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Photoinduced transformations in
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Abstract: Semiconductor—metal nanocomposites provide a simple and convenient way to tai-
lor the properties of photocatalysts. Modification of semiconductor surface improves charge
separation and promotes interfacial charge-transfer processes in nanocomposite systems.
Charge accumulation in the metal layer results in Fermi-level equilibration raising the quasi-
Fermi level of the composite close to the conduction band level of the oxide semiconductor.
Phototransformations of such composites—including morphological changes, interfacial
charge-transfer processes and photocurrent generation of TiO,-capped gold colloids—are
presented in this review article.

INTRODUCTION

One of the major goals behind designing semiconductor—-metal composite nanoparticles is to improve
the catalytic properties or to tune the luminescent or sensing properties. Contact of metal with semi-
conductor nanoparticles can indirectly influence the energetics and interfacial charge-transfer processes
in a favorable way. Single-component semiconductor nanoparticles exhibit relatively poor photocat-
alytic efficiency (<5 %) since the majority of the photogenerated charge carriers undergo recombina-
tion [1,2]. Semiconductor—metal composite nanoparticles, on the other hand, facilitate charge rectifica-
tion and improve the photocatalytic efficiency in these systems (Scheme 1).

(a) (b)

Scheme 1 Photoinduced processes in semiconductor/metal composite nanoparticles and particulate films.
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1694 P. V. KAMAT

During the early years of photocatalysis, it was shown that the photoinduced deposition of noble
metals such as Pt or Au on semiconductor nanoclusters enhance their photocatalytic activity [3—8]. The
noble metal (e.g., Pt), which acts as a sink for photoinduced charge carriers, promotes interfacial
charge-transfer processes. A direct correlation between the work function of the metal and the photo-
catalytic activity for the generation of NH; from azide ions has been made for metallized TiO, systems
[9]. Composite semiconductor systems have also been shown to improve the photoconversion efficiency
of dye-sensitized photochemical solar cells [10,11] and photocatalytic reactions [12—15]. For more than
two decades, a number of research groups have been involved in modifying the photocatalytic proper-
ties of TiO, and other semiconductor materials using metal deposits [16-23].

Despite several efforts to synthesize semiconductor/metal composite systems [24-29], little infor-
mation is available on the photodynamics of these materials. Fundamental understanding of the photo-
induced interactions between a semiconductor and metal, as well as the interfacial charge-transfer
process in nanocomposites, is important to elucidate the role of noble metals in semiconductor-assisted
photocatalysis [30]. Recently, Halas and coworkers [31-33] have investigated the effect of an oxide core
on the optical properties of gold nanoshell and chemically bound gold nanoparticles.

COLLOIDAL SYSTEMS
Synthesis and characterization of nanocomposites

Metijevic and coworkers have shown that a variety of surface coatings can be produced on cores of very
different compositions [34-36]. They have shown that the formation of coatings on particles dispersed
in liquids need not depend upon specific interfacial reactions. Amine-functionalized silica particles also
provide a convenient way to attach gold nanoparticles to the silica surface [37,38].

A simple method of preparing semiconductor—metal nanocomposites involves reduction of the
desired metal on preformed semiconductor nanoparticles (Scheme 2). For example, TiO,/Au or
SnO,/Ag nanoparticles can be prepared by adding the desired amount of HAuCl, solution to the col-
loidal TiO, (acidic solution) or AgNO; solution to SnO, suspension (alkaline) in water while stirring
vigorously. The TiO, colloids prepared in acidic medium were positively charged while SnO, colloids
in alkaline medium carried a net negative surface charge. Thus, AuCl,~ and Ag* ions electrostatically
bind to the TiO, and SnO, surfaces, respectively. Upon reduction with NaBH,, we obtain stable
TiO,/Au and SnO,/Ag nanocomposite particles in water. The presence of metal oxide colloid is impor-
tant for achieving the stability of the suspension. Gold (or silver) reduction carried out in the absence
of TiO, (or SnO,) core using the same experimental procedure did not produce stable colloids.

+ [AuClL|- —

[AuCl,] Ad

Scheme 2 Synthesis of semiconductor/metal composite colloids.

