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Nearly monodisperse hollow gold nanospheres (HGNs) with tunable interior and exterior diameters have
been synthesized by sacrificial galvanic replacement of cobalt nanopatrticles. It is possible to tune the peak of
the surface plasmon band absorption between 550 and 820 nm by carefully controlling particle size and wall
thickness. Cobalt particle size is tunable by simultaneously changing the concentration of sodium borohydride
and sodium citrate, the reducing and capping agent, respectively. The thickness of the gold shell can be
varied by carefully controlling the addition of gold salt. With successful demonstration of ensemble as well
as single HGN surface-enhanced Raman scattering, these HGNs have shown great potential for chemical and
biological sensing applications, especially those requiring nanostructures with near-IR absorption.

Introduction contribute to the SERS signal, whereas those with absorption
. . off-resonance with the incident light wavelength will contribute
Nanostructured materials of coinage metals such as goldyone o jittle to SERS?42 In ensemble average experiments
and silver have unique optical properties due to SIroNg i, olying a large number of nanoparicles, optical and structural
surface plasmon absorption in the visible region of light and 5 jations from particle to particle average out to yield consistent

provide excellent substrates for surface plasmon resonance g its from measurement to measurement. However. when
(SPR) slp()ffgtroscoﬁyg and surface-enhanced Raman scattering gy amined at the single-nanoparticle or single-molecule level,

(SERS)%"* The surface plasmon is a collective oscillation of 0 gERs spectrum and enhancement can vary significantly from
conduction-band electrons within the nanoparticle induced by one hanostructure to another because of their different structure

the oscillatiljg (_jipo_le of a resonant wavelength of _Ii&h'l’.he . and optical absorption. This is often complicated further by the
electron oscillation induces a surface electromagnetic (EM) field, necessity of aggregation of nanoparticles to achieve enhance-

which is largely responsible for the SERS efféctThe ments large enough for single-molecule observati8ig42
waveleng_th at which a given nanoparticle is resonant dependsBecause aggregation is generally a random process, structural
on the size, shape, c@gmmal nature of the metal, and they,mogeneity is nearly impossible. It is essential to have high
embedding enviromerit. homogeneity or uniformity in the structure and optical absorp-
In solid spherical particles, there is a single resonance attjon of the different nanostructures to achieve good consistency
approximately 520 nm for gold and 400 nm for silver, varying on a single nanostructure level. The solution to this is to design
slightly depending on size and embedding media. However, homogeneous SERS substrates that can provide significant
when one axis is extended, for example, a nanorod, the single-particle enhancement without aggregation.
resonance will break into two absorption bands, one corre- e first works to realize this goal were the so-called core/
sponding to the short axis, or transverse mode, and another o5 || systemé344 There are two major advantages of the core/
the long axis, or longitudinal mod€. 2® The longitudinal mode  ghe|l system over standard solid gold or silver particles. First,
has lower energy or redder absorption than the transverse modeyacquse the synthesis of the core silica particle is well
This_ is also true for a}gg_regated systems in which_there are characterized, size tunable from 100 nm to more than a
multiple resonances within each given cluster of partiéte?: micrometer, and monodisperse, so is the resultant core/shell
Therefore, controlling the size and shape of these metal gy ciyrefs This leads to a nanostructure that is optically tunable
nanostructures allows control of their optical properties that have fom the visible to the IR and highly consistent on a particle-
potential applications in nanophotonics and sensing. by-particle basi¢* This is ideal for in situ biological studies
Control of the structure and thereby optical properties of gold pecause tissue has an absorption minimum in the IR. The second
and silver nanomaterials is especially important for SERS major advantage is their SERS response, even at the Sing|e_
applications because the SERS enhancement factor depends oparticle level¢ Using a shell of gold or silver versus a solid
the optical absorption of the substrat€® 3 Only nanostruc-  particle allows the electromagnetic field to extend further from
tures with absorption on-resonance with the incident light will the surface, inducing greater enhancements than single, spherical
particles*® There is also, most likely, some portion of the

T Part of the special issue “Charles B. Harris Festschrift”. increased enhancement coming from surface roughness of the
* 1 il H . . . . .
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As an effort to engineer so-called “hot spots” of large particle size may be controlled by the concentration of citrate.

enhancement in single particles, Lee et al. produced nano-In general, citrate stabilizes the initially formed nuclei and the
crescent structures by depositing silver over latex beads on amore citrate present the more nuclei will be stabilized. However,
surface, then dissolving away the bédd@hese hollow spheres  when trying to apply this logic to the aqueous synthesis of cobalt
are open-ended with a sharp edge, which greatly enhances th@anoparticles, it is a significantly more challenging task.
EM field. This engineered hot-spot approach yields improved  Because of the stability of the cobalt salt, the reduction cannot
SERS enhancements over core/shell systems and is of a similabe done by citrate alone and a stronger reducing agent is
homogeneity because of the highly consistent latex beadsrequired. In this case, sodium borohydride is used to reduce
available. For applications requiring an extremely small probe the salt and citrate is present only as a capping agent. In this
size, however, both nanocrescents and core/shell systems arevork, we present the synthetic route necessary to control the
relatively large. particle size of the cobalt nanoparticles, which is reflected in

