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Abstract: A novel colloidal approach toward semiconductor/metal nanocomposites is presented. Organic-
soluble anatase TiO, nanorods are used for the first time to stabilize Ag nanoparticles in optically clear
nonpolar solutions in the absence of specific ligands for silver. Metallic silver is generated upon UV
illumination of deaerated TiO- solutions containing AgNOs. The Ag nanoparticles can be obtained in different
size-morphological regimes as a function of the irradiation time, due to light-induced photofragmentation
and ripening processes. A mechanism for the colloidal stabilization of the silver nanoparticles is tentatively
suggested, which regards the TiO, nanorods as inorganic stabilizers, thus acting in the same manner as
conventional surfactant molecules. The proposed photocatalytic approach offers a convenient method for
producing TiO./Ag nanocomposite systems with a certain control over the metal particle size without the
use of surfactants and/or additives. Stable colloidal TiO,-nanorod-stabilized Ag nanoparticles can be
potentially available for a number of applications that require “clean” metal surfaces, such as homogeneous
organic catalysis, photocatalysis, and sensing devices.

1. Introduction oxide composite systedi$ are extremely attractive since they
represent efficient bifunctional catalysts. In the nanosized
regime, specific metaloxide interaction¥ can indeed be
responsible for the detection of new physical properties or for
enhanced catalytic activity, as the oxide can play a precise
functional role, thus strongly deviating from its conventional
task as a simple suppd¥f:’dCoupling with noble metaf® has

also been demonstrated to increase the photocatalytic and

Nanosized semiconductors and metalare extensively
studied due to their unusual catalytic and optoelectronic
properties, ultimately traceable to the large fraction of atoms
residing at the surface compared to the bulk and to confinement

of charge carriers inside a small volume of material.

At present, major goals in modern material chemistry are
represented by the ability to design, fabricate, and manipulate
nanostructured systems to achieve well-tailored chermical
physical characteristics for advanced applications. The wide (3) (a) Ma, Q.; Kiier, K.; Cheng, H.; Mitchell, J. W.; Hayes, K. $. Phys.
technological potential offered by low-dimensional inorganic g*_‘l_em-zt‘?’jogl_bog‘ %f}’,?s- (&) Xu, %683; AR (\S"Zkgg ES
solids is reasonably expected to be even more extended by N Ui, Y./ Zhang, X.; Chen, J.; Zeng, H.angmuir 2003 19, 8230. (d) '
combining different materials. In particular, metal/semiconductor (De‘;”sgdg’v 5 Feng, S Shi, Z; Li, L Xu. YChem. Mater2003 é:hé?ntlif
2003 19, 3151. (f) Zzhang, L.; Yu, C. J.; Yip, H. Y,; Li, Q.; Kwong, K
; W.; Xu, A.-W.; Wong, P. K.Langmuir2003 19, 10372. (g) Soejima, T.;

:Co_rrequn(;i_mg a_luthor. Tada, H.; Kawahara, T.; Ito, $angmuir2002 18, 4191. (h) Rolison, D.
. Universitadi Bari. R. Science2003 299, 1698. (i) Bell, A. T.Science2003 299, 1688.

CNR-IBCF. o ] ] ] (4) (a) Kamat, P. V.; Flumiani, M.; Dawson, &olloids Surf. A2002 202,

§ EPFL-CIME-Centre Interdisciplinaire de Microscopie Electronique. 269. (b) Dawson, K. A.; Kamat, P. \J. Phys. Chem. R00Q 11842. (c)
(1) (a) Wang, Y.; Herron, NJ. Phys. Cheml991], 95, 525. (b) Alivisatos, A. Subramanian, V.; Wolf, E.; Kamat, P. \Langmuir 2003 19, 469. (d)

P. Sciencel996 271, 933. (c) Alivisatos, A. PJ. Phys. Cheml996 100,
13226. (d) Link, S.; EI-Sayed, M. Al. Phys. Chem. B999 103 8410.
(e) ElI-Sayed, M. AAcc. Chem. Re001, 34, 257. (f) Kamat, P. VJ.
Phys. Chem. BR002 106, 7729.

(2) (a) Schmid, GClusters and Colloids: From Theory to ApplicatioviCH:
Weinheim, Germany, 1994. (b) Kamat, P. Frog. React. Kinet1994
19, 277. (c) Zhang, J. ZAcc. Chem. Red.997 30, 423. (d) Kamat, P. V.
Composite Semiconductor NanoclustersSemiconductor Nanoclusters
Physical, Chemical, and Catalytic Aspedtamat, P V., Meisel, D., Eds.;
Elsevier Science: Amsterdam, 1997; p 237. (e) Lewis, LCRem. Re.
1993 93, 2693.
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Dawson, A.; Kamat, P. VJ. Phys. Chem. B001 105 960. (e) Wood,
A.; Giersig, M.; Mulvaney, PJ. Phys. Chem. R001 105 8810. (f)
Subramanian, V.; Wolf, E. E.; Kamat, P. Y. Phys. Chem. B003 107,
7479.

(5) (a) Jakob, M.; Levanon, H.; Kamat, P. WMano Lett.2003 3, 353. (b)

Chandrasekharan, N.; Kamat, P. ¥.Phys. Chem. R00Q 104, 10581.
(c) Subramanian, V.; Wolf, E.; Kamat, P. V. Phys. Chem. B001, 105
11439. (d) Stathatos, E.; Lianos, P.; Falaras, P.; SiokolaAgmuir200Q
16, 2398. (e) Haick, H.; Paz, YJ. Phys. Chem. R003 107, 2319. (f)
Schmid, G.; West, H.; Mehles, H.; Lehnert, Aorg. Chem.1997, 36,
891.
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photoelectrochemical responses of semiconductor oxides byvoids of porous materials, such as silica, alumina, and
reducing the fast recombinati®of the photogenerated charge zeolites$7414 or by dispersion of metal clusters onto oxide
carriers. powders? Nevertheless, except for a few cade$>‘the use of
Among the various materials, the well-known gi@nd Ag conventional physical blending or chemical precipitation fol-
can still offer unexplored opportunities for the realization of lowed by surface adsorption makes control over the size,
novel nanocomposite systems. Fi® the most studied semi- morphology, and dispersion of the metal clusters intrinsically
conducto? for environmental cleanup applications, due to its difficult.
unique ability in photocatalyzing the degradation of a variety ~ Another methodology is based on the mixing (either in
of organic contaminants in wastewater and air and to its solution or as deposited films) of preformed metal and oxide
chemical inertness and nontoxicity. Silver is an extremely npanoparticle$.In this regard, colloidal chemistry offers a variety
attractive noble metal to be investigated at the nanoscale, duegf effective methods for providing metal particles with well-
to its remarkable catalytic activif;’ to its size- and shape-  ajlored characteristics. Spherical silver nanoparticles have been
dependent optical propertié¥land to its promising applications repared in solution by either radiolyfite15ac chemi-
in chemical and piological sensing, be}sed on surface-enhancec£a|,10c,11b,15H,1s photochemicadPd-9.15dor photocatalytic reduc-
Raman scattering (SERS), localized surface plas-  tjgnacia.isnof silver salts in the presence of a variety of organic
mon resonance (LSPR), and metal-enhanced fluores-  gapilizers or inside micellé$” The preparation of organic-

cence (MEF)? capped Ag particles by electrochemical meth&dby laser
Although several chemical approaches for realizing oxide/ gpjation technique¥,and by sonochemical synthe¥ias also
metal nanocomposites have been reported, some major limita-heen reported. However, relatively few works have focused on
tions.emerge, which highlight the urgency of improved pre- gjver sols in nonaqueous medf»162-¢ More importantly,
parative routes. while the organic ligands employed in colloidal synthesis are
A class of methods comprises the synthesis of oxide- ysed to affect the solid state and the optical properties of the
supported metals by reduction of metal precursors inside theparticles, they can be expected to exhibit susceptibility to
chemical oxidation on the surface they protect, especially under
photolysis. Another serious limitation is that stabilizers can lead
to loss of catalytic activity to a great extent, because they can
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Sci.200Q 174, 387.
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Ghosh, S. K.; Kundu, S.; Mandal, M.; Pal, Tangmuir2002 18, 8756.
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1991 361. (d) Tan, B. J.; Klabunde, K. J.; Sherwood, M.JAAm. Chem.
Soc. 1991, 113 855. (e) Hornebecq, V.; Antonietti, M.; Cardinal, T.;
Treguer-Delapierre, MChem. Mater2003 15, 1993.
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H. R.; Vijayamohanan, KOrg. Lett.2003 5, 2355. (f) Gang, L.; Anderson,
B. G.; Grondelle, J.; van Grondelle, J.; van Santen, RAgpl. Catal. B
2002 40, 101.

