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We report the synthesis of tubular gold and silver nanoshells on silica nanowire core templates in solution. Silica
nanowires were synthesized and characterized with optical and NMR methods. Gold nanoparticle seeds (2 to 3 nm)
with weak repulsive surfactants such as tetrakis-hydroxymethyl-phosphonium chloride (THPC) were conjugated to
the surface of these nanowires. A regrowth process was initiated from these nanoparticles on the surface of the silica
nanowires dispersed in gold or silver stock solutions in the presence of reducing agents. Micrometers-long gold and
silver tubular nanoshells (86150 nm o.d.) were made, fully covering the silica nanowires.

Introduction and CVD methods have also been employed to produce
SiNWs 1516 An extrusion method has been developed to make
oaxial nanowired? The diameter of these SiNWs ranges from

to 500 nm, and the length ranges from a few micrometers to

Nanomaterials with the most easily modified surface are
: o . c
desirable as templates. Silica presents itself as an excellent3

candidate. Although making metal tubular nanoshells from silica millimeters. Because most silicon nanowires have a thin oxide

P:};?evélii fgﬁ tesrmgfﬁzgr;go;glgéo ?;[:S'Sg:,zssegahcirteé \évgrrllﬁayer on the surface, both silicon and silica nanowires are good
9 P Yeandidates for templates.

investigations of nanoparticles deposited on chemically treated : :
flat sur%‘]aces of materigls such as Zilicon wafers and pgtterning These nanowire templates can be used_as bat_:kbones n fu_ture
nanoparticles on flat surfaces:* Those efforts have yielded nanoscale dgwces. For_ exam_ple, one-d|meq3|onal nanowires
important basic knowledge th:at has become a foundation for decorated_wnh Z€ero .dlm.ensmnal nanoparticles have been
much of the current work of making composite nanostructures attempted in many applications such as SENsors, s.olar ce.II panels,
' gctuators, and catalysits 21 As a result, nanowires with desirable
emplate properties may become popular components in future
flanoscale devices. To date, many prototypes such as nanorods
and carbon nanotubes and biological molecules such as DNA
have been used as backbone templates to make these complex
three-dimensional nanostructuf@s?® For instance, the direct
deposition of metal onto nanowires/nanotubes has been reported
in which no chemical modifications are employed before
sputtering or decorating However, chemically modified carbon
Manotubes have also been studied and proposed for various
applications. For example, carbon nanotubes decorated with DNA
have been used as sens®%-30n addition, various materials
such as dye molecules and DNA have been covalently linked to

of silica beads/nanoparticlé€s’ In another work, silica nano-
rods (very short wires) have been used as templates to mak
silver nanotube$ Here we will explore for the first time using
silica nanowires (SINWSs) as templates to make gold or silver
tubular nanoshells (or nanotubes).

SiNWSs themselves have been extensively studied, and silicon
and silica nanowires (both denoted as SiNWs here) have bee
made by many grougs::® For example, SiNWs can be made
in solution under supercritical conditiofsLaser vaporization
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ZnO or gold nanowired!32These results have proven thatitis the solution. The mixture was refluxedrfa h at 120°C and was
possible to use chemical means to modify nanowires and then centrifuged and washed with ethanol three times.
nanotubes, and such modifications will lend further control to ~ To test whether APTMS was on the surface of SINWS,5 g
the eventual functions of these complicated nanostructures. Inof ninhydrin was added to 8 mL of APTMS functionalized SINWs
addition, the applications of silica nanowires themselves have dispersed in an HPLC-grade ethanulater mixture. After a brief
been explored by many groups because they can be used a eriod of sonication, the color of the mixture turned pale yellow.
- . f he mixture was heated on a hot plate, and when it was boiling, the
components in future nanoscale electronics and light emiftets,