A system of particular interest where probe size is of utmost the resultant HGN diameter. The inner diameter, or wall
importance is intracellular studié®.lt has been found that  thickness, can be controlled by the amount of gold salt used,
although particles larger than 100 nm can enter a cell they do leading to complete control of the optical properties of particles
not do so readily and may interrupt some cellular functions. ranging from 20 to 70 nm. This makes it possible to tune the
Similarly, particles that are too small, less than 20 nm, will Peak of the surface plasmon band absorption between 550 and
diffuse out of the cell, rendering them useless. The ideal is a 820 nm. For a particular diameter and wall thickness, the

structure that can be tuned in size between 20 and 100 nmabsorption band is relatively narrow because of the near-
depending on the application. monodisperse distribution, as determined by single-nanosphere

scattering spectrum. These HGNs have been further demon-
strated to be active SERS substrates with excellent consistency
based on a single HGN SERS spectra.

By utilizing sacrificial galvanic replacement of silver with
gold, Xia et al. have produced nanostructures with tunable sizes
and excellent optical propertié%:52 This synthetic technique
utilizes the redox potential between metallic silver and gold salt paterials and Methods
in solution. When the A¥ ions come in contact with the silver
atoms, there is an electroless plating that reduces tR& ians
to gold atoms and oxidizes the silver to Rgons. For every

Materials. Cobalt chloride hexahydrate (99.99%), chloroauric
acid trihydrate (ACS reagent grade), trisodium citrate dihydrate
d (>99%), citric acid (99%), 4-mercaptobenzoic acid, and sodium

three silver atoms oxidized, a single gold atom is reduce - - ) e
: : ' . " borohydride (99%) were obtained from fisher scientific. All
leading to structures with3 the metal, leaving a hollow core. water used in the syntheses was 1@Nhilli-Q filtered.

B he structure is no longer li here, the plasmon . - .
ecause the structure is no longer a solid sphere, the plasmo Cobalt Nanoparticle Synthesis.Cobalt nanoparticles were

resonance is shifted from its normal position, similar to the core/ svnthesized with the utmost attention paid to cleanliness and
shell systems. Recently, this work has been extended to hollow y : X P .
exclusion of air. All glassware was cleaned with alconox

nanocubes, which have been shown to be SERS active, howeverglassware deteraent and then with aquaredia to ensure the
not at the single-particle levet. 9 q 9

. . . removal of all adsorbates; it was then washed repeatedly with
We have shown that by using a similar technique developed ;a5 re water. To ensure completely air-free solutions, all
by Liang et al3* in which cobalt is used as the sacrificial

"4 solutions were vacuumed on a Schlenk line until gas evolution
template to create hollow gold nanospheres (HGNSs), it iS ceased and then bubbled with ultrapure argon for 10 minutes.
possible to observe SERS at the single-particle level with 30 g process was repeated twice to remove as much oxygen as
nm HGNs®® Along with this single-particle sensitivity, we found possible from the reaction vessel.