(8) (a) Zzhang, Z.; Wang, C. C.; Zakaria, R.; Ying, J. ¥.Phys. Chem. B
1998 102 10871. (b) Kominami, H.; Muratami, S.; Kato, J.; Kera, Y.;
Ohtani, B.J. Phys. Chem. BR002 106, 10501.

(9) (a)Advanced Catalysis and Nanostructured Materjd#oser, W. R., Ed.;
Academic Press: San Diego, CA, 1990. R¥)otocatalysis and Efiron-
ment, Trends and ApplicationSchiavello, M., Ed.; Kluwer: Dordrecht,
The Netherlands, 1988. (Photocatalysis. Fundamentals and Applications
Pelizzetti, E., Serpone, N., Eds.; Wiley: New York, 1989.

(10) (a) Mulvaney, PLangmuir1996 12, 788. (b) Dickson, R. M.; Lyon, L.
A. J. Phys. Chem. BR00Q 104, 6095. (c) Sun, Y.; Xia, Y Science2002
298 2176. (d) Jin, R. C.; Cao, Y. W.; Mirkin, C. A.; Kelly, K. L.; Schatz,
G. C.; Zheng, J, GScience2001, 294, 1901. (e) Jin, R.; Cao, Y. C.; Hao,
E.; Metraux, G.; Schatz, G. C.; Mirkin, C. ANature 2003 425, 487. (f)
Callegari, A.; Tonti, D.; Chergui, MNano Lett2003 3, 1565. (g) Maillard,
M.; Huang, P.; Brus, LNano Lett.2003 3, 1611. (h) Zhang, H.; Zelmon,
D. E.; Deng, L.; Liu, H.-K.; Teo, B. KJ. Am. Chem. SoQ001, 123
11300. (i) Wang, W.; Asher, S. Al. Am. Chem. So@001, 123 12528.
@) Sun, Y.-P.; Riggs, J. E.; Rollins, H. W.; Guduru, R.Phys. Chem. B
1999 103 77. (k) Zheng, J.; Dickson, R. M. Am. Chem. So2002 124,
13982.
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Faraday Trans. 11979 75, 790. (b) Leopold, N.; Lendl, Bl. Phys. Chem.
B 2003 107, 5723. (c) Liu, Y.; Liu, C.; Zhang, Z.; Wang, Gpectrochim.
Acta A2001, 35. (d) Franzen, S.; Folmer, J. C. W.; Glomm, W. R.; O'Neal,
R.J. Phys. Chem. 002 106, 6533. (e) Kneipp, K.; Kneipp, H.; ltzkan,
I.; Dasari, R. R.; Feld, M. SChem. Re. 1999 99, 2957. (f) Wenseleers,
W.; Stellacci, F.; Meyer-Friedrichsen, T.; Mangel, T.; Bauer, C. A.; Pond,
S. J. K.; Marder, S. R.; Perry, J. W. Phys. Chem. B002 106, 6853. (g)
Tao, A.; Kim, F.; Hess, C.; Goldberger, J.; He, R.; Sun, Y.; Xia, Y.; Yang,
P. Nano Lett.2003 3, 1229.
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Chem. B2001 105, 11159.
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M.; Tourino, I. L. Langmuir1996 12, 3585. (g) Pastoriza-Santos, |.; Liz-
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block a number of active sité&$ both by strongly interacting ~ TBAH, water solution), anhydrous ethylene glycol (HO(&#H
with the metal surface and by sterically hindering the access of OH or EG, 99.8%), and oleic acid {§133CO,H or OLEA, 90%)
reactants to the metal surface. were purchased from Aldrich.

A third approach to nanocomposites involves the creation of  All solvents used were of analytical grade and purchased from
core-shell nanostructures either by depositing metal onto Aldrich.
colloidal oxide nanoparticlésas stabilizers in solution or by (2.2) Synthesis of TiQ Nanocrystals. Organic-capped
growing amorphous oxides (silica or titania) onto properly anatase Ti@nanocrystals were synthesized by hydrolysis of
functionalized metal nanoparticlésOxide shells have been  TTIP using technical grade OLEA as surfactant at low temper-
actually proven to be an efficient means of modulating the atures (86-100°C), as reported elsewhetéBriefly, TTIP was
optical properties of metal nanoparticles and of providing hydrolyzed by reacting with an excess of aqueous base solution
stability enhancement against light damages. However, although(H,O:TTIP molar ratio ranged from 40:1 to 150:1). Various
in such nanostructures the metal core is not made catalytically organic bases (TMAO, TMA, TMAH, or TBAH) could be used
inert by the oxide coating?@Pfurther confirmations are needed as catalysts for polycondensation. The morphology of the
in order to demonstrate their general applicability in catalysis. resulting TiQ nanocrystals was modulated by varying the

In this work, the preparation and the characterization of a modality of the water supply in the reaction mixture. Rodlike
novel TiO,/Ag nanocomposite system are reported. It is shown titania nanocrystals were synthesized by direct injection of large
that organic-soluble anatase Ti@anorods can act as effective agqueous base volumes into OLEA:TTIP mixtures, whereas
stabilizers for segregated Ag nanoparticles in optically clear nearly spherical particles were obtained when water was in situ
nonpolar solutions in the absence of specific ligands for silver. released from the slow esterification reaction of OLEA and
Metallic silver is photocatalytically generated upon UV il- added EG. The Tignanocrystals were readily precipitated upon
lumination of deaerated TiOsolutions containing AgN@ addition of an excess of ethanol to the reaction mixture at room
Alternatively, a two-step approach can be used, in which silver temperature. The resulting precipitate was isolated by centrifu-
ions are first reduced by sodium borohydride and subsequentlygation and washed three times with ethanol to remove surfactant
irradiated. In both cases, the Ag nanoparticles are obtained inresiduals. At this stage, the OLEA-coated Fi@anoparticles
different size-morphological regimes as a function of the were easily redispersed in chloroform, without any further
illumination time. A mechanism for the colloidal stabilization growth or irreversible aggregation. A detailed structural and
of the Ag nanoparticles is tentatively proposed, which regards morphological characterization of the as-prepared;Ti@no-
the TiO; nanorods as inorganic stabilizers, thus acting in the crystals can be found in ref 23.
same manner as conventional surfactant molecules. In the photocatalytic experiments in this work, freshly capped

The proposed photochemical approach offers a convenienttitania nanocrystals were used. For this purpose, the following
method for producing silver nanoclusters with a certain degree procedure was therefore applied. First, the as-prepared OLEA-
of control over the metal nanoparticle size without employing capped TiQ nanocrystals were repeatedly washed until they
organic stabilizers and/or additives. A high chemical reactivity lost solubility. Then, a volume of-34 mL of CHCk was added
characterizes the as-prepared Fi@norod-stabilized Ag nano-  to the precipitate to prepare a turbid suspension. A 0.5 M OLEA
particles, thus suggesting that they can be potentially used forsolution in CHC} was subsequently dropped into the suspension
a number of applications that require “clean” metal surfaces, under stirring at room temperature until a clear solution was
such as homogeneous catalysis, photocatalysis, and chemicabbtained. The resulting mixture was allowed to stir at room

sensing devices.
2. Experimental Section

(2.1) Materials. All chemicals were of the highest purity
available and were used as received without further purification.
Silver nitrate (AgNQ, 99.998%), sodium borohydride (NaBH
98%), titanium tetraisopropoxide (Ti(ORror TTIP, 99.999%),
trimethylaminoN-oxide dihydrate ((CB)sNO2H,0 or TMAO,
98%), trimethylamine ((Cg)sN or TMA, water solution),
tetramethylammonium hydroxide ((GHNOH or TMAH, water
solution), tetrabutylammonium hydroxyde d)sNOH or

(21) (a) Kapoor, SLangmuir1999 15, 4365. (b) Li, Y.; El-Sayed, M. AJ.
Phys. Chem. R001, 105, 8938. (c) Narayanan, R.; El-Sayed, M. A.
Am. Chem. So2003 125 8340. (d) Jana, N. R.; Wang, Z. L.; Pal, T.
Langmuir200Q 16, 2457. (e) Schmid, G.; West, H.; Mehles, H.; Lehnert,
A. Inorg. Chem.1997, 36, 891. (f) Yeung, L. K.; Croooks, R. MNano
Lett. 2001, 1, 14.