. color of the mixture gradually turned purple if there were amine
and gold has been vacuum plated onto SiNWs to make gold groups on the surfacge. y purp

nanoparticles? 9 _ , For the patterned growth of SiNWSs, letters were written on small
We have developed a new method to make SiNWs in bulk sjlicon wafers using a syringe filled with a DCB solution of Co
quantities £100 mg). We will present results on the bulk nanoparticles. The wafers were then placed in the furnace for nanowire
synthesis, characterization, and manipulation of these SiINWSs.growth. The samples were then inspected with scanning electron
These results show that these nanowires possess superiomicroscopy (SEM) and later functionalized with APTMS for
properties as templates. All of the templating reactions were Ninhydrin testing.
carried out in solution, and gold and silver tubular nanoshells ~ Three types of gold nanoparticles were synthesized for the
were successfully made for the first time using chemical functlon_allzatlon of_ SlNWs_. De_talled information is given in
modification of the silica surface and regrowth processes in Supporting Information. The first kind was gold nanopatrticles covered

. . with citrate ligand€344 A second type of gold nanoparticle was
solution. These new materials represent a new bra_nd of made using mercaptoundecanoic acid (MUA) as a surfattahese

e . %anoparticles were also used for making peptide bonds between the
conductors, enhanced radiation absorbers, and even opticao|d nanoparticles and APTMS-modified SiNWs. The third kind of
waveguides. gold nanoparticle was made with the weaker surfactant tetrakis-
) hydroxymethyl-phosphonium chloride (THP®).
Materials and Methods The assembly of gold nanoparticles on the surface of SINWs was

All chemicals were purchased from Aldrich and used without attempted using three approaches. Water solvent was used here unless
further treatment. Co nanoparticles were used for the catalytic growth Specifically noted. The first method was to link citrate-covered gold
of SiNWs. These nanopartic|es were made via a high_temperature-nanopa.rtlcles tO APTMS'fUnCUOna“.Zed SiNWSs via electrostatic
thermal decomposition method from £80)sin a mixture of oleic ~ interactions at different pH valuéslypically, 5 mL of such a gold
acid (OA), trioctylphosphine oxide (TOPO), and trioctylamine (TOA)  hanoparticle solution was mixed with 5 mL of APTMS-functionalized
dissolved in dichlorobenzene (DCE)#'Depending on the relative ~ SINWS. After keeping the mixtures at€ for 10 h, ared precipitate
amounts of these surfactants in the mixture, Co nanoparticles of @Ppeared, indicating that gold nanoparticles were conjugated to the
different sizes were made. For example, this method produced 3 tosurface of SiNWs. The mixture was then centrifuged and washed
12 nm Co nanoparticles in anhydrous DCB solutions. with citrate acid (pH 6.4) three times and redispersed in citrate acid.
SiNWs were made in a high-temperature furnace from nano- Severaldrops ofthe solution were deposited on a copper transmission
particles deposited on silicon wafers. The growth conditions of these €lectron microscopy (TEM) grid for characterization. Because the
SiNWSs were similar to those described elsewH&ta brief, silicon interaction between citrate and APTMS was electrostatic, the pH
wafers were immersed in cobalt nanoparticle solutions for up to 15 value of the solution affected the formation of the nanoparticle
min while under sonication. The wafers were then removed from nhanowire heterostructure. We prepared these heterostructures under
the solution, either rinsed with DI water or directly dried with Ar. ~ either acidic or basic conditions using a 0.15 M citrate acid (pH 4.0)
The processed wafers were then placed in the center of a quartz tub®r 0-1 M NaOH (pH 10.4) solution. Under acidic conditions, a red
in the high-temperature furnace. The quartz tube was sealed, and?recipitate appeared at once, and it was centrifuged and washed
gases (Arand b were fed into the tube. The pressure was maintained With citrate acid (pH 4.0) three times. However, very little red
at 0.5-1 psi above ambient pressure. The temperature was thenPrecipitate was observed after 24 h under basic conditions. The

increased to the growth temperature, which was 1300 The products were centrifuged and washed with NaOH solution (pH
maximum rate of temperature ramping was limited by the furnace 10.4) three times. About 10% of the original product was recovered.
controller, which was 25C/min. SiNWs produced this way were The second method was via the formation of peptide béhbs.
predominantly straight. this method, 2 mL of MUA-functionalized gold nanoparticle solution,