significantly increased homogeneity over solid silver nanopar- ot Addition of Cobalt Chloridadater (100 ml) was placed
tic[e systems for the.appl.icat.ion oflsingle-particle _pH Sensing inio a three-neck flask with 166800 4L of a 0.1 M solution
using surface functionalization with a pH-sensitive probe ¢ sq4ium citrate or citric acid and deoxygenated. To this,-100
molecule. However, only a single particle size with limited 800uL of a fresly mae 1 M sodium borohydride solution was
plasmon tunability was used in that study. The ideal substrate ;qqeq. With rapid magnetic stirring, 10Q of a 0.4-0.6 M
would be highly tunable in both size and resonance while cqpait chioride solution was added. Hydrogen evolved im-
maintaining homogeneity. mediately, and the solution changed from pale pink to brown/
To achieve broad size tunability of this HGN system, size gray indicating the reduction of Co (Il) into cobalt nanoparticles.
control of the cobalt sacrificial template is required. Although This solution was allowed to react for between 15 and 60 min,
there have been Significant advances in the production of Sma"(under constant argon ﬂow) depending on sodium borohydride
sized (-5—10 nm) cobalt nanoparticles with incredible homo- concentration, until hydrogen stopped evolving, indicating
geneity® there has been little work in the production of larger complete hydrolysis of the reductant. The addition of sodium
particles. The main instance of this work is by Kobayashi et al. porohydride and cobalt chloride was also performed in reverse
who showed significant size control in the production of silica grder.
capped cobalt particles by varying the Cgf@itric acid ratio>’ Slow Addition of Cobalt Chloridéater (75 mL) was placed
Citric acid is the capping agent that stabilizes the particles, andin a 500 mL three-neck flask with 4QEL of a 0.1 M solution
its concentration strongly affects the number of nucleation sites of sodium citrate. Water (25 mL) with 1Q@_ of 0.4 M cobalt
that initiate particle growth. The key to controlling particle size chloride was placed in a 250 mL three-neck flask. These two
is in the concentration of nucleation sites. In general, ata given solutions were deoxygenated. To the 500 mL three-neck ﬂask,
metal salt concentration, the more nuclei that are formed, the 300-400 uL of a freshly prepar 1 M sodium borohydride
smaller the average particle size will be. This is a simple mass solution was added. Using a cannula and argon gas to pressurize
distribution argument; however, controlling the production of the 250 mL flask, the cobalt chloride solution was added drop-
nuclei is not necessarily a simple mattép? wise at approximately 10 mL/min. During this addition, the
Since the early work by Turkevich et al. and later Frens et solution slowly changed from colorless to brown/gray signifying
al.8%6%jt has been understood that in a standard colloidal gold cobalt particle formation. This solution was allowed to react
synthesis using the hot citrate reduction of chloroauric acid, the for 25 min to completely hydrolyze the sodium borohydride.
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Gold Shell Growth. Because of the ease with which sodium system by Liang et al. focused more on the thickness of the
borohydride is able to reduce the gold salt, it is imperative that shell to control its optical properti€4.Although their work
it be completely hydrolyzed before introducing gold. The produced excellent results, further tunability is necessary to
presence of sodium borohydride is checked by halting stirring make the system as useful as possible. Initial attempts to
and inspecting the solution for bubbles, indicating the continuing reproduce the work of Liang did not yield satisfactory results.
hydrolysis of the reductant. It is only when bubbling has ceased The particles obtained were inhomogeneous and significantly
completely that gold may be added. smaller than the 60 nm reported. In fact, using as close to the
High-Concentration AdditionUpon ensuring complete hy-  original synthesis as possible;25 nm cobalt particles were
drolysis of the sodium borohydride, the flow of argon was obtained; however, with their method of gold addition only
increased and a 0.1 M solution of chloroauric acid was added inhomogeneous, gray solutions were observed. Upon determin-
at 50uL/addition to a total volume between 150 and 480 ing an improved method of gold addition, this yielded excellent
Between each addition, 3®0 s are allowed to pass to ensure results for single-particle SERS probes. However, there are many
complete mixing. Upon completion of gold addition, the argon applications that may benefit from larger particle size and further
flow was stopped and the vessel was opened to ambientred-shifted absorption, including SERS.
conditions under rapid stirring to oxidize any remaining cobalt  The other guiding hand in this work was provided by
metal left in solution. Kobayashi et al, who first reported this cobalt particle synthesis,
Low-Concentration Addition (Retaining Co at Corésing but proceeded to cap the particles with silica shells to protect
a cannula, 30 mL of the sodium borohydride-free cobalt them from oxyger? They found that as citrate concentration
nanoparticle solution was transferred to an argon-purged gradu-was reduced, particle size increased. This is consistent with
ated cylinder. This was then rapidly added to a vortexing 10 colloidal gold and silver syntheses and is not an unreasonable
mL solution of chloroauric acid. The gold solution contained claim. For this application, however, their trend did not hold
between 20 and 6@L of cloroauric acid diluted to 10 mL.  trye. A significant difference between this work and that of
This solution may be kept under argon flow to retain the cobalt Kobayashi is the time at which the reaction could be halted. In
core; however, by exposing the solution to air the cobalt was their work, for large cobalt particles, they were forced to add
completely oxidized, leaving only water and dissolved salts at the silica growth reagents almost immediately upon reduction
the core of the HGN. Samples with remaining cobalt cores retain of the cobalt salt. Any delay at low citrate concentration and
a brown color, whereas oxidized samples change to betweenthe solutions would become unstable and flocculate. In this
purple- and green-colored depending on the amount of gold work, however, if the gold solution is added too quickly, it is
added and size of the particle. immediately reduced by the remaining sodium borohydride
Experimental Measurements.Low-resolution TEM mea-  instead of the cobalt particles. This leads to an unfortunate mess
surements were performed on a JEOL model JEM-1200EX of nanoparticles. To achieve optimal particle growth, a signifi-
microscope, and high-resolution TEM was performed on a cant amount of time must pass in order to allow the sodium

Philips CM300-FEG at the national center for electron micros- horohydride to completely hydrolyze before the gold can be
copy at Lawrence Berkeley National Laboratory. Absorption zdded.