(22) (a) Ung, T.; Liz-Marzan, L. M.; Mulvaney, R.angmuir1998,14, 3470.
(b) Ung, T.; Liz-Marzan, L. M.; Mulvaney, PJ. Phys. Chem. B999,
103 6770. (c) Liz-Marzan, L. A.; Mulvaney, Rl. Phys. Chem. BR003
107, 7312. (d) Tom, R. T.; Nair, S.; Singh, N.; Aslam, M.; Nagendra, C.
L.; Philip, R.; Vijayamohanan, K.; Pradeep, Tangmuir2003,19, 3439.
(e) Liz-Marzan, L. M.; Giersig, M.; Mulvaney, Rangmuir1996, 12, 4329.

(f) Mayya, K. S.; Gittins, D. I.; Caruso, FZhem. Mater2001, 13, 3833.
(g) Guo, Y. G.; Wan, L.-J.; Bai, C. L..Phys. Chem. R003 107, 5441.
(h) Li, T.; Moon, J.; Morrone, A. A.; Mecholsky, J. J.; Talham, D.; Adair,
J. H.Langmuir1999 15, 4328. (i) Ung, T.; Marzan, L. M.; Mulvaney, P.
J. Phys. Chem. R001, 105, 3441.
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temperature for 90 min, after which ethanol was added to
precipitate the nanoparticles again. The Fi@noparticles were
finally washed three times and redissolved in Cgfolr the
photocatalytic experiments.

(2.3) Synthesis of TiQ/Ag Nanocomposites. (2.3.1) Pho-
tocatalytic Synthesis A quartz cuvette was filled with a solution
containing the desired concentration of Fi®anocrystals
(expressed with reference to the parent species, TTIP) and
AgNO;3 in CHCI3:EtOH mixtures (EtOH content was-20%
(v/v)). AgNO; concentration ranged betweerr$@nd 103 M,
while TiO, concentration was between0and 104 M. Both
nearly spherical and rodlike Tg&nhanocrystals were tested as
stabilizers for the silver nanoparticles. To obtain a stable
nanocomposite (i.e. to prevent the premature precipitation of
the silver particles), the Ti©AgNO; molar ratio was kept in
the range from 100:1 to 1:1.

The cuvette was sealed by a Teflon-faced rubber cap and
subsequently deaerated by gently purging the solution with
nitrogen for 30 min. The mixture was UV-irradiated under
stirring by using a high-pressure 200 W mercury lamp>(

300 nm). The light intensity was adjusted by placing neutral

(23) Cozzoli, P. D.; Kornowski, A.; Weller, HI. Am. Chem. SoQ003 125,
14539.
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density filters on the light path in order to minimize photooxi-
dation of the TiQ organic capping, thereby prolonging the
temporal stability of the Ti@ colloids under illumination.
Aliquots were extracted at scheduled time intervals via a syringe

crystal nature of the nanorods and their growth orientation along
the c-axis direction of the anatase lattice are demonstrated
elsewheré?

Preliminary experiments were carried out in order to assess

under exclusion of air and properly diluted with deaerated the colloidal photostability of the organic-capped titania nano-
solvent for absorption measurements and for immediate trans-crystals in CHCJ solutions. The formation of suspended
mission electron microscopy (TEM) investigations. The final floccules was observed after illumination for more thamah
color of the solution ranged from pale yellow to dark brown, under air atmosphere, depending on the initial titania concentra-
as the initial AQNQ content was varied from 16to 103 M, tion. A precipitate was ultimately isolated by centrifugation,
respectively. which could be perfectly redissolved in CHGlpon renewed
(2.3.2) Chemicat-Photochemical Two-Step SynthesisA addition of fresh OLEA. Both XRD and TEM analyses
suspension of NaBHn ethanol and a CHGIsolution of TiG, confirmed within the experimental error that the collected
nanocrystals containing AgNQvere prepared in glass vials, precipitate was composed of anatase sli@nocrystals whose
then sealed by a Teflon-faced rubber cap, and finally purged structural and morphological features were unchanged with
with N for 30 min. The NaBH suspension was added either respect to those of the un-irradiated material. It was noted that
by drops or in a single portion to the vigorously stirred IO  the occurrence of flocculation was delayed to a considerable
AgNO3 solution via a syringe. The NaBHAgNO; ratio was extent (by 5-6 h) under oxygen-free conditions. Moreover, the
maintained at near the stoichiometric value. Silver ion reduction addition of small amounts of ethanot15% (v/v)) and/or of
was instantaneous, as inferred by the sudden change of thenore OLEA molecules (the OLEA:TiOmolar ratio was
solution from colorless to yellow or dark brown, depending on typically varied between 1:1 and 100:1) to the chloroformic
the total silver concentration. The samples obtained by this titania solution was effective in preserving the photostability
procedure could be subsequently transferred to a quartz cuvettef the titania nanoparticles over more tharh under UV

and subjected to UV illumination under the same conditions light, depending on the absolute alcohol/OLEA content. In all
used in the fully photocatalytic method. cases, no noticeable absorption changes were detected during

(2.4) Characterization of Samples. (2.4.1) UV¥Vis Ab-
sorption Spectroscopy. UV —vis absorption spectra were
recorded with an Ocean Optics UWis diode array spectro-
photometer equipped with an optical fiber, a deuterium lamp,
and a tungstenhalogen lamp.

(2.4.2) Powder X-ray Diffraction. The TiO, powders for
routine X-ray diffraction (XRD) analysis were prepared by
precipitating the nanocrystals upon addition of excess ethano
then by washing the precipitate repeatedly, and finally by
evaporating the residual solvent under vacuum at room tem-
perature. XRD patterns were collected with a Philips PW1729
diffractometer in a conventiona@l-26 reflection geometry using
filtered Cu Ko radiation ¢ = 1.540 56 A). For XRD measure-
ments the nanocrystal powder was placed on an Al sample
holder.

(2.4.3) Transmission Electron Microscopy.Transmission
electron microscopy images were obtained using a Philips EM
430 microscope (TEM) operating at 300 kV. The samples for
the analysis were prepared by dropping dilute solutions of
freshly synthesized Ti@Ag nanocomposite onto 400-mesh
carbon-coated copper grids and leaving the solvent to dry. The

samples were stable under the electron beam and did not degrad&

within the typical observation times

3. Results

(3.1) Colloidal Stability of TiO, Nanocrystals under UV
Irradiation. For the photochemical experiments in this work,
shape-controlled surfactant-capped anatase fTi@hocrystals
with high solubility in nonpolar solvents were synthesized by
hydrolysis of TTIP in oleic acid® A typical TEM image of the
OLEA-capped TiQ nanorods employed in our photochemical
experiments is reported in Figure 1A. The picture shows high-
aspect-ratio nanoparticles, having uniform lengths of about 30
nm and diameters of-34 nm and appearing well separated on
the grid, because of their surface organic coating. The single-

the course of UV irradiation.

(3.2) Synthesis of TiQ/Ag Nanocompositesin the absence
of titania nanoparticles, addition of AgNQo CHCk gave a
turbid suspension, because of the scarce solubility of the silver
salt in apolar solvents. In contrast, an optically clear solution
was produced upon mixing AgNQwith TiO, nanocrystals in
chloroform. As a matter of fact, the net amount of AgiN®at
could be dissolved in CH@Increased proportionally with the
titania concentration. In this respect, rodlike nanoparticles were
found extremely effective, as they helped in solubilizing more
than 10-fold the AgN@amount than spherical particles could
do at the same Tigconcentration. No further organic molecules
were intentionally added as complexing agents for" Agns.
Accordingly, blank experiments (i.e. without Ti3showed that
even in the presence of deliberately added OLEA molecules
(the stabilizer:AgN@ molar ratio was varied from 1:1 to 10:
1), AgNG; could not be fully solubilized in the apolar medium.

The organic-capped titania nanocrystals were employed to
provide UV-photogenerated electrons forAgduction as well
as to act as support for Ag deposition in the absence of specific
organic capping agents for metal silver. The photoreduction
experiments were performed at room temperature in deaerated
HCls, while a fixed ethanol content (10% (v/v)) was ensured
in the solution in order to prevent precipitation of the titania
nanocrystals. Due to the excellent colloidal stability of the
nanocomposites based on Ti@anorods, unless otherwise
stated, we will refer to preparations carried out with rodlike
titania nanocrystals.