The SiNWs were first treated with aminopropyl-trimethoxy silane 10 mg of APTMS-functionalized SiNWs, 30 mg Nf(3-dimethyl-
(APTMS). Typically, 10 mg SiNWs or small pieces of Siwaferwith ~ aminopropy)N'-ethylcarbodiimide hydrochloride (EDC), and 30
SiNWSs grown on the surface were dispersed in 20 mL of ethanol. Mg of N-hydroxysuccinimide (NHS) were mixed in 50 mL of
The solution was sonicated, and 0.05 mL of APTMS was added to Phosphate buffer saline (PBS) (pH 7.5). The system was rapidly
stirred fa 8 hat 50°C, and ared precipitate appeared. The precipitate

(3]_) Law, M.; Greene, L.; Johnson‘ J.; Sayka”yY R.; YangNat_ Mater. was Centrifuged and WaShed W|th PBS (pH 75) thl’ee ’[imeS toremove
2005 4, 455-459. free EDC, NHS, and water-soluble gold nanoparticles. The final

(32) Lapierre-Deviin, M.; Asher, C.; Taft, B.; Gasparac, R.; Roberts, M.;Kelley,  product was dispersed in 20 mL of PBS. To verify the formation

S. 'E'gagoAhf]tt'sqogu%nﬁ?; 13.1?35:’“( Nano Lett.2005 5, 1367-1370 of the peptide bond, 5 mL of the solution was placed in two vials,

(34) Zhong, Z.; Fang, Y.; Lu, W.: Lieber, ®lano Lett2005 5, 1143-1146. with the pH value of one of the vials set to 2.3 and another one set

(35) Thelander, C.; Nilsson, H.; Jensen, L.; SamuelsoiNdno Lett.2005 to 11.5. The solutions were centrifuged after brief sonication. The
5635-638. e e _ coverage of gold nanoparticles did not change under either acidic
Zof@.Yﬁf; %i;']" 'Wﬂgx&é,”c?"‘é’.‘; YF'éfQ,aS%'ﬁﬁf‘ F‘?ﬁ)'/g.z'l_gt't'l\gvgg%f' 35 orbasic conditions. These results confirmed the formation of peptide
3076-3078. bonds between gold nanoparticles and SiNWs.

(37) Ma, D.; Lee, S.; Shinar, Appl. Phys. Lett2005 87, . To further reduce the repulsion between carboxylic terminating

20(%8%(')-& gé;scsﬁ‘gééi; Wong, N.; Lee, C.; Lee, S.; Teo, B.Phys. Chem. B groyps of the ligands on gold nanoparticles during surface coating,

(39) Sheu, J.; Chen, C.; Huang, P.; HsuN¥croelectron. Eng2005 78—79,

294—299. (43) Frens, GNat. Phys. Sci1971, 24, 21.

(40) Carter, J. D.; Cheng, G.; Guo, J. Phys. Chem. B004 108 6901- (44) Brown, K.; Walter, D.; Natan, MChem. Mater.200Q 12, 306-313.
6904. (45) Hiramatsu, H.; Osterloh, F. Eangmuir2003 19, 7003-7011.

(41) Puntes, V. F.; Krishnan, K. M.; Alivisatos, A. Bcience2001, 291, (46) Duff, D.; Baiker, A.; Gameson, |.; Edwards,lRingmuir1993 9, 2310-
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a third kind of gold colloidal nanoparticles with THPC-capping
ligands was usetf Specifically, 5 mL of an APTMS-functionalized
SiNW solution (1 mg/mL) in ethanol was put into a centrifuge tube.
A pre-prepared gold colloid (5 mL) was added, and the centrifuge
tube was shaken for 10 min and then allowed to rest for 2 h, giving
rise to a brown precipitate. The product was centrifuged and washed
with HPLC-grade water three times. The purified product was
redispersed in 5 mL of HPLC-grade water. However, 100% coverage
was still not achieved.

One hundred percent gold coverage or gold tubular nanoshells on
SINW templates were prepared from several gold precursor solutions
using a regrowth method. Typically, 25 mg of potassium carbonate
was dissolved in 100 mL of HPLC grade water. After 10 min, 1.5
mL of a 1% HAuC} aqueous solution was added to theCiO;
aqueous solution. The color of the mixture changed slowly from
light yellow to colorless over 30 min. The HAUZK,CO; solution
(10 mL) was aged for 1 day and placed into a 50 mL fléskhe
solution was rapidly stirred while 5L of 29% formaldehyde was
injected. A pre-prepared THPC-capped gold nanopartislRTMS-
functionalized SINWs mixture (100L) was then slowly injected
into the mixture. The color of the mixture turned light blue aftei2
min, and a black precipitate appeared quickly. The product was
centrifuged and washed with HPLC-grade water two times. The
washed product was redispersed in 5 mL of HPLC-grade water. The
amount of HAUCYK ,CO; was adjusted to maximize the coverage.