measurements were taken on an HP 89532A spectrometer. All

R . ) i This being said, it is also important to note that even at
spectra were fit with Igor Pro 5.0 using a Lorentzian function

th chi I I h 1. partic| ed wi hrelatively high concentrations of citrate where the particles are
with chi square values less than 0.1. Particles were sized With gjy| staple after some time there is little change in particle size

imageJ Image processing SOTtWé?e' by merely altering the citrate concentration. There may be a
SERS and Rayleigh scattering measurements were performedyg|atively simple explanation for this observation. Because the
on a home-built confocal microscope system described previ- o icle stability is directly related to the concentration of citrate,
ously'? with the addition of transmitted light, dark field {here may have been an aggregation affect responsible for the
illuminator (NA 1-1.4). For SERS experiments, a Zeiss g;j,¢ increase observed previously. As citrate concentration is
Apochromat 60 X, 1 NA air objective was used. Typically, the  reqced, we have observed that the rate of aggregation increased.
sample was integrated for 30 s with a total power of M8 Therefore, when capping the particles immediately after reduc-
from a helium-neon laser (632.8 nm, Melles Griot). Rayleigh jon they are likely halting the aggregation at different stages
scattering experiments were performed with a Zeiss ApOChromatdepending on citrate concentration. When concentration is low,

100 X, 0.7 NA oil-emersion objective. . . alarger aggregate will be formed before the silica can stabilize
Samples for Rayleigh scattering were prepared by immobiliz- . ot high concentration, a smaller aggregate will be present.

ing the particles on glass coverslips with trimethoxy-[3- This may be responsible for the lack of crystalline structure in
(methylamino)propyl]silane (APS) (Aldrich). Coverslips were he a5 synthesized particles. By sintering them at high temper-
cleaned prior to the silanization step by sonication in a 2% ature, they are likely fused into one crystalline particle.
solution of Hellmanex, followed by 18 & water. They were Why then, does citrate not affect particle size as strongly as
then submergediia 5 mMagueous solution of APS to deposit ny | ﬂ,1 ht? In th f p" idal qold. the red g%{
the tethering molecules. After-22 min, the coverslips were previously thought In the case of cofloidal goid, the reduction
is done by the relatively weak reductant, citrate. This reaction

rinsed with water, dried under nitrogen, and 40 of the as- is slow, which allows for thermodynamic processes to control
prepared particle solution was placed on one surface. After C y P . )
the formation of clusters. Only as many seed particles will be

several seconds exposed to the solution, it was rinsed with waterforme din the reaction as can be stabilized by the capping agent/
and then blown dry with nitrogen. y pping ag

reductant. This means that the capping agent concentration will
have a strong effect on the number of seed patrticles and, hence,
particle size. In the formation of cobalt particles, however, a
Effect of Cobalt Chloride, Sodium Borohydride, and much stronger reducing agent is required. Because sodium
Sodium Citrate Concentration on Particle Size.The goal of borohydride is a significantly stronger reductant than is techni-
this study was to gain control of the cobalt particle size by cally required to reduce the cobalt salt to cobalt metal, the
aqueous solution chemical methods. Previous work on this reduction is extremely fast, taking place in less than 1 min as

Results and Discussion
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TABLE 1: Dependence of Particle Size on Sodium
Borohydride Concentration?

volume volume volume
0.4 M 0.1 M 1M particle
CoCb citrate NaBH, size
(ul) (ul) (ub) (nm)
100 400 400 32
100 400 100 445
60 r 60
a All reactions were performed in 100 mL of water. All particle sizes s
are determined by examining the resulting gold particles. Reported sizes =3
are diameters. 50 " 50 o,
<8
opposed to 510 min for the reduction of gold salt by citrate. 44 40 8
Because of this, kinetic processes dominate the formation of =
seed particles. The number of seeds, and therefore the size of i 2
the resulting particle, will be more dependent on the rate of the 30

reduction.

The rate of reduction can be controlled in several ways.
Temperature plays a strong role in the rate of reaction; however,
little change in particle size was observed between particles
synthesized at OC and room temperature. A second way to
alter rate is by changing the solution pH. The reductive potential f@o L
of sodium borohydride is pH-dependent. It is important to note
\?vtetr:]lsep::)r:jtiltjrr]r?t(,:i:;r(;rt]gﬁ;/t;%grgfv (I:(l)tlrji fcri)g_rt'f'h?; Ezlzsggltjgistﬁéponcentration. All p_article sizes are determined by examining TEM

X 3 ; images of the resulting gold structures and represent the measurement
reaction was found to be slower at the higher pH, and particle of at least 200 particles. Reported sizes are diameters.
homogeneity was superior in the neutral solution. Higher and
lower pH was also attempted by adjusting with HCl and NaOH. TABLE 2: Particle Size as a Function of Citrate and
These solutions, however, were unstable and immediately Sodium Eorohydrlde Concentration Shown lllustratively in
crashed out. This is most likely due to the presence of excescFIgulre L
ions, especially Cl, which has a strong disrupting effect on volume volume