Prolonged ¢4 h) UV irradiation of AQNQ suspensions in
the absence of titania exclusively led to scarce pale-yellow
deposits sticking onto the inner walls of the cuvette. By
comparison, upon illumination of TEPAgNO; solutions, stable
colloidal solutions were readily obtained which exhibited the
progressive evolution of the characteristic silver surface plasmon
(SP) band in the 356500 nm spectral region, being indicative
of the formation of nanometer-sized metal clusfeéf&Because
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Figure 1. TEM overview of (A) OLEA-capped Ti@nanorods; (B-E) photocatalytically prepared Tihanorod/Ag nanocomposites extracted from the
same reaction batch at different irradiation times. The corresponding absorption spectra are shown in Figure 2a,b,d,f,g, respectivelyigfdti€harac
assemblies of individual Ag nanoparticles and Ti@norods.

of the intense absorption of silver sols at concentrations higher photoreaction, a more symmetric SP band was detected, which
than 104 M, the evolution of the silver SP band was followed simultaneously exhibited a remarkable jump in magnitude, a
by measuring the absorption spectrum of aliquots extracted from narrowing of the bandwidth, and a pronounced blue-shiftak

the mother solution at different illumination stages and subse- to around 400 nm (curves e,f). Finally, further illumination red-

quently diluted by the same factor with deaerated GHEZOH. shifted the SPAmax to around 430 nm (curve g) with a
In Figure 2 the typical temporal evolution of the absorption concomitant band broadening and intensity decrease.
spectrum of a Msaturated TiQ nanorods/AgN@ solution is Notably, in aerated titania solutions (data not shown), the

reported as a function of the UV-illumination time. Before evolution of the silver plasmon band was characterized by a
irradiation, the typical steep and unstructured absorption of transient growth over a total time period that varied from 8 to

titania nanoparticles was seen below 350 nm, with a negligible 10 min to about 1 h, depending on the initial Aghl&ncentra-

tail in the visible region (curve a). Such optical features remained tion. In this case, a broad SP band centered around 450 nm
unchanged in the dark. At the early stages of the photoreaction,was seen at the very beginning of irradiation. A progressive

a featureless absorption grew up, which extended up to 700blue shift of the absorbance maximum with a simultaneous

nm (curves b,c). Subsequently, an asymmetric but well-defined decrease of the SP band intensity followed, ultimately evolving

broad SP plasmon band developed with an absorption maximumtoward the complete SP bleaching, while the solution remained
Amax at 450 nm (curve d). In the successive stages of the optically transparent.
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Figure 2. Time-dependent evolution of the absorption spectrum of & TiO
nanorods/AgN@solution ([AgNGy] = 1073 M, [TiOz] =5 x 102 M) in
No-saturated CHGIEtOH (90:10 (v/v)) upon UV irradiation. The absorption
spectra were recorded on 1:20 diluted aliquots immediately after their
withdrawal.

The morphological transformation of the deposited silver
clusters in the photosynthesized nanocomposites was investi
gated by extracting aliquots from the same Ti@norod/Ag
solution at different illumination times and imaging them by
TEM. Pats B-E of Figure 1 are representative TEM images of

the TiO, nanorods/Ag nanocomposite whose absorption spectra

correspond to Figure 2b,d,f,g, respectively. The silver clusters
were generally found to be associated with areas of the TEM

grid that were overcrowded with titania nanocrystals. Because

of the significantly lower image contrast characterizing iO
when compared to Ag, the silver nanoparticles could be easily

identified as dark spots superimposed on an underlying titania ) X )
s and AgNQ, respectively) was kept higher than 1. Below this

background, as confirmed by energy dispersive analysis o
X-rays (EDAX). Electron diffraction pattern analysis also

revealed that the samples contained metallic silver and anatas

titania. As a general feature, the samples consisted of a mixture -~
eghanocrystals were used as stabilizers. In both cases, the

of TiO, nanorods and segregated silver particles. As oppos

rods) were very rarely found even in samples deposited from
extremely diluted TIQ'Ag solutions at relatively low TiQAg
molar ratio.

It deserves to be mentioned that, although the overall optical
morphological evolution proceeded over progressively longer
irradiation times with increases in the starting AgiNé@ncen-
tration, the observed variations generally resembled the repre-
sentative behavior reported in Figures 1 and 2.

Stable TiQ/Ag nanocomposites were successfully prepared
also by applying a mixed chemicaphotochemical approach.
To make the results comparable with those of the previous
method, the concentrations of TAOAgNOs;, and ethanol were
kept the same as those used for the fully photoreductive
experiments. In the first step, the silver ions were reduced by
NaBH,. After injection of the reductant, the resulting clear
solution exhibited a rather broad silver plasmon band, centered
at 4306-440 nm. TEM analysis revealed that the freshly prepared
Ag particles, although less aggregated, were relatively large and
polydispersed, as in Figure 1B. In the second step, the freshly
prepared sample was subjected to UV irradiation undgr N

Spectral changes occurred which were qualitatively very similar
to those reported in Figure 2. Accordingly, TEM showed that
the NaBH-derived Ag nanoparticles underwent a progressive
size-shape transformation closely resembling that reported in
Figure 1B-E.

The as-obtained Tig@Ag nanocomposite solutions, regardless
of the reduction method used, were always optically transparent
and exhibited colloidal stability for several weeks under inert
atmosphere at room temperature, provided that the, TiO
nanorod:Ag molar ratio (referred to the parent species, TTIP

limiting value, partial precipitation of the sole silver particles

as, in fact, slowly occurred after-2 days of storage. The

same drawback generally was detected when spherical TiO

to the titania nanopatrticles, the Ag particles appeared in different precipitated Ag fraction could not be redispersed again in GHCI

dimensional and/or morphological regimes during the course
of illumination. At the early stages of AgNphotoreduction
(Figure 1B), relatively large and highly agglomerated Ag clusters

after isolation from the solution, unless renewed addition o5 TiO
nanocrystals was carried out.
To investigate the role of the organic-capped titania nanorods

sizes ranged from about 60 to 15 nm. Upon continuing UV
irradiation (Figure 1C), well-separated but widely polydispersed
Ag particles could be observed. At this point, the largest particles

were carried out.
Selective precipitation of the silver particles from stable
nanocomposites was attempted by dropwise addition of a polar

had a reduced mean size (up to 35 nm) with respect to thesolvent (methanol or ethanol), according to conventional non-

previous stage, while the fraction of smaller clusters«26

nm) had slightly increased. Subsequently (Figure 1D), relatively
uniform silver particles with a much smaller mean size {2

nm) were observed. At the late stages of photolysis (Figure 1E),
an increase in the silver mean particle size was apparent (20
50 nm), while a minor fraction of rodlike Ag particles was also
observed.

In Figure 1F two representative TEM images are reported
showing individual Ag particles in the presence of approximately
a monolayer of Ti@ nanorods on the TEM grid. The titania
particles appear to be interacting quite effectively with the silver

solvent-based procedures to induce the precipitation of colloidal
nanocrystals from nonpolar solutions. However, when the limit
for the precipitation of the nanocomposite was reacheaD@%
(v/v) EtOH or MeOH excess), a precipitate was collected by
centrifugation which contained both silver and titania nanopar-
ticles and that could be redispersed again in GHCI

To exclude that the organic ligands desorbing from the surface
of the titania nanorods (i.e. OLEA) participated in the colloidal
stabilization of Ag clusters, AgN§photoreduction was carried
out in the presence of OLEA as exclusive stabilizer at a ligand:
AgNO3 molar ratio in the range of 1:420:1. Sodium borohy-

nanoparticles. Interestingly, many nanorods can be found while dride, UV-photogenerated ketyl radicals in the presence of

orienting their shorter side toward the surface of the silver

2-propanol and acetodé! or UV-photogenerated electrons from

clusters. Such kinds of assemblies were commonly observedan illuminated TiQ nanorod thin film deposited onto a quartz

during TEM investigation at all stages of photolysis, whereas
TiOz-unsupported Ag particles (i.e. noninteracting with nano-

substrate were alternatively employed as reductants to produce
silver metal particles. As a matter of fact, Ageduction in the
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Figure 3. Representative time-dependent evolution of the absorption Figure 4. Effect of excess NaBHaddition under M on the absorption
spectrum of a preformed Tinanorods/Ag solution upon air storage in ~ spectrum (curve a) of a photocatalytically prepared ;Ti@norods/Ag

the dark. The spectra were recorded on 1:20 diluted aliquots extracted from nanocomposite. The spectra were recorded on 1:20 diluted aliquots extracted
the mother batch ([AgE10-3 M; [TiO3] = 5 x 1072 M; CHCI3:EtOH, from the mother batch ([AgNE = 1072 M; [TiO,] =5 x 102 M; 25