If needed, these nanotubaanowire heterostructures were etched
in 5% HF solutions for 10 h to remove the silica core.

Similarly, Ag tubular nanoshells were prepared. AgN@Queous
solutions of three concentrations (0.25, 0.6, and 1.0 mM) were used.
Each of these freshly prepared Agbl@queous solutions (10 mL)
was mixed with the same THPC-capped gold nanoparticle seeds on
SiNWs. While each mixture was rapidly stirred, G of 29% Figure 1. Silica nanowires. (A) SEM image. (B) Photograph of a
formaldehyde was injected into the mixture. Then&0of 3 M sample after 12 h of growth. A 1.5-mm-thick layer of SiNWs is
NHs-H,0 was added to the solution. The solution became opaque, clearly seen. (C) Area-selected growth of SiNWs.
and a black precipitate appeared. Stirring was continued for 15 min.

TEM (Philips CM-12 and CM-300) was used to inspect the was~1.5 mm. Figure 1C shows the patterned growth of SINW
samples. The CM-300 was located at the National Center for Electron films from inscribed letters written with the syringe pen of a Co
Microscopy (NCEM), and itwas capable of obtaining high-resolution nanoparticle solution. This result showed that high-yield growth
images. Samples were dropped onto TEM grids (Formvar, Ted Pella) of SiNws (white material in 1C) required the presence of Co

and air dried. An SEM (FEI XL-30 SFEG) was also used to examine nanoparticles because the areas without Co nanoparticles had
the samples (acceleration voltage 5 kV). The resolution was almost no SINWs

approximately~2 nm. Samples were prepared on different substrates, Figure 2 shows the detailed structures of SINWs. They were

including Si wafers and alumina substrates. . oo .

29Si nuclear magnetic resonance (NMR) spectroscopy was usedgenerally very long, gnd Iitwas d'.mcu't to measure their length
to detect the chemical environment of Si atoms in silica nanowires. P&cause the ends disappeared in the bulk. Figure 2A shows a
29 single-pulse (SP) magic angle spin (MAS) and cross polarization histogram of the diameters of these nanowires. SiNWs as thin
(CP) MAS NMR experiments were performed on a Bruker Avance as 5 nm were observed, although the nominal diameter was 43
500 spectrometer equipped with an 11.75 T magnet. ®Be nm. Figure 2B and C shows HRTEM images of a SINW, which
resonance frequency was 99.35 MHz. A Bruker 7 mm CPMAS solid shows that this nanowire has an amorphous core. On the basis
NMR probe and 7 mm zirconia rotor were used at a spinning rate of the geometry of SINWs, the surface area was estimated to be
of 5 kHz. The?Si and'H 90° pulse width was 6is. The contact 40 ne/g. This value is higher than that of normal silica gels
time was 5 ms, and the pulse recycle delag&a for CPMAS and (110 ne/g) but is lower than that of nanoparticle aerosols (100
300 s for direct polarization experiments. The chemical shifts were m2(g).
externally referenced to tetramethylsilane (TMS). The NMR results are shown in Figure 3. Both SP and CP

The photoluminescence measurements were performed with a S
fluorometer (Fluromax-P, Jobin Yvon). A more sensitive setup was results are shown. The first indication of these results was that

used in which backscattered light was collected with a microscope there were no detectable amounts of crystalline Siin the sample,
interfaced with three lasers lines at 532, 632, and 780 nm. The setuphich should result in a narrow peak-a81 ppm. Si atoms in

was similar to that of a microscope described elsewffeg8NW an oxygen environment generally yield four peaks, denoted Q1
samples directly removed from the surface were examined. (Si(OH)X0), Q2 (Si(OHYO,), Q3 (Si(OH)Q), and Q4 (SiQ).5051
These peaks were betweer80 and—110 ppm. Regular SP
Results scans showed only one peak, which was the Q4 peak that

t corresponds to the Sihetwork with a Si atom connected to

four bridging oxygen atoms. Using the CP technique, it was
qpossible to detect surface Si atoms more preferentially, which
may have one or more hydrogen-terminating oxygen atoms