Figure 1. Particle size as a function of citrate and sodium borohydride

aqueous colloidal capping. Finally, the concentration of reduc- particle 01M 1M
: . diameter citrate NaBH,

tant was used to change the reaction rate. This was found to be (nm) (L) (L)

the best method of controlling particle size without drastically

decreasing particle homogeneity. 1 190 180
By decreasing the amount of sodium borohydride present a6 330 250
y decreasing th u iu nyaride p , a4 400 100
the reaction time is increased substantially. This produces larger 36 600 100
particles that remain stable in solution. Table 1 shows the result 31 400 400
of varying sodium borohydride concentration by one-quarter. gg 388 2(2)8

The particle size is increased by approximately 40%; however,
this is the practical limit of size tunability by this method. Lower a All reactions were performed in 100 mL of water. All particle sizes
concentrations produce incredibly inhomogeneous results, whichare dgtermined by examining the resulting gold particles. Reported sizes
are often unstable. To form larger particles, we must also alter are diameters.
the sodium citrate concentration.

Although the sodium borohydride reduction of metal salts is TABLE 3: Influence of Rate of Addition and Concentration
largely kinetics-driven, there are still some thermodynamic-type of Cobalt Salt on Particle Size
processes controlling particle size. This is especially true as the

volume volume

concentration of reductant is decreased and the reaction iS |t of CoCh 01M 1M particle
slowed. The reaction is now substantially more thermodynami-  cocCl, concentration  citrate NaBH;, size
cally controlled, making the variation in capping-agent con-  addition (M) (ulL) (uL) (nm)
centration more effective in controlling particle size. By fast 0.4 400 400 28 2
decreasing both NaBtand citrate concentration, we observed slow 0.4 (diluted) 400 400 36
a drastic increase in particle size, this is shown in the 3D plot  fast 0.5 400 400 S5&5

in Figure 1 and Table 2. The trend appears to be linear, at least s aj| particle sizes are diameters. The cobalt chioride solution used
within the concentrations shown here. At lower concentrations, for the slow addition is diluted to 25 mL with water.
the particle sizes could be substantially larger; however, because
they crash out of solution almost immediately this is not cantly broadened ensemble-averaged plasmon bands, making
something we could test. We present this as a general methodhe sample less desirable for optical applications such as SERS.
of tuning the size of cobalt nanoparticles. Using this plot, it is To increase particle homogeneity and size, a slow addition of
possible to predict roughly what the final particle size will be low-concentration cobalt salt was attempted. It was thought that
at a given sodium borohydride and sodium citrate concentration. this would artificially slow the rate of reaction. This, however,
Influence of the Rate of Addition and Concentration of was not the case, as is clear in Table 3. Although slightly larger
CoCl, on Particle Homogeneity. Sample homogeneity is an  particles were achieved, the coefficient of variation increases
important parameter to control, especially when focusing on from 7% to 18%. This is clearly not an advantageous method
optical properties. Inhomogeneous samples will have signifi- of controlling particle size. The reason for this great increase
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Figure 2. Histograms showing the size dispersion of cobalt nanopar-
ticles produced by slow and fast addition of cobalt chloride. Solid lines
are best fits demonstrating particle dispersion. Particles sizes are
determined by measuring low-resolution TEM images.

in variation is due to the continual formation of seed particles
as the cobalt is added. When examining the particles, it is
obvious that some seeds are formed initially and result in very
large particles, whereas others are formed throughout the
addition and lead to small particles. This is clear in Figure 2,
which shows histograms of particle size from slow and fast
addition of cobalt. Not only does this exemplify the inhomo-
geneity of the slow addition sample but it also shows the
asymmetric formation of particles. While the fast addition yields 100 T
a nice, even sample, the slow addition yields a curve broadened
and asymmetrically shifted by the presence of large particles
formed early in the cobalt addition. This is clearly not the way C
to increase particle size. By increasing the concentration of
cobalt while maintaining volume, however, we have found that
particle size changes drastically without excessively broadening
particle distribution; this is also clear in Table 3. Although higher
concentrations of cobalt seem to induce flocculation, it may be
possible to better control this with careful changes in citrate
concentration.

Formation of Gold Shells.Along with the tunability of cobalt
particle sizes, we have been able to produce a wide variety Of g e 3. Transmission electron micrographs of the HGNs. (A) High-
sizes of the HGNs as shown in Figure 3. These are representativgesolution TEM of a single 30 nm HGN. The wall thickness is
TEM images of the HGNs at different sizes. Figure 3A is a approximately 4 nm and large areas of crystallinity are clearly visible.
high-resolution TEM of a 30 nm particle; the lattice fringes of (B—E) Low-resolution TEM images of particles of 2t 17 nm (B),
gold are clearly defined and show that these particles are 50 % 5nm (C), 40+ 3.5 nm (D), and 28k 2.3 nm.
polycrystalline with large single-crystalline areas. Figure-3B8
shows the tunability of the samples, from 70 to 28 nm. The
largest particle sample in 3B clearly demonstrates the inhomo-
geneity that seems to be inherent at larger sizes. Also clear from
these images, there is some very smatt$2hm) gold particle

100 nm

homogeneous samples of high optical and structural quality like
those shown in Figure 3.