The reduction of adsorbed ions can also be induced photocatalytically [3,39] or radiolytically
[40,41]. For example, by subjecting the deaerated TiO, colloidal suspension containing AuCl, " ions to
UV light (>300 nm) for a period of 1-2 h, one can achieve capping of gold shell on TiO, nanocore. A
growth in the absorption band around 520 nm (corresponding to the surface plasmon resonance) seen
with increasing irradiation time confirms the formation of gold layer. The surface-adsorbed AuCl,~ ions
capture the photogenerated electrons and thus get reduced at the interface. Since the interfacial electron
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transfer involves a single-electron reduction, we expect the reduction of Aut to Au® occurs in sequen-
tial steps (Au>* Au?t Au* Au®). The feasibility of achieving such a stepwise reduction
has been confirmed in pulse radiolysis studies [42]. A similar photocatalytic approach has been adopted
to synthesize metal-capped ZnO nanoparticles [43].

The amount of core seed present in solution directly controls the size and shape of composite col-
loids. In the solution containing higher metal oxide core concentration [i.e., at greater ratio of TiO,:Au
(or SnO,:Ag)], the particles are well dispersed, and a sharp and prominent absorption (spectra a and ¢
in Fig. 1) corresponding to the surface plasmon band of the corresponding metal is observed (viz., 520
nm for Au in TiO,:Au and 390 nm for Ag in SnO,:Au colloids) [23]. However, for the colloids pre-
pared using lower metal oxide concentrations [i.e., when the ratio of TiO,:Au (or SnO,:Ag) was kept
low], we observe a dampening and broadening of the surface plasmon band and an appearance of aggre-
gation band in the longer wavelength region (spectra ¢ and d in Fig. 1). A red shift in the absorption
maximum (405 nm) was also evident in the case of SnO,:Au colloids. The lack of available charged
metal oxide core at low metal oxide/metal ion ratio, disturbs the uniformity of metal ion distribution
and induces aggregation effects.

a. SnO,@Ag (50:1)
b. SnO,@Ag (5:1)
c. TiO,@Au (10:1)
d. TiO,@Au (0.25:1)
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Fig. 1 Absorption spectra of semiconductor/metal composite colloids. (From ref. [23]. Reprinted with permission
from Elsevier Science.)

Laser-induced morphological changes

TiO,/Au composite nanoparticles are capable of undergoing changes under laser irradiation [23,44]. For
samples with TiO,:Au ratio of 20:1 and 10:1, the changes in the absorbance were relatively small. Only
a small disappearance (A < 0.03) of the surface plasmon band was seen following a 5-min laser irradi-
ation (532-nm excitation). Photoinduced fragmentation or dissolution of these TiO,/Au nanoparticles
can contribute to the small decrease in the surface plasmon band.

A more pronounced absorption change is seen when the TiO,:Au nanoparticles with a ratio of
0.25:1 were subjected to laser irradiation. The difference absorption spectrum shows two distinct spec-
tral features, viz., a bleaching in the 550-800-nm region and a growth of absorbance in the 500-550-nm
region (Fig. 2). Unlike the three spectra a—c in Fig. 2, the absorption spectrum does not show any
bleaching at 532 nm, instead an increase in the surface plasmon band with a simultaneous disappear-
ance of the aggregation band. These observations indicate that the TiO,/Au nanoparticles become iso-
lated as the aggregates disappear following the laser pulse irradiation. The inset in Fig. 2 shows a nar-
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rowing of the plasmon band at 530 nm as the colloidal TiO,/Au suspension is subjected to 532-nm laser
photolysis.

Figure 3 shows the transmission electron microscopy (TEM) images recorded before and after
5 min laser irradiation of an aqueous suspension of TiO,/Au nanoparticles at two different core/shell
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Fig. 2 Changes in the absorption spectra of photolyzed TiO,/Au nanoparticles. The absorption spectra were
recorded after 5 min of laser pulse excitation (corresponding samples prior to photolysis were used as reference).
The difference absorption spectra correspond to the TiO,:Au ratios of (a) 20:1, (b) 10:1, (¢) 1:1, and (d) 0.25:1.
The inset shows the absorption spectra of TiO,/Au nanoparticle (TiO,:Au ratio of 0.25:1) suspension before (d”)
and after (d”) laser photolysis using water as reference. (From ref. [44]. Reprinted with permission from the
American Chemical Society.)

d

Fig. 3 TEM images of TiO,/Au nanoparticles recorded (a, b) before and (c, d) after exciting the samples with
532-nm laser pulses (10 Hz, 3 mJ/pulse) for 5 min. The ratios of TiO,:Au were, (a, ¢) 20:1, and (b, d) 0.25:1. A
growth in particle size can be seen in (d) when compared to the same sample before photolysis. (From ref. [44].
Reprinted with permission from the American Chemical Society.)
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ratios. The TiO,/Au samples containing high TiO,:Au ratio (>1:1) exhibited remarkable stability
toward laser irradiation. The TEM images did not show any major changes in the particle size or shape.
Formation of a few small nanoparticles may be indicative of a photofragmentation process, but the for-
mation occurred only to a limited extent. However, the formation of very large particles was clearly evi-
dent in the case of TiO,/Au particles with a TiO,:Au ratio of 0.25:1. The particles grew from 30-50 nm
to 75-100 nm in diameter. An increase in the volume of 6-8 times suggests that several gold-capped
TiO, nanoparticles that are in immediate contact with each other must be undergoing a fusion during
the 532-nm laser pulse excitation.