Figure 1 shows the results of the bulk synthesis of SINWs a
1100°C. Figure 1A is an SEM image of these nanowires. They
are generally straight with an average persistence length over
um. Figure 1B shows a photograph of a bulk SiINW sample
grown on a Si wafer for 12 h. The thickness of the SINW film

(50) Nishikawa, H.; Shiroyama, T.; Nakamura, R.; Ohki, Y.; Nagasawa, K.;
Hama, Y.Phys. Re. B 1992 45, 586-591.
(48) Pham, T.; Jackson, J.; Halas, N.; Led,dhgmuir2002 18, 4915-4920. (51) Gotza, M.; Dutoit, M.; llegems, MJ. Vac. Sci. Technol., B998 16,
(49) Porter, R.; Shan, F.; Guo, Rev. Sci. Instrum2005 76, . 582—-588.
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Figure 3. (A) Single pulse®Si and (B)!H—2°Si cross-polarization
NMR results. The single peak in A corresponds to Q4 peak in the
SiO, bonding structure. Three peaks are seen in B, corresponding
to Q2 (at—90 ppm), Q3 (at-100 ppm), and Q4 (at110 ppm).

Figure 2. Morphologies (diameter and structures) of SiNWSs. (A) _F A) -'M"‘-\fﬁ" nm

The average diameter is 434 nm, and (B and C) all SINWs are 3

amorphous on the basis of high-resolution TEM images. :':; "\.a\ﬂ:

connected to the Si atoms. In Figure 3B, three closely spaced §

peaks are shown, corresponding to Q2, Q3, and Q4 peaks. Q3 a

was the most intense peak, indicating that the majority of the “ I gy

surface Si atoms were in the configuration of Si(Okl)O i : ,
Photoluminescence (PL) results are shown in Figure 4A. Only 300 350 400 450 50

one peak at 380 nm was visible with 24P60 nm excitation. Chniiat - a1

This peak corresponds to the 3.1 eV peak in the normal PL
spectrum of SiQwith oxygen vacancies, possibly caused by the
2-fold-coordinated silicon lone-pair centers £&5i-—0).50
However, a second PL peak at 650 nm, which corresponds
to the nonbridging oxygen hole centes{i—0-), was visible
when laser-based PL measurements were performed. Figure 4B
shows the results with 532, 632, and 780 nm excitation light.
Because the PL peak was located at 650 nm, the 532 nm exci-
tation produced the strongest PL. Under 632 nm excitation, the el p—f
PL was weaker, as shown in Figure 4B. The PL signal detected 550 %fvufﬁf“gmfm:}?o 825
at longer wavelength with 780 nm light excitation was much

Figure 4. Photoluminescence (PL) results of SiNWSs. (A) PLin the
weaker compared to that from 532 (40Dand 632 nm (&) 300-500 nm range with 248260 nm excitation. Only one broad

ex0|_tat|on. . peak was observed at380 nm. (B) PL in the 5086850 nm range
SiNWs appeared to be soluble in water. However, these at three different excitation wavelengths: 532, 632, and 780 nm.
nanowires eventually precipitated after a few hours because ofThe 632 and 780 nm induced PL profiles were normalized to that
their large sizes. When dispersed in water and quickly filtered of 532 nm excitation (the most intense one).
with 50 nm filter papers, 70% of SiINWs were recovered by
redissolving the filter papers in water and sonicating for 10 min. less scattering. This can be attributed to the fact that the average
The results of testing APTMS-functionalized SINWs are shown particle size of the aggregates of SINWs was smaller for APTMS-
in Figure 5. When functionalized with APTMS, SiNWs were functionalized SiNWs because they were individual nanowires.
more soluble in water. Compared to pure SiNWSs, these nanowireslt was also possible that APTMS-functionalized SiNWs were
scattered less light when they were dispersed in water. Figuremore soluble in water, thus lowering the refractive index change
5A shows the results of scattering 650 nm light from a laser at the interface of water and SiNWs. As mentioned earlier,
pointer. As shown, the functionalized SiNWSs (left) were much APTMS-covered SiNWs can be detected with ninhydrin. In Figure

—
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]
.'ll/ \

Intensity (a.u.)