90:10 (v/v) 2 h preillumination time). min irradiation time under B at [NaBH;] = 5 x 1072 M.

presence of the surfactant molecules yielded unstable colloidalfew seconds, while a blue shift, band sharpening, and an increase
metal particles that precipitated within a few hours or remained in the band intensity took place simultaneously (curves)b
stuck onto the quartz cuvette walls. The final Amax value for the plasmon band (curve f) was found
We emphasize that the amount of the employed surfactantsat wavelengths below 400 nm. Upon admission of air, the SP
for the above-mentioned experiments was actually far exceedingband evolved as in Figure 3, however at a significantly slower
the total ligand content that could be found in the experiments rate.
carried out in the presence of TiGwanorods. In the Ti@ (3.3.3) Effect of Ag" lon Addition. Upon addition of a
stabilized Ag colloids, the total organic stabilizer concentration relatively high AgNQ concentration to preformed T#Ag
was approximately dictated by the overall amount of organic colloids, an initial red shift and a decrease in intensity were
ligands bound to the titania surface, as the Ji@nocrystals initially observed, after which the SP band remain unaltered
were thoroughly washed after surface processing prior to their for a long time.
employment in the photoreduction experiments. It could be also ~ (3.3.4) Effect of UV Light under Air. The fast (in a few
assumed that the establishment of a reversible adsorption tens of minutes) decrease of the silver SP band was obtained
desorption equilibrium of the ligands at the titania surface upon UV illumination of preformed TigAg nanocomposite
supplied only a negligible concentration of surfactant molecules under air atmosphere, ultimately leading to the complete SP
in the bulk solution. bleaching.
(3.3) Chemical Reactivity of the Nanocomposites. (3.3.1) Notably, all the above-mentioned optical changes occurred
Effect of Oxygen. The temporal stability of the photocatalyti- ~ While the solution remained optically transparent.
cally prepared nanocomposites was examined by monitoring 4 piscussion

the optical changes taking place upon exposing the colloidal ] ) ) ) )
solution to air in the dark. In Figure 3, as an example, the  (4.1) TiO2 Photoreactions in Organic Media.Most aspects

temporal evolution of the silver plasmon band of a preformed of the photocatalytic reactions involving titania particulate have
TiO2/Ag nanocomposite solution is reported as a function of been extensively studied in aqueous média® Photoexcita-
the exposure time to air. In the earliest minutes, the Ag plasmon tion of TiO; generates strongly oxidative{= +2.7 V vs NHE

band was seen to red-shift and to decrease in intensity, afterat PH 7) valence band (VB) holes ") and moderately
whl_ch a continuous band dampenlng occu_rred more slowly with (24) (a) Choi, W.: Hoffmann, M. RErviron. Sci. Technol1997 31, 89. (b)
a simultaneous and progressive blue-shiftigfx. When the Kormann, C.; Bahnemann, D. W.; Hoffmann, M. Rwiron. Sci. Technol.
. ; i ; 1991, 25, 494. (c) Choi, W.; Hoffmann, M. R]. Phys. Cheml996 100,
solution was deaerated again by purging with te spectrum 12161 (d) Stark, J.; Rabani, d. Phys. Chem B999 103 8524. (€) Mills,
did not recover the starting features, thus demonstrating that ~ A.; Le Hunte, S.J. Photochem. Photobiol. 2997, 108, 1. (f) Hoffman,
effects caused by oxygen were not reversible. This behavior M R Martin, S.T.; Chol, W.; Bahnemann, D. Ehem. Re. 1995 95,
was generally observed regardless of the initial silver particle (25) ((:a)ICOIC()Bn, G._a Hlidalgo, g C.; Navio, J. Aar?gmurirZOOl hl7, 11724(.) O(b)
. . . olon, G.; Hidalgo, M. C.; Navio, J. Al. Photochem. Photobio: 1,
size in the prepared nanoco_rr_1p05|te. ) 138 79. (c) Sato, S.; Ueda, K.; Kawasaki, Y.; Nakamura) ®2hys. Chem.
(3.3_2) Excess NaBH Addition. In Figure 4 the effect of B 2002 106, 9054. (d) Tada, H.; Teranishi, K.; Ito, Bangmuir1999 15,

e . . 7084. (e) Choi, W.; Hoffmann, M. REnviron. Sci. Technol1995 29,
the addition of excess borohydride (10-fold excess with respect 1646. (f) The potential is calculated from the polarographic half-wave

i i i potential E;;, = —0.94 V vs NHE for the half-reaction of GGEHO + e~
o the SIamng AING Concentr?tlo.n) FO a preformed2 ij + H* — CH3CH-OH andE°® = +0.19 V for the half-reaction of C4&€HO
AgNO;s solution ([AgNGs] = 1073 M; [TiO] =5 x 1072 M; + 2e + 2H* — C,HsOH. See also ref 25e.

i inti i in) i i H (26) (a) Lowekamp, J. B.; Rohrer, G. S.; Morris Hotsenpiller, P. A.; Bolt, J.
UV-irradiation time, 25 min) is shown. The manipulations were b7 Fameth W. E.J. Phys. Chem. BLO98 102 7323 (b) Morris

carried out under B The initial TiO,/Ag nanocomposite Hotsenpiller, P. A.; Bolt, J. D.; Farneth, W. E.; Lowekamp, J. B.; Rohrer,

i i G. S.J. Phys. Chem. B998 102 3216. (c) Farneth, W. E.; McLean, R.
exhibited spectrum a. Upon NagHpowder addition under S.: Bolt, J. D.; Dokou, E.; Barteau, M. Aangmuir1999 15, 8569. (d)
vigorous stirring, the colloidal nanocomposite turned clear in a Wilson, J. N.; Idriss, HJ. Am. Chem. So@002 124, 11284.
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reductive E° = —0.5 V vs NHE at pH 7) conduction band (CB)
electrons (gg~) that, in turn, originate highly reactive hydroxyl
radicals {OH) and secondary oxidants (HQH,0,) in the

presence of dissolved oxygen OReactions with substrates

donors to enhance photoreductive react®S#8The more facile

photodegradation of the capping ligands under ambient atmo-
sphere clearly indicates that electron scavenging by oxygen
enhances the oxidation probability of the surface ligands,

are dominated by these species, although direct oxidation andpossibly due to an increase in the hole lifetime and/or to the

reduction by trapped VB hol&é-2>¢4nd by CB electron&;s4c.5d.25a,26
respectively, have also been reported.

additional oxidative contribution by H®and HO5.
In mixed CHCh:EtOH solutions (at EtOH concentration that

The present photocatalytic synthesis of Ag nanoparticles waswas, however, far below the limit for inducing oxide precipita-
carried out under deaerated conditions in the presence oftion?® by nonsolvent destabilization), the surfactant-capped

surfactant-capped TiOnanocrystals in apolar media. In the
following qualitative discussion, we approxim&tthe standard
redox potentiakP for some half-reactions to the corresponding
half-wave potential valu€&;,, present in the literature data, as
it has been often practiced by other authi§psi>e28ahy/e also

titania nanoparticles retained their colloidal stability for a much

longer time, due to the slower degradation of the surface coating.
In this regard, the significantly high EtOH to surface-ligand

molar ratio can be invoked as being responsible for an efficient
hole scavenging by the alcohol molecules, thereby retarding the

assume that the literature redox potential scale, measured foroxidation of the organic stabilizers. Accordingly, the same

aqueous media, is valid for our system.

beneficial effect was obtained upon addition of an excess of

In deaerated organic solutions, the involved photochemistry OLEA molecules, which apparently ensured a reservoir of
can be expected to involve peculiar characteristics with respectcapping ligands in the reaction environment, thus compensating

to that in aqueous media. FirsOH hydroxyl radicals can be
supplied only by oxidation of pD traces in the solvents, of
surface titanol groups, or of Tisurface-adsorbed 4,
resulting from the hydrolytic synthesis of titania. All the&H

for the progressive photooxidative loss of surfactant on the TiO
surface.