As the gold particles are repeatedly bombarded with laser pulse, the temperature of these par-
ticles increases, eventually reaching melting temperature. Theoretical calculations have predicted a
rise in temperatures up to 2500 K during laser excitation [45,46]. If these particles exist in the form
of aggregates, the melting cluster assembly can fuse to form large size particles. In the case of larger
TiO, core concentrations, the TiO,/Au particles are well separated from each other, thus facilitating the
heat dissipation from the particles to the surrounding aqueous medium.

Since the disappearance of the aggregation band parallels the growth of the plasmon absorption
band one can follow the morphological changes by means of picosecond transient absorption spec-
troscopy. The linear dependence of maximum absorbance at 510 nm vs. (intensity)2 shows that two or
more photons (532 nm) are required to induce the photofusion process in these nanoparticles [44].
Moreover, the disappearance of the aggregation band at 590 nm was found to occur with a lifetime of
0.8 ns. Thus, we can infer that the complete morphological change of TiO,/Au nanoparticles occurs
with an apparent rate constant of 1.25 X 10% s7L. A recent study of melting of gold nanorods has indi-
cated that the melting process is completed within 35 ps [47]. In our study, the longer lifetime of 0.8 ns
represents the time scale required for complete morphological changes in TiO,/Au core shell aggregates
following the laser pulse excitation.

Photoinduced charge separation and interparticle electron transfer

As discussed in a previous review article [2], large band-gap semiconductor nanoparticles such as TiO,
and ZnO (Eg > 3.0 eV) undergo charge separation under UV excitation (reaction 1).

(TiO,)Au + hv [TiO,(e + h)]Au (1)

While most of the charges undergo recombination, a fraction of the photogenerated electrons and
holes reach the surface and participate in the redox reactions. Electron accumulation within the ZnO
particle is often marked by the bleaching of exciton band [43,48,49]. If the surface of the semiconduc-
tor is capped with a metal, one can encounter storage of electrons within the metal layer, further lead-
ing to the Fermi-level equilibration.

In the case of ZnO-metal nanocomposites, the spectral changes to the surface plasmon band of
the ZnO-Ag, ZnO-Au, and ZnO-Cu particles indicate substantial electron accumulation on the metal
islands during photolysis [43]. Under UV irradiation electrons accumulate on the metal islands, caus-
ing a slow increase in the Fermi energy. The conduction band of bulk ZnO is located at least 0.8 V vs.
NHE, significantly negative compared to the Fermi level of bulk metals (0.15 V for Ag and 0.75 V for
Au). The large potential difference between the conduction band of the semiconductor and the Fermi
level of the metal facilitates electron accumulation in the metal layer and shifts the apparent Fermi level
close to the bottom of the conduction band. The quantized charging effects studied with organic capped
gold nanoparticles suggest that the potential shift account to about 0.1 V per accumulated electron [50].
The charging of the Helmholtz and diffuse double layers at the metal shell play an important role in
controlling Fermi-level equilibration [43,51]. A double-layer capacitance of 80 /,LF/cm2 has been meas-
ured for Ag colloids in aqueous solution using spectroelectrochemical technique [52].

Both emission and transient absorption spectroscopy tools are convenient to probe the electron
transfer between photoexcited semiconductor and metal nanostructures (Scheme 3) [21,53]. The tran-
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hv

Scheme 3 Interparticle electron transfer between CdS shell and gold nanocore.