Synthesis of Tubular Au and Ag Nanoshells from Silica Langmiir

Figure 5. Functionalization and detection of SINWSs. (A) APTMS-
functionalized SiNWs were more readily dissolved and dispersed
in water. As a result, the SINW solution (left vial in A) scattered
less than free-standing SINW aggregates (right vial in A) under the
illumination of a laser beam. (B and C) Ninhydrin detection of the = M . :
amine group in APTMS was used. Upon reaction with ninhydrin, SC ST i
SiNWs turned red, as shown by the letter “D” in panel B and the Figure 6. Three types of gold nanoparticles used in the function-
right vial in panel C. alization of SINWSs. (A) Citrate, (B) MUA, and (C) THPC were the
) . . . . surfactants on these nanoparticles. The average diameters were
SB, the letters of SINWs were immersed in nlnhydrll’l solution. between 2 and 5 nm. The scale bars in A and C are 50 nm, and that
Upon heating, the letters turned pink, indicating that there was in B is 100 nm.
amine on the surface. A darker color represented a higher-density
amine. This result was also repeated with a SiINWs aqueousinteractions at different pH values. The coverage of gold
solution, as shown in Figure 5C. The bottle on the right shows nanoparticles on SiNWs depended on the pH of the solution.
that the color of APTMS-functionalized SiNWs turned purple/ Figure 7A shows a TEM image of the nanopartietenowire
pink when heated in the presence of ninhydrin. The bottle in the heterostructure at pH 6.4. It is obvious that individual nano-
middle in Figure 5C contained pure SiNWs without APTMS. particles were on the surface of silica nanowires. The surface
Upon adding ninhydrin, the solution remained colorless. The coverage of the nanowires wa25%, limited by the electrostatic
left bottle in Figure 5C shows a solution of functionalized SiNWs repulsion between these negatively charged gold nanoparticles
in water. in pH 6.4 solution. Figure 7B shows the TEM picture of the
To demonstrate that SINWs can be used as templates to makeroducts at a more basic condition (pH 10.4). The coverage was
other nanostructures, we investigated whether it was possible tolower. Figure 7C is a TEM picture of the heterostructure at pH
grow gold tubular nanoshells directly on the surfaces of these 4.0. The surface coverage was higher, although nonuniform.
SiNWSs. As will be shown, it was difficult to produce gold tubular  There were also aggregates of nanoparticles, and no continuous
shells through a one-step process. In the following discussion, tubes were formed. This can be explained because at lower pH
the results of a two-step procedure involving first decorating values the amino groups on the surface of the SINWs were more
SiNWSs with gold nanoparticle seeds followed by adding metal positively charged, resulting in a higher electrostatic force between
precursors to restart the growth processes are given. the negatively charged citrate-capped gold nanoparticles and
Figure 6 shows the results of gold nanoparticle syntheses.positively charged amine groups on SiNWSs, thus resulting in a
Figure 6A shows the results of citrate-capped gold nanoparticles.higher coverage. In contrast, higher pH values induced a lower
The size distribution was 3.% 0.85 nm. Figure 6B shows a coverage because Nhvas less positively charged.
TEM image of MUA-covered gold nanopatrticles. The average  Another way to decorate gold nanoparticles on SiNWs was
sizewas 6.1 1.1 nm. Figure 6C shows a TEM image of THPC- to form peptide bonds between the amine groups on SiNWs and

terminated gold nanoparticles. The average size was 258 carboxylic groups on the gold nanoparticles. Figure 7D shows
nm. These nanoparticles were used to make gold and silver tubulathe result, and again only moderate coverage was achieved. These
nanoshells on SINWSs. heterostructures were not easily affected by the pH of the solutions.

Figure 7A-C shows the results of linking citrate-capped gold For example, solutions with pH from 2 to 11 were used to wash
nanoparticles to APTMS-functionalized SiINWs via electrostatic the product, and the coverage remained the same.
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A)

Figure 7. Functionalization of SiNWs with gold nanoparticles at
three different pH values(A) pH 6.4, (B) pH 10.4, and (C) (pH
4.0—and (D) MUA covalently linked gold nanoparticles to SiNWs.
The scale bar is 200 nm in all panels.