It deserves to be emphasized that, in view of a general
application of organic-soluble titania/metal nanocomposite in

sources can therefore be assumed to be scarce. Second, th&teady-state photocatalysis, their colloidal stability is desirable
formation of HQ" and HO; can be largely suppressed because to be preserved as long as possible in order both to sustain
of oxygen-free conditions. Finally, the photogenerated holes are prolonged UV irradiation and/or to allow for catalyst recycling.

expected to react with the organic solvents:

C,H.OH + h,5 " (or «OH) —
CH,CHsOH + H™ (or H,0) (1)

CHCI, + hyg" (or"OH)—"CCl, + H" (or H,0) (2)
Especially alcohof$abwith a-hydrogens are known to easily
form a-hydroxyalkyl radicals (eq 1) upam-H atom abstraction.
As the half-wave potentiaE%y,, for the couple CHCH*OH/
C,HsOH is +1.13 V vs NHE?f there indeed exists a large
driving force for hole transfer to ethanol. Moreover, the
CH3CH°OH radicals can further inject electrons into the TiO
conduction band or reduce other species,Esg, for the
CH3CHO/CH,CH*OH couple is—0.94 V (vs NHE)?%¢

In this respect, the potential for surface-ligand exchange offered
in the reversible coordination of OLEA on the Ti@anocrystal
surfacé? could stimulate a different engineering of the %iO
nanocrystal external coating in two possible directions. One
possibility might be the use of other surface ligands which would
be more resistant to photocatalytic oxidation. Alternatively, the
choice of ligands with suitable functionalities providing titania
solubility in polar solvents would allow one to perform
photocatalytic experiments directly in ethanol, thus guaranteeing
an efficient hole scavenging by the alcohol molecules.

(4.2) Photocatalytic Synthesis and Mechanism for Col-
loidal Stabilization of Ag Nanoparticles. All the above
observations suggested that the organic-capped ffa@ocrys-
tals in deaerated CHEEtOH mixtures could be suitable
candidates to act both as a source of reducing species for Ag

In summary, reductive reactions can be strongly enhancedions and as a metal support. Upon UV-light irradiation, the
in deaerated CHGIEtOH mixtures when compared to agueous deposition of metal sﬂver occurred, as revealed by_TEM (Figure
media, because of the efficient hole scavenging by the solvent1B—E) and by absorption spectrophotometry (Figure 2). Al-

and the action of reducing radicals in addition to that g e
which escape recombination.
The preliminary photoirradiation experiments on the sole,TiO

though metal silver could be photochemically produced to a
small extent with no Ti@in the presence of alcohol®] the
photocatalytic nature of the reduction process involving the UV-

nanocrystals proved that the titania nanoparticle solubility was €xcited TiQ nanoparticles was apparent from the experimental
affected by UV irradiation. However, the precipitated nanopar- observations. An inert atmosphere was a stringent requirement
ticles could be redispersed upon fresh addition of OLEA, thus t0 facilitate Ag" reduction by the formed reducing species,
demonstrating that no irreversible aggregation had occurred@ccording to

during their precipitation. Since the titania nanopatrticles did not
undergo any light-induced structural modifications, the loss of
solubility can be accounted for by UV-induced degradation of

the organic capping at their surface. Carboxylic &5é% are
actually known to be photooxidized over Ti@s in some cases

Ag" +ecg —Ag’ (3a)

Ag" + CH;CHeOH — Ag’ + CH,CHO+ H"  (3b)

such molecules have been even employed as sacrificial electron Despite ez~ consumption during CHGIreductive degrada-

(27) Kolthoff, I. M.; Lingane, J. L.Polarography Wiley: New York, 1952.

(28) (a) Kamat, P. V.; Bedja, I.; Hotchandani,JSPhys. Chenml994 98, 9137.
(b) Vinodgopal, K.; Bedja, I.; Hotchandani, S.; Kamat, P.Nangmuir
1994 10, 1767. (c) Safrany, A.; Gao, R.; RabaniJJPhys. Chem. B00Q
104, 5848.

tion,2* silver ion reduction E%gi/ag = +0.799 V) readily
proceeded because it is thermodynamically allowed. However,
the contribution of reaction 3b to the overall reduction should
be much lower than that of reaction 3a, as the deposition rate
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was almost unchanged in the absence of ethanol. The transferepresents a remarkable difference when compared to earlier
of photogenerated electrons to surface-bound Agtiates a preparations of metals supported by colloidal 07 or ZnOte
process of alternating electron transfer and ion adsorption, whichnanoparticles. In those cases, the metal ion reduction, in fact,
can allow the growth of Ag particles with high quantum yiéld.  resulted in the deposition of small metallic islands on the oxide
The transient formation of metal silver was detected during surface or in a discontinuous metal shell covering the oxide
irradiation of aerated Ti@@AgNO;s solution. Furthermore, when  core. As similar [oxide]:[metal salt] ratios (based on molecular
preformed TiQ/Ag nanocomposites were UV-illuminated under concentrations) were employed in our preparations, metal-
air, the silver SP disappeared progressively. These factscovered oxide nanostructures were expected to be found as well,
demonstrate that, although hole scavenging by ethanol isespecially at very high concentration of oxide supporting
beneficial toward reactions 3a and 3b, Ag dissolution (eq 4) particles, as a result of the decreased Ag nucleation probability
progressively becomes the dominant process in the presence oin the bulk solution. Such a metal coverage should form even
oxygen: more feasibly by the photoreductive approach, in which direct
ecg” uptake by AgNQis likely to take place at the TigZsurface.
Ag°+ hvs+_’A9+ (4) However, since Ti@ nanocrystals with an extensive metal
coverage were never detected, it is believed that an important

The efficient es~ scavenging by dissolved oxygen can, in role in affecting the mqrphology of metal (_jeppsits is indirt_ectly
fact, result both in a decreased number gfefor Ag* played by the organic layer on the titania nanoparticles.
photoreduction and in a higher availability ofdt. Surfactants adsorbed onto the Fi€urface can strongly limit

The results of our experiments indicate that Fi@nocrystals the number of available sites for Ag to nucleate. The metal

with a rodlike morphology are extremely effective in stabilizing Nuclei could be eventually prevented from further growing as
silver particles in an apolar media in the absence of either extended islands in the proximity of the oxide surface, because

specific ligands for silver or bifunctional cross-link&®that ~ ©Of the sterical hindrance posed by the fitania surface ligands.
keep the oxide and the metal particles in close proximity. In On the other hand, if a uniform thick metal coverage grew onto
earlier preparations of metal-capped oxide colldid$ oxide the titania nanorods, the resulting ceshell nanoparticles

nanoparticles were employed which carried a surface charge ofShould precipitate, their colloidal stability being, in fact,
opposite sign with respect to that of the metal ion precursor, exclusively dependent on the outer metal shell. However, in
thus favoring its adsorption on the particles. Similarly, the OUr experiments, the exclusive precipitation of silver nanopar-
surface of the Ti@nanoparticles used in this work may likely ~ticles from TiG/Ag nanocomposites was observed as a result
be characterized by a significant density of deprotonated titanol of insufficient TiQ, support concentration.

groups, as hydrolysis of TTIP was catalyzed by water-soluble ~ TEM investigations of many nanocomposite samples revealed
organic base® Accordingly, the upper limit for solubility was,  the presence of characteristic assemblies, such as those shown
indeed, proportional to the titania concentration in C§®Ut in Figure 1F, regardless of the silver particles size and/or
it was not affected by the presence of surfactants. All of this morphology. Most TiQ nanorods appear to disperse in close
experimental evidence undoubtedly indicates that electrostaticproximity to the Ag nanoparticles by orienting their shortest
interactions between Agions and the Ti@surface are mainly  side toward the surface of the metal cluster. Some considerations
responsible for uniformly solubilizing AgN©in nonpolar may be proposed in order to explain such a particle arrangement,
solutions. as summarized in Scheme 1.