High-Concentration Gold AdditionThe general consensus
on homogeneous nanoparicle formation is that a low concentra-

L os o X ) tion of reagents yields the best results. It is important to
formation in some samples. The origin of these particles is not remember, however, that in the addition of gold here we are

entirely clear; however, they are more prevalent at high gold ot forming a normal colloidal nanoparticle system. All that
concentrations. They are likely a byproduct of the shell growth, getermines particle size and shape is the sacrificial template.
small particles that do not grow into the shell, but break off Fqr this reason, the high-concentration addition of gold should
early in the process. not necessarily produce poor results. After many failed attempts,

Forming the gold shell seems to be an extremely simple it was found that by adding high-concentration (0.1 M) gold
matter at first glance; however, under closer inspection it salt in small volumes yielded excellent results. Adding the gold
becomes clear that there are many parameters that must ball at once gave poor results, as did adding the solution dropwise.
carefully controlled in order to form high-quality samples. As By using approximately 5@L per addition over five to eight
mentioned above, attempting to recreate the previous works didadditions, spectrally narrow, optically dense samples were
not result in good samples. Another method was needed to makeachieved.
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The explanation for this is a fairly simple one; it is a matter TABLE 4: Wall Thickness as a Function of the Volume of
of mixing. The reaction of gold salt with the cobalt particle is Gold Salt Added
very fast, happening almost instantaneously upon the addition  volume of  volume volume volume
of the gold. There is also a secondary shell-mediated growth, 0.1MHAuC, 0.1M 0.1M 1M particle

which takes place on a slightly longer time scale, where free dilutedto 10mL CoCL  citrate NaBH,  size wall

citrate in solution will reduce excess gold salt onto the formed (uL) (uL) (uL) (wL)  (nm) thickness
shells. This can result in significantly thicker shells when too 25 100 600 100 4&6 6.2+0.6
much gold is added. When a small amount of gold is introduced 35 100 600 100 4@&-6 6.9+08

to the stirred solution, all particles at the site of the addition 60 100 600 100 4&6 8407

willimmediately be oxidized completely in the presence of such
a high-concentration gold. If there is excess gold at this site,
then it will diffuse through the solution being reduced onto the
cobalt particles until there is no more gold. If the volume of
gold solution is too low, that is, dropwise, then the immediate
impact will be relatively small, but due to the small size of the
droplet it will dilute quickly. As the gold dilutes into the water,
less and less will be reduced onto the cobalt, resulting in a
gradient of shell thicknesses: thickest at the site of addition
and thinner shells moving away from the concentration center. e ! .
This leads to an incongruous sample in which some shells are?S in Figure 4a, UVvis data, and 4b, an image of HGN
badly underformed and some are overgrown by seed-mediategsolutions to |IIu_strate the pOSS|bI_e color range. These spectra
growth. An excellent example of this overgrowth is in Figure are representative of many experiments and show the full range

3C. The second particle from the top has some slight over- of tqnability of this system. Although Fhe full .Width at half-
growth, which looks like small particle stuck to the surface. maximum (FWHM) of the spectra remains relatively unchanged

When the concentration is excessive, this becomes a much morérom 500 to 750 nm and between 50 and 100 ”’_“nth‘? last two
pronounced feature of the particle. spectra are fairly broadened to over 200 nm. This is likely due

At the oth d of the additi le is the all to the formation of gold shells and their aggregates. At large
t the other end of the addition rate scale is the all-at-once particle size, there is less capping agent to stabilize the colloids.
addition of the gold. This suffers similar problems to the

. iton: h h i< signifi | This likely brings about aggregation, which will significantly
dropwise addition; however, there is significantly more over- g the absorption of the shells. The weak shoulder at 700 nm
growth, and less underformed particles. We were able to

may be due to the presence of single shells, whereas the peak
overcome this problem by using a middle of the road approach. Y P g b

. . h i il i is due to the aggregates. At this time, however, it is not possible
By using 5QuL per addition, the resulting particles were uniform 1, etermine the exact effect of the presence of the aggregates.
and we did not observe excessive overgrowth. The choice of

. . . By increasing patrticle size at a constant wall thickness, the
this volume was not obvious and was discovered only by y gp