As shown in Figure 7, the coverage was far below 100% using
these methods. To overcome this problem, seeded growth was
used. In this approach, THPC-capped gold nanoparticles were
conjugated to the surface of APTMS-functionalized SiNWSs, as
shown in Figure 8A. Gold precursors such as an aged HAuClI
K2CQO; solution were added to restart the growth. Figure-8B
shows the results of increasingly larger volumes of gold precursors
used for the seeded growth. As shown, SiNWs in Figure 8B had
approximately 50% coverage when 2.5 mL of precursors was
used. The addition of 5 mL of precursors resulted in a higher
coverage, as shown in Figure 8C. Maximum coverage was
achieved with the addition of 10 mL of precursors. The result
is shownin Figure 8D. These results clearly illustrate the evolution
of the formation of tubular nanoshells on the surface of SINW Figure 8. (A) Results of regrowth to form gold tubular nanoshells
templates. In some cases, the end sections of SINWs were lefton SINWs with the THPC-capped gold nanoparticle seeds on SiNWSs.
uncoated, which strongly suggested that the gold was in the form (B) 2.5, (C) 7.5, and (D) 10 mL of a HAu@KK,CG; solution were
of tubular nanoshells wrapping around the SINWs. Two examples Esed with a f";ed fam?;lnt dotf Sr:!\'\r’]vs (1? dmg) to form_l_tr?ese tlubgs.
are given in Figure 9A and C. Figure 9B shows one such gold a?ég(%asrgo:r?ds((l)}g()) 508 nr(r)L \gher gold coverage. The scale bars
nanotube after HF etching. The silica nanowire core disappeared,
but the nanotube remained intact. synthesized here were indeed gold metal, not aggregates of smalll

Optical measurements were used to determine whether thesgyo|d nanoparticles.
tubular nanoshells were indeed made of gold metal or were simply * The seeded growth was also applied to Ag to form silver
aggregates of small gold nanoparticles. The optical absorptiontybylar nanoshells. In this case, THPC-capped gold nanoparticles
results are shown in Figure 10. The absorption data of preformedyere used as the seeds. Again, at low silver concentration of 0.25
gold nanoparticles themselves and that of gold nanoparticlesmn, SiNws were not fully covered with Ag (shown in Figure
linked to the surface of SINWs are shown in Figure 10A, and 114), similar to those shown in Figures 7D and 8A. Upon
that of the gold tubular nanoshells is shown in Figure 10B. To increasing the concentration of Ag salts, the nanowires became
record the absorption data, these tubular nanoshells must be madgore fully covered with Ag to form Ag tubular nanoshells, as
more soluble in water. In this case, 3-mercaptopropionic acid shown in Figure 11B (0.6 mM) and C (1 mM). Again, these
(MPA) ligands were used to funcationalize the surface of the pictures clearly show the evolution of the formation of silver
gold tubular nanoshells similar to that of MUA on gold typular nanoshells.

nanoparticles described earlier. After functionalization, gold  The results shown above indicated that gold and silver tubular
tubular nanoshells remained soluble in water for hours. As shown nanoshells were made as metal Over|ayers Coating the entire
in Figure 10B, the absorption peak was red shifted from 530 to sjNws. Itis also possible to etch away the $@@re and produce
630 nm. It has been shown thatl00 nm gold nanoparticles, Ay and Ag tubular nanoshells without Si the middle. SEM/

which are almost gold bulk, exhibit an absorption peak at 630 EpX results before and after etching with HE showed that the
nm>2Because the overall diameter of the tubular nanoshells was

~100 nm, this result indicated that the gold tubular nanoshells  (52) Link, S.; EI-Sayed, MJ. Phys. Chem. B999 103 4212-4217.
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A)

Figure 9. (A and C) TEM images of SiINWs sticking out of gold tubular nanoshells and (B) that of an etched nanotube. Short SINWs were
visible at the end of gold tubular nanoshells in A and C. The scale bars are (A) 500, (B) 200, and (C) 100 nm.