On the other hand, OLEA molecules desorbing from the;TiO |t is premised that the Tignanorods used in this work result
nanoparticles surface cannot be regarded as the actual stabilizergom the dynamic restructuring of the surfactant molecules in
for the resulting Ag nanoparticles, because these surfactants havgne growing OLEA/TTIP mixtured3 Anisotropic crystal growth
been demonstrated to be ineffective in providing stable silver is ||ke|y promoted by a face-selective OLEA adsorption on the
colloids even at high surfactant:Ag molar ratio. Without ZiO  Ti0, nanocrystals. In agreement with this mechanism, as the
electrostatic repulsion between homologous surface charges andfesulting TiQ nanorods elongate along tkeaxis direction of
or weak ligand, adsorption cannot prevail over the tendency of the anatase lattice, it can be inferred that atoms belonging to
metal particles to agglomerate. On the other hand, although long-the 04surface planes (perpendicular to thaxis) should be
chain unsaturated carboxylates have been successfully employedoordinated by OLEA molecules much less tightly than those
to cap silver nanoparticles in aqueous media and to facilitate hound to other faces (Scheme 1, step 1). With respect to the
their transfer into organic solvent&¢their protonated coun- nanocomposite synthesis, this fact might imply that, in cor-
terparts can be, in fact, unlikely to serve in the same manner. respondence with the ends (short side) of the nanorods, more
These observations undoubtedly point to the peculiar involve- fayorable local conditions for silver deposition occur, possibly
ment of the titania nanocrystals in the stabilization process of gye to an easier surfactant desorption and/or to a relatively
the silver nanoparticles. reduced number of organic-passivated surface sites when

As a general feature, irrespectively of the used reduction compared to other faces (Scheme 1, step 2). Moreover, it has
method (either chemical or photocatalytic), our synthetic peen demonstrated that there are remarkable differences in the
procedure always yielded a mixture of Ti@anocrystals and  ag deposition quantum yields for TiGurfaces with different
segregated silver nanoparticles (Figure—H5. This result crystallographic orientations, deriving from surface or near-
(29) Sahyun, M. R. V.. Serpone, Nangmuir 1997 13, 5082, surface structure_: characteristics_rather than_fr_om the bulk crystal
(30) (a) Kolny, J.; Kornowski, A.; Weller, HNano Lett.2002 2, 361, and structure?® In this respect, a higher reactivity for tH®040

references therein. (b) Kamat, P. V.; Shanghavi].B2hys. Chem. B997, i ; ;
101, 7675. (c) Westcott, S. L.; Oldenburg, S. J.; Lee, R.; Halas, N. J. expose_o! planes might be myoked as a factor enhanc_mg _the
Langmuir1998 14, 5396. probability of metal nucleation at the ends of the titania
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Scheme 1. Proposed Mechanism for the Colloidal Stabilization of solution, a characteristic evolution of the silver plasmon band
Ag Nanoparticles by Means of TiO, Nanorods was observed (Figure 2). In other reports in which the reduction
reaction was slow enough to be monitored during tHi¢,9:

2 e S e . : .
@ ® - the Ag plasmon maximum was seen to blue-shift, the bandwidth
Ly 2%@%@2@2&}%@%@%@@22%% S o to decrease, and the absorbance magnitude to become higher
1 ) o : o for particles increasing their size. Such behavior was basically
Ny . o v? related to depletion of chemiadsorbedAgns onto the particle
f.ééég‘g;éééééé?é %5,(77(% 3235 o ° surface with Ag reduction proceeding to completion.

se ©® In our work, the absorption changes observed at intermediate
I hv times of UV exposure (Figure 2if) were associated to a

M L ]

progressive size shrinking and a narrowing of the size distribu-
4 ¢ tion (Figure 1C,D) after the initial formation of very large
o o ' » particles (cfr. Figure 1B). An unstructured plasmon absorption,
® ‘e‘s%%%%‘s‘e‘%m‘%%'%‘%‘%% %% .J-F ® _'. which was extremely low in magnitude and extended through
' e the whole visible range was exclusive to large-{30 nm) and

e R agglomerated faceted Ag particles, whereas uniformly sized
$955555858585959%5 9250 @ spherical nanoparticlesl &~ 10 nm) exhibited a comparatively
™ % § « L * more intense, narrow, and symmetric SP band with a remarkably

- ' blue-shiftedlmax (at about 410 nm). Accordingly, larger (20
50 nm) but well-separated Ag particles with a wide shape
distribution were found at very long irradiation times (Figure
1E) which exhibited a broader and red-shiftég 4~ 430 nm)
SP band. Aggregation among clusters and broad size distribution
are known to cause a broadening and dampening of the plasmon
band. Hence, the plasmon band evolution in our experiments
reflects the variation of the silver mean particle size and size
dispersion, as predicted for metal particles in the extrinsic size
region_l,lo,15,16

Notably, the finallmax for Ag particles of a certain dimension
was red-shifted with respect to the position for the correspondent
standard aqueous silver colloid. Two major factors are respon-
sible for this red shift, in the absence of surface ligands for
silver: the higher refractive index of the solvengicy, = 1.445,
Neton = 1.361 as compared withy,o = 1.333)102.15h and the
presence of a Ti@environment o, = 2.55 for anatasé)-22¢.d
which further increases the local refractive index around the
silver particle surface.

The Ag nanoparticles were identified in three distinctive
stages during their photochemical size/morphological conver-
sion. At the very beginning of the photoreduction process, large
silver particles (1560 nm) were formed, most likely by
coalescence of smaller clusters or by seed-mediated growth
processe$Pcas expected from the absence of a strong repelling
' layer of organic stabilizers. For the same reason, aggregation
was also prone to occur.

At intermediate exposure times, the situation was gradually
seen to change toward an increase of the population of smaller
particles ¢~10 nm). This conversion was seen to occur also for
preformed large Ag particles prepared by conventional boro-
hydride reduction and subsequently subjected to UV-light in
deaerated solutions. Although small Ag clusters have been
‘previously obtained by short laser illumination of preformed
larger particles!a¢ they have been also reported upon irradia-

y

2)

nanorods. In addition, specific electrostatic interactions might
reasonably drive the nanorods to dynamically “coordinate” to
the silver particles by assuming a more favorable orientation
with respect to their surface (Scheme 1, step 3). As a matter of
fact, such TiQ adsorption on Ag througf04Jsurface planes
was demonstrated to be sufficiently strong to make the silver
particles stable against centrifugation. As a confirmation
treatment aiming to destabilize the sole Fi@norods, such as
addition of large volumes of a nonsolvent (MeOH or EtOH),
determined the simultaneous precipitation of the silver particles,
thus proving their intimate interactions with titania.

In summary, a mechanism for the colloidal stabilization of
the silver nanoparticles may be supposed, which allows one to
regard the TiQ nanorods as inorganic stabilizers, thus acting
in the same manner as conventional surfactant molecules do

(4.3) Evolution of the Optical and Morphological Features
of the Ag Nanoparticles.The surface plasmon band of metals
is known to strongly depend on the particle size and shape, on(s1) (a) Kamat, P. V.; Flumiani, M.; Hartland, G. \l. Phys. Chem. B998§

i i i i 102 3123. (b) Ah, C. S.; Han, H. S.; Kim, K.; Jang, D.dJ.Phys. Chem.
the refractive index of the surrounding medium, and on the B 2000 104 8153. () Ah, CS. Han. H. S+ Kim> K- Jang, D.Pure

nature of absorbed specie¥ 12 In principle, silver sols Appl. Chem200Q 72, 91. (d) Linnert, T.; Mulvaney, P.; Henglein, Ber.
i iti ihi i Bunsen-Ges Phys. ChedP91, 95, 838. (e) Murakoshi, K.; Tanaka, H.;
p.repared under'dlfferent conditions can oftfen e>.<h|b|t. qglte Sawai, .- Nakato, YJ. Phys, Chem. 2002 106 3041,
different absorption spectra although the particle size distribu- (32) (a) Henglein, AChem. Re. 1989 89, 1861. (b) Henglein, AJ. Phys.
; imilakoa Chem.1993 97, 5457. (c) Henglein, ABer. Bunsen-Ges. Phys. Chem.
tions appear similai® o 1977, 81, 556. (d) Henglein, AElektrochemie der MetalleDECHEMA
During the course of UV irradiation of deaerated 7@yNO3 Monographien; Wiley-VCH: Weinheim, Germany, 1983; Vol. 93, p 163.
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tion with low-intensity UV source&®€In agreement with the ~ Fermi level is displaced to even more negative potentials than
former studies, photofragmentation can be assumed to be thein uncharged particles.
most likely mechanism for Ag size decrease, involving the  The initial minor absorption decrease accompanied by a SP
break-up of metal clusters which have accumulated sufficient red shift in Figure 3 can be attributed to the discharge of excess
charge at or near the metal surface upon UV-induced photo- electrons (injected bysg~ and/or reductive radicals) either to
ejection of electrond!@ Although photodissolution might con-  the solvernte15¢4.9.22eq 5a) in N-saturated solutions or to both
currently occur to some extent through hole oxidation, this the solvent and dissolved oxygen (eq 6a) in aerated solutions.
process is not considered significant in the present experiments Both the standard potentia® = +0.46 V for GHsOH/C,Hg