. . . J absorption band will red-shift as the plasmon oscillation
experimental trials. Th_|s method doe§, however, have one MaJor jacreases in energy. However, increasing wall thickness at
flaw. Becaus_e such high concentrations are used, we Were not, ;nstant particle size will blue-shift the absorption band. The
able to readily control the shell thicknesses. In theory, if the

Idis added tiv. the shell thick hould be a f .~ band shifts to higher energy because as the inner diameter of
gold is added correctly, the shell thickness should be a function i, 5N gecreases it takes on more solid-particle-like proper-
of the amount of gold added. This was achieved by using

. . ties. Because solid gold particles at these sizes have plasmon

relatively large volumes of low-concentration gold. bands at approximately 520 nm, the absorption will always shift

Low-Concentration Gold Additiorit was determined early  in thjs direction as wall thickness increases. This is predicted
on in this study that using low concentrations of gold would iy the work of Schatz et al. is shown experimentally here in
not produce satisfactory results; however, this assessment wasgigure 5a and B3 These plots show the affect of the aspect
not entirely correct. Several factors are required for the low- ratio of particle size and wall thickness on plasmon absorption
concentration addition of gold to work properly. The first is  (a) as well as the affect of particle size and wall thickness on
that the solution mix very well as quickly as possible. If the plasmon absorption. Representing 13 independent experiments,
cobalt is added to the gold solution too slowly, then most of the trend is clearly shown here. Because the work of Schatz et
the gold will be utilized by a small number of particles, which |, is for particles of different sizes than those made here, we
will lead to poor sample homogeneity. Second, the volume of are not able to directly correlate their results to our data.
the gold salt to which the cobalt is added must be large enoughHowever, we are currently working on similar calculations that
that mixing can happen very quickly. With low volumes of gold  should determine if these results match well to the theory.
at higher concentrations there is still a pronounced mixing  Because wall thickness plays such an important role in the
problem, leading to poor samples. This is the problem we position of the plasmon absorption, it is important to understand
observed in reproducing the work of Liang et al. Although the how this corresponds to the amount of gold added to the
larger volumes of gold produced reasonable results, using 5 orspjution. Figure 6 shows the nonnormalized absorption spectra
8 mL of gold salt gave widely varying results and consistency of three samples made from a single batch of 35 nm cobalt
was a major issue. Because mixing is the biggest issue inpanoparticles. The highest concentration sample, atl60f
producing consistent results, it was hypothesized that by holding 0.1 M gold salt added absorbs most strongly at 638 nm, is the
the volumes of gold and cobalt solutions constant, a more most blue-shifted of the three as would be expected and has a
consistent result could be obtained. wall thickness of Z 0.8 nm. The lower concentration samples

By diluting varying volumes of gold salt to 10 mL with water at 35 and 25L are red shifted to 685 nm (wall thickness 5.6
and adding the cobalt as quickly as possible under rapid stirring+ 0.6 nm) and 702 nm (wall thickness 3% 0.6 nm),
we were able to produce homogeneous HGN with tunable wall respectively. Interestingly, as the band shifts the fwhm changes
thicknesses, similar to the work of Liang et al. Shell thickness only slightly from 80 nm for the 6L sample, to 91 nm for

varies linearly with gold concentration, indicating that homo-
geneous mixing is taking place, as shown in Table 4. These are
representative values from a single sample and are consistent
with all other data.

Effect of Particle Size and Wall Thickness on Optical
Properties. One of the major intents of all this size tuning is
the control of the optical properties of the HGN. We have found
that by varying wall thickness and particle size it is possible to
tune the plasmon absorption across much of the visible spectrum
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Shell Diameter Wall Thickness

== 245+ 1.7 nm 57+0.6 nm
=J= 28+2.4nm 6+ 0.6 nm
== 32+4.5nm 5.8+ 0.7 nm
== 41+ 3.7 nM 6.8 £ 0.5 nm
== 4113 nm 6.3 £0.65 nm
={>= 37 +2nm 56+ 0.6 nm
== 36 +2 NM 3.7+ 0.6 nm
== 44 + 6 Nm 5.4+ 0.7 nm
(= 44 + 5 nM 3206 nm

Absorbance (A.U.)

400 500 600 700 800 900 1000
Wavelength (nm)

-

b

Figure 4. (a) UV—visible absorption spectra of nine HGN samples with varying diameters and wall thicknesses. (b) Image showing the color
range of HGN solutions. The vial on the far left contains solid gold nanoparticles, the rest are HNGs with varying diameters and wall thicknesses.

the 35uL sample, and to 82 nm for the 2B. sample. This is will dominate the plasmon oscillations and the multipole modes
not the trend one might expect given the propensity of solid that appear in large particles will be minimized. Interestingly,
gold nanoparticles to broaden significantly in spectrum with this also explains why only one absorption band is observed
increasing size. This broadening is due to the introduction of for this system, whereas nanorods, which also have multiple
new multipole modes, which are nonradiative and broader in axes of oscillation, will show two.