content of Si was reduced by a factor of 5 after 12 h of etching. charged groups such as citrate through electrostatic interactions,
For SiNWs with less than 100% coverage of Au tubular eventually it became too difficult for these gold nanoparticles
nanoshells, Sipwas readily etched away through holes on patchy to move close to the surface of SiINWs, repelled by the charged
tubular nanoshells (Figures 8A and 11A). gold nanoparticles already on the surface of SiNWs. Therefore,
only weakly negatively charged groups such as THPC allowed
a high-density, uniform coverage of gold nanoparticles on the
surface. However, no continuous coverage of gold metal was

The result of less than 100% coverage of gold nanoparticles achieved even with THPC-capped gold nanoparticles, and gold
on SiNWSs using several one-step functionalization approachesprecursors had to be used. It was also possible that the size of
can be explained by the repulsion between the charged ligandsgold nanoparticles was important: smaller nanoparticles favored
on these gold nanoparticles. Although amine groups of APTMS higher coverage because of the smaller number of ligands per
on SiNWs attracted nanopatrticles covered with strongly negatively nanoparticle.

Discussion
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- quickly or too slowly, depending on the choice of the reducing
L. A T AuNP-THPC agent. As a result, either gold nanoparticles formed in solution
- AuNP-SiNW+ but not on the gold nanoparticle seeds on the surface of SINWs
" when strong reducing agents such as NaRidre used or very

- . ] little gold was reduced when weak reducing agents such as
' formaldehyde were used. To avoid these two problems, the
' HAuCI4/K,CO; solution was aged for a day. In this case, the
goldionsinthe solution were converted from AyCio Au(OH);,

which was then reduced by formaldehydé his turned out to

be critical to the addition of gold atoms to gold nanoparticle

e T E—— m— seeds that were already on the SINWs. This result has also been
400 500 600 700 800 900 1000 observed elsewhefé.

Wavelength (nm) As shown in the PL measurements, the intensity of PL from
these SiINWs was relatively weak. This indicates that the density
of oxygen vacancies was low. This also supported the notion that
no crystalline Si core existed in SINWs, which normally helps
to create oxygen vacancies at the interface of the crystalline core
and the amorphous Sj@uter layer. Because we did not control
the vacuum of the synthetic apparatus and relied on the purge
gases at a pressure slightly above ambient to keep away the
oxygen, SiINWs could be crystalline as synthesized and subse-
quently oxidized upon exposure to the air or trace oxygen in the
reaction chamber at 1100. Future work will be needed to
determine and control the source of oxygen.

400 500 GED 700 500 900 1000 As shown in Figure 4, there was still a_significant amount of
Wavelength (nm) light scattered even with the 780 nm excitation. We determined
Figure 10. UV—vis absorption of (A) THPC-capped gold nano- that this scattered light could come only from PL because the

particles and gold nanoparticle-functionalized SINWs and (B) MPA- wavelength shift of _Ra_yleigh scattering could _not extend_that far
functionalized gold tubular nanoshells. MPA functionalization was away from the excitation wavelength. Rayleigh scattering can
necessary to make gold tubular nanoshells more soluble in water.shift the wavelength only by a few nanometers from the original

The main absorption peak shifted from 530 nm in A for the excitation wavelength. The weak PL may be caused by various
nanoparticles to 645 nm for tubular nanoshells in B. defects or oxygen vacancies in SINWs, with its emission centered
around 650 nm. These nanowires may offer a good opportunity
to study light scattering because they are highly anisotropic:
Rayleigh scattering would occur preferentially along the cross
section whereas Mie scattering would occur along the length
dimension.

Absorption (a.u.)

B) 645 nm

Absorption (a.u.)

Conclusions

We made Si@nanowires and manipulated them as templates
to make gold and silver tubular nanoshells by first decorating
the nanowires with small gold nanoparticle seeds and then
; initiating a regrowth process in gold or silver stock solutions.
w Compared to this method, it was almost impossible to grow

Figure 11. Results of regrowth to form silver tubular nanoshells tubular nanoshells direptlythrough any qne-step processes. This
on SiINWs. Ten milliliters of (A) 0.25, (B) 0.6, and (C) 1.0 mM method should b_e applicable to synthesizing other metal tubular
AgNO; (ag) solutions were used with a fixed amount of SiNWs (10 nanoshells on SiNW templates.

mg) to form these tubular nanoshells. Larger amounts of silver led
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