The latest stages of Ag particle conversion were, in fact, aMdE° = +0.4 V for O,/OH" are favorable toward oxidation

characterized by the renewed observation of bigger clusters,of the silver nanoparticles (designated asnhg

although not agglomerated and well-dispersed, with a mixture Undoub_tedl;;,_?zwas responsible for dissolving (eq 6b) the
of faceted and rodlike particles (Figure 1E). These modifications, SilVer particlesi®?22as inferred by the progressive bleaching
however, required a much longer time frame to occur with @nd the concomitant blue shift of the SP band (Figurerge
respect to all preceding changes. This latter conversion is that occurred under air. However, silver OX|dat|or1 by gthanol
believed to be essentially driven by light-induced ripening (€d Sb) was much less important than the route involving O
processes, similar to that occurring during the phototransfor- &S Proven by the occurrence of negligible dissolution under air-

mation of small spherical nanoparticles into large nanopri&fn. gree C‘_)tnd'l:'ons 0? a gorr;)parable tlmtedsctalet.) ACC(l)r?mngly, Ag
. . . . eposits have already been reported to be relatively poor
In general, the time required to detect well-defined particle P y P y P

features becomes longer with increases in the starting AgNO gﬁ\\tglryits for ethanol reduction, due to the nonohmic nature of
concentration, as absorption of a higher number of photons is '

required to induce the photomaodification of a higher concentra-
tion of silver clusters.

The above-reported observations suggest that the proposed Agm(n 77+ CoHe + H,0 (52)
approach provides a simultaneous tool both for yielding stable
colloidal Ag nanoparticles and for somehow modulating the Ag,’ + C,HOH + 2H" —
average metal particle size and size distribution by the exclusive Agm—zo + 2Ag+ + C,Hg + H,O (5b)
use of light.

(4.4) Redox Properties of the Nanocomposite¥he results
shown in Figure 3 highlighted that the as-prepared Ag nano-
particles are sensitive to air. Throughout the bleaching process, 0 o N N
the solution remained transparent without developing any Agp, +0,+2H,0—~Ag,, 4, +4Ag" +40H (6b)
turbidity. This fact primarily indicated that the decrease of the ) . )
silver plasmon band was not due to agglomeration among the _With regard to CHG, the polarographic half-wave potential
particles. The UV-vis spectra, in fact, confirmed that the bands ©f CHCls, which can be ascribed to the process
remained rather symmetrical without showing any sign of
scattering. Consequently, discoloration was caused either by
oxidation of silver particles or by plasmon damping. The
necessity of ambient atmosphere for the bleaching process
pointed to oxidative dissolution, as damping is an oxygen-
independent phenomenon. This explanation was corroborate
by the observation that, under nitrogen, only a little bleaching
and a small red shift were seen, after which the plasmon bands
remained practically identical. Such red-shift and absorbance
decrease were qualitatively similar to those detected in the early
stages of exposition to air (Figure -3d), except for occurring

Ag,"” + C,HOH + 2H" —

Agy” + 0, +2H,0—Ag, " +40H"  (6a)

CHCl,+ H,0 + 2e° —CH,Cl, + CI" +OH™  (7)

is reported at-1.46 V (vs NHE)3® As the standard potential
EC for Agt/Agn? abruptly increasés from —1.8 V form= 0
A© —0.9 V (vs NHE) form = 3, this implies that even Ag
clusters that are much smaller than our nanopatrticles would not
be oxidized by CHGL

When Ag'" ions are formed, the Fermi level in the silver
nanoparticles should move to a more positive potential, thus
somehow decreasing the driving force for oxidation, provided
much more slowly that Ag" concentration around the silver clusters is high enough.

) This actually was proven by experiments in which fresh addition

The pronouncegl .reactivity of the mt_et.al nangparticles can be ¢ AgNOs; to preformed TiQ/Ag colloids suppressed oxidation
understood as arising from two conditions. First, the absence, 5 considerable extent.

of a compact organic surface layer does not protect them from 1,4 experiments in which excess NaBias added to a
OX|dat.|on,35 and, ;econd, the silver redox pptentlal is shifted to g tion of photocatalytically prepared Ti®g nanocomposites
negative values (i.e. far below the conventional electrode value (Figure 4) indicated that the metal particles were catalytically

of +0.779 V) with decreasing particle siZ&1>*3?n addition, active. The detected spectral changes, although qualitatively
silver clusters are known to be able to store electrons Upon gimilar to those in Figure 2bf, were, however, due to a

charge injection from reducing species. Accordingly, their completely different phenomenon. A variation of the silver
particle size was, in fact, not observed in this case. Excess

(33) gz‘)'g“sof' I.M.; Lee, T. S.; Stocesova, D.; Parry, E.Ahal. Chem195Q electrons injected into the particlé3can produce characteristic

(34) (a) Jana, N. R.; Pal, Tangmuir1999 15, 3458. (b) Sau, T. K; Pal, A.; SP changes, as previously report&#2’However, on the basis
EA?"AT-SAES%SG"CZ%%’Q-l?%2110_5 9266. (c) Li, Y.; Boone, E.; El-Sayed,  of the extremely pronounced blue shift and band sharpening, it

(35) Aoki, K.; Chen, J.; Yang, N.; Nagasawa, Eangmuir2003 19, 9904. is evident that the surface negative charge density on the silver
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particles is increased from the value attained by electron this application, the silver particles could promote charge carrier
injection from eg~ and/or reductive radicals upon UV separation while also mediating an electron-transfer process. In
photoexcitation of TiQ. This can be explained by considering addition, the overall catalytic activity for the nanocomposite
the high nucleophilicity of NaBHI(E® = —1.3 V vs NHE). The can be expected to be related to the above-recognized light-
discharging process occurred in accordance with the processednduced size-morphological modifications of the metal particles.
described by egs 5 and 6. Nevertheless, the metal dissolutionThis fact should be taken into account in photocatalytic studies,
rate was much slower in these experiments, likely due to as it may give rise to a Ti@Ag nanocomposite photocatalyst
depletion of dissolved oxygen as long as an excess of borohy-whose catalytic activity varies continuoulyas a function of
dride was present in the solution. This latter observation seemsthe metal particle size during the course of steady-state
to contradict other reported resdfisin which a higher photocatalysis.

susceptibility to oxidation was instead invoked to explain the )

reversible Ag nanoparticle formation in the presence of excess - Conclusions

borohydride. However, the presence of strong surfactants for e simple photocatalytical preparation of a novel AgiTiO
Ag™ ions was a stringent requirement to observe the oxygen- nanocomposite system in optically clear apolar solutions has
driven dissolution in that case. _ been demonstrated in the presence of surfactant-capped anatase
From all the above observations, it can be seen that the 1jo, nanorods as stabilizers for the silver particles. The size-
photocatalytically synthesized Tistabilized Ag nanoparticles  grhhological features of the metal nanoparticles can be
actually possess an intrinsic high reactivity. They can either conirolled by varying the irradiation time. It is believed that a
serve as reductants by t_hemselves or act as.medlators in redoXiner tuning of the silver particle size could eventually be
processe's"**where their inherent redox potential can eventually 5 chieved by careful adjustment of the irradiation conditions, as

be tuned by varying the particle size, as emphasized in many ecently demonstrated by means of selective plasmon excita-
studies®®P.7a.c21b.35jlver nanoparticles can indeed store elec- o, 10d-g

trons; however, oxygen-free conditions are required to both
preserve the surface charge and the particle size, as these twe,
latter dgtermme the overall metal particle redo.x potential. The potentially useful for applications in sensing devices and in
slow discharge of the accumulated electrons into the solution homogeneous redox catalysis and photocatalysis

under deaerated conditions can be advantageous in that the At present, experiments are in progress in our.laboratories

reduction of a target substrate would not compete with the . o
g P to assess the performance of the &y nanocomposite in

solvent reduction. steady-state photocatalysis
For use in TiQ-based photocatalysis, analogous oxygen-free y P ysis.

conditions are required to prevent metal photodissolution. In JA0395846

The proposed approach offers a novel method for producing
ghly reactive silver nanoclusters with “clean” surfaces, thus
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