K. J. Colloid Interface Sci. 2001, 240,
391-399.

(46) Cho, S. H.; Han, H. S; Jang, D. J.; Kim, K.; Kim, M. S. J. Phys.
Chem. 1995, 99, 10594-10599.
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Figure 7. SERS spectra recorded from Ag cubes with four different edge
lengths: 57 nm, 82 nm, 125 nm, and 170 nm (from bottom to top in the
plot) under two laser polarization directions: (A) aong an edge and (B)
aong a face diagonal. The scale bars in the insets correspond to 100 nm
and are applied to all the images. cps = counts per second.

bar for the intensity (with the same counts per second, or cps)
shown in Figure 7B is shorter than that in Figure 7A. This
reveals that the intensity of the SERS signal from each cube
was much stronger when one of its face diagonals rather than
the edge was oriented parallel to the laser polarization. Figure
S3 (Supporting Information) shows a typical comparison of
SERS spectra of the 82 nm cube along these two polarizations
displayed in one figure. It can be clearly seen that the intensity
of the SERS signal with the laser polarization along a face
diagona of the cube is about 2 times stronger than that with
laser polarization along an edge of the cube. The same trend
was also observed for Ag nanocubes with other edge lengths.
As previously reported by our group, the SERS signals taken
from a single Ag nanocube had a strong dependence on the
laser polarization, which could be attributed to the difference
in near-field distribution over the surface of a nanocube under
different polarization directions.®

We employed the peak at 1562 cm™* (the strongest band in
the spectra) to estimate the EF through the following equation:

EF = (Isers X Nouid/(Iouk X Nsgrs) 1)

where lsgrs and Iy are the intensities of the same band for the
SERS and bulk spectra, Ny is the number of bulk molecules
probed for a bulk sample, and Negrs is the number of molecules
probed in the SERS spectrum. Theintensities | sers and Iy were
determined by the areas of the 1562 cm™* band. Ny was
calculated on the basis of the Raman spectrum of a0.1 M 1,4-
BDT solution in 12 M NaOH 4 and the focal volume of our
Raman system (1.48 pL). Nsgrs Was determined according to
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Table 1. Summary of the Enhancement Factors Measured for
Individual Ag Nanocubes with Various Edge Lengths (lcuse) Under
Two Different Laser Polarization Directions: Along an Edge
(EFeqge) and Along a Face Diagonal (EFgiagonar)

Icube (nm) EFedge EFd\agona\

170+ 4 1.9 x 10° 3.6 x 10°

125+ 4 2.1 x 10° 3.9 x 10°
82+5 2.0 x 10° 4.1 x 10°
57+4 15 x 10° 1.9 x 10°

the assumption that a monolayer of 1,4-MBT molecules was
formed on the surface of Ag with 0.54 nm? molecular
footprint.*>4® The Ngzrs here represents a theoretical maximum
number of molecules. Therefore, the actual EF is supposed to
be higher than the value reported here. Table 1 summarizes the
EFs calculated for single Ag nanocubes with different edge
lengths under two laser polarization directions: aong an edge and
along a face diagonal, respectively. We can see that the EFs for
the cubes actualy did not change a lot with the increasing edge
length. The EFs of cubes are all on the order of 10°, even though
the intensities of the SERS signal of the cubes dramatically
increase with the increasing edge length, as shown in Figure 7.
The reason is that when | sgrs increases with increasing size of
the cube, Nsgrs also becomes larger, which means that more
molecules were adsorbed on the cube. Therefore, the EFs did
not show much variation when calculated using eq 1. In addition,
the EFs for cubes oriented with one of their face diagonals
parallel to the laser polarization (EFgagona) Were about twice
those for cubes oriented with one of their edges paralel to the
laser polarization (EFedge)-

Conclusion

We have demonstrated the use of seed-mediated growth as a
simple and robust approach to the synthesis of Ag nanocubes
with highly tunable and precisely controllable edge lengths in
the range of 30—200 nm. Both spherical and cubic single-crystal
Ag seeds were synthesized and then successfully applied to the
production of Ag nanocubes with controllable sizes. Specificaly,
the single-crystal Ag seeds were prepared through the polyol
process that used CF;COOAg as a precursor to elemental Ag.
By monitoring the LSPR positions, we could stop the synthesis

11378 J. AM. CHEM. SOC. = VOL. 132, NO. 32, 2010

to obtain single-crystal Ag seeds with a spherical (i.e., cubooc-
tahedral) or cubic shape. The seeds were then collected and
mixed with AgNO; at different ratiosin ethylene glycol to obtain
Ag nanocubes with controllable sizes. It is important to use
AgNO; rather than CFsCOOA( for the seeded growth process,
as the byproduct of HNOs can block homogeneous nucleation
and prevent the single-crystal seeds from evolving into twinned
species. In principle, this seed-mediated growth can be extended
to other noble-metal systems to produce nanocrystals with
controllable sizes and shapes, a prerequisite for manufacturing
nanocrystals for various applications. For the Ag nanocubes with
well-controlled sizes, it was possible to systematically investigate
the dependence of LSPR and SERS properties on size and thus
gain insight on these phenomenain an effort to design the best
substrate for SERS.
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nanoparticles obtained when CF;COOAg instead of AgNO; was
used for the seed-mediated growth and when a trace amount of
HCl was introduced into the synthesis in the case of
CF;COOAg; TEM image of Ag nanoparticles obtained by
adding 0.93 mM HNO; after AgQNO; had been added for 20
min in a standard synthesis; SERS spectra recorded from 82
nm Ag cubes under two laser polarization directions, along an
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