energy than the normal dipole plasmon még&&tin fact, upon It may be noted that as the concentration of gold added
close examination of Figure 4a, it is clear that with the exception decreases there is a decrease in optical density as well. This is
of the last two spectra, the FWHM changes little regardless of not a matter of particle concentration, because 10 mL of gold
particle size or shell thickness. The explanation for this is tied is added to each sample, and the total number of HGNs is fixed
to the electron mean free path in gold. Because the wall to the number of cobalt particles present in the original solution.
thickness is much less than this length50 nm), longer axes  This is a function of absorption cross section of the HGNs due
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Figure 5. (a) Plasmon absorbance maximum wavelength) as a
function of the aspect ratio of shell thickness and shell diameter. The
line is a best-fit approximation to guide the eye. (b) 3D plot of plasmon
absorbance maximum wavelengthn{) as a function of the shell
thickness and shell diameter. Each point on both plots represents an
individual set of experiments and the average measured lengths. T
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to the different thicknesses of gold. As the wall grows thicker, _ ~ Wavelength (nm) _ _
it will have a larger absorption cross section. Figure 7. Comparison of ensemble-averaged absorption and single-

Homogeneous Line Width and Inhomogeneous Broaden- particle Rayleigh scattering of 3@ 2.6 nm HGNs.
ing. To determine if, and to what extent, the absorption spectrum
is broadened by inhomogeniety in the sample, we examined It is not entirely clear why we observe a red shift from the
the Rayleigh scattering spectra of the HGNs. Although the ensemble-averaged sample; however, one possibility is the effect
FWHM of the ensemble-averaged solution of 302.6 nm of particle immobilization to the glass slide. Although the
particles is 75 nm, the single-particle FWHM is 47 nm as shown ensemble-averaged solution particles are completely surrounded
in Figure 7. This is a broadening of 27 nm, which shows that by water, the single particles were on a glass slide, partially
the samples are slightly inhomogeneously broadened. This issurrounded by air, residual water, and glass. The cumulative
to be expected to some point but is impressively small effect of this compound refractive index may be enough to
considering how sensitive these structures are to variance inexplain this anomalous red shift in the spectrum. Further studies
wall thickness and local environmefitté The sensitivity to local are currently underway to better understand this effect.
environment is clear upon examination of the spectral shift — Surface-Enhanced Raman ScatteringSERS experiments
between the ensemble-averaged and scattering spectra. This i&ere performed on solutions of as-prepared HGNs with mer-
a shift of 14 nm and is consistent with all particles examined. captobenzoic acid (MBA) added to a final concentration of 1
The scattering spectra were taken from particles immobilized mM. Although MBA tends to oxidize to form disulfides in
on glass substrates in air while the ensemble-averaged spectraqueous solution, only fresh solutions were used to perform
were taken in aqueous solution. The refractive index of the these studies. This should leave the thiol group free for binding
imbedding medium decreases from 1.33 to 1 in going from water to the gold surface or possibly cobalt. Solutions are normally
to air in these two scenarios. This substantially changes thewashed to remove excess phowever, some may remain.
optical properties of the HGNs. However, a decrease in This may cause sensitivity problems and is currently under
refractive index has been shown to correspond to a blue shift. investigation.

Absorbance/Scattering intensity (A. U.)
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salt on partially oxidized cobalt particles, it produces very poor
results. The physical result of this is shown in Figure 9. Although
the oxidized cobalt will dissolve in the solution, it does not
oxidize homogeneously, which results in malformed HGNs.
Optically, this has extremely deleterious results greatly broaden-
ing the absorption band due to the random nature of the
oxidation. When solutions are badly oxidized, the percentage
of these types of particles tends to increase.

Conclusions

Raman Intensity (A. U.)

Nearly monodisperse HGNs of tunable interior and exterior
diameter have been synthesized by sacrificial galvanic replace-
ment of cobalt nanoparticles. We have been able to control the
position of the surface plasmon band between 550 and 820 nm
by carefully controlling particle size and wall thickness. Cobalt

, : 1 ] | ] | particle size, the sacrificial template that controls the resulting
600 800 1000 1200 1400 1600 1800 HGN size, is tunable by simultaneously changing the concentra-
Raman Shift (nm) tion of sodium borohydride and sodium citrate, the reductant
Figure 8. Ensemble-averaged surface-enhanced Raman scattering®Nd capping agent, respectively. This varies from all previously
spectrum of mercaptobenzoic acid on the HGNs. reported aqueous syntheses of cobalt particles. We also show
that by controlling the addition of gold carefully the thickness
of the gold shell can be varied. These HGNs have been further
demonstrated to be excellent SERS substrates in terms of
spectral consistency. They are promising for chemical and
biological sensing applications, particularly those requiring near-
IR absorption.
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