sient absorption spectrum recorded following 355-nm laser pulse excitation of Au/CdS colloids shows
two distinct transient bleaching maxima at 480 and 545 nm, which correspond to the CdS shell and Au
core, respectively. The difference absorption spectrum (spectrum c in Fig. 4) observed in this set of
experiments is compared with the individual spectra a and b (Fig. 4) recorded separately by exciting
CdS and Au colloids. The photogenerated electrons in CdS nanoclusters are transferred to the Au core,
causing the surface plasmon absorption to bleach. This interparticle electron transfer is completed
within the laser pulse duration of 18 ps. While the surface plasmon bleaching in pristine gold colloids
is seen with direct laser pulse excitation, the indirect process of electron injection mainly causes the
bleaching at 545 nm in the Au/CdS composite. The former is due to heating of the electronic gas, and
the latter is due to the shift in Fermi level of gold core. The situation of electron injection in the Au/CdS
core is similar to the one observed during the reaction of noble metal colloids with radiolytically gen-
erated radicals [20]. The slower recovery of the transient bleaching observed in the case of Au/CdS sug-
gested improved charge separation in the Au/CdS composite system.
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Fig. 4 Transient absorption spectra recorded immediately after 355-nm laser pulse (pulse width 18 ps) excitation
of colloidal suspension (degassed with N,): (a) CdS, (b) Au and (c) Au/CdS composite. (From ref. [53]. Reprinted
with permission from the American Chemical Society.)

Photocatalytic oxidation

It has been shown that the photocatalytic electron transfer processes at the semiconductor interface can
be greatly enhanced by depositing a noble metal on the semiconductor particle [18,25,54-56]. The
photogenerated holes are capable of oxidizing thiocyanate ions at the semiconductor interface [57]. The
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thiocyanate radicals [(SCN), *] generated in the photocatalytic oxidation can be conveniently moni-
tored from its absorbance at 480 nm [57,58].

By employing a 337-nm pulsed laser as the excitation source for exciting TiO, colloids and ini-
tiating the redox reactions at the interface, one can monitor the interfacial hole transfer process (reac-
tions 2).

TiO,(h) + SCN" —> TiO, + SCN* —(SCN")— (SCN),”* )

These thiocyanate radicals produced photocatalytically was found to complex with the gold surface
(abs. max. 390 nm), the details of which can be found elsewhere [59].

Since the formation of (SCN), * immediately after the laser pulse excitation represents the
quantitative estimate of the hole oxidation process, we monitored maximum absorbance at 480 nm at
different TiO,:Au ratios. (The TiO,:Au ratio was varied by changing the gold concentration during
sample preparation.) Figure 5 shows the dependence of (SCN),™* yield on the gold shell concentra-
tion. In the absence of gold capping, TiO, colloids generate (SCN,)™* radicals with a quantum yield
of 0.09. At low concentrations of gold, we see an increase in the efficiency of oxidation process. For
a [Au]:[TiO,] ratio of 0.005, we see more than 40 % enhancement in the oxidation efficiency
[@(SCN),* = 0.13]. As we further increase the Au concentration, the efficiency of thiocyanate oxi-
dation at gold-capped TiO, nanoparticles decreases. The inability of the photogenerated holes to reach
the electrolyte interface as well as increased absorption by the gold are the likely reasons for observ-
ing lower (SCN),* yield at higher capping concentrations of gold.

0.12+/°
o]
0.08}
D -
(SCN),
0.04}
099 00 0.01 0.02

[Au)/[TiO,]

Fig. 5 Dependence of (SCN),™* yield on the concentration of gold cap. The maximum absorbance at 480 nm was
used to determine the quantum yield of oxidation process using benzophenone carboxylate as actinometry
reference. (From ref. [44]. Reprinted with permission from the American Chemical Society.)

On the other hand, when low concentrations of metal are used to cap the semiconductor core we
can expect the outer layer to be discontinuous. Such a configuration of core-shell particles (i.e., small
metal islands deposited on the TiO, core) provides a favorable geometry for facilitating the interfacial
charge transfer under UV irradiation. (It should be noted that a new band appearing at 390 nm is
observed in the case of TiO,/Au nanoparticles as the transient absorption corresponding to (SCN),*
decayed. As confirmed in our pulse radiolysis experiments [59], the 390-nm absorption band represents
complexation between (SCN),* radicals and the gold surface, which further results in the oxidation of
gold layer.)
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NANOSTRUCTURED FILMS

The semiconductor/metal interface achieved following sequential deposition of the two components
offers many interesting scenarios. Photoelectrochemical studies [60], carried out by depositing gold
nanoparticles on nanostructured TiO, films, exhibit enhanced photocurrent generation. Improved inter-
facial charge transfer at the semiconductor/electrolyte interface resulted in nearly three times enhance-
ment of photocurrent generation and a shift in the apparent flat band potential. A similar decrease in the
overvoltage of the interfacial charge-transfer process has been noted earlier, in semiconductor particle-
assisted photocatalytic reactions [9] and p-GaAs single crystal-based photoelectrochemical cells [61].
Adsorption of gold nanoparticles on TiO, films as scattered islands was also found to be sufficient to
induce an enhancement in the photoelectrochemical performance [60]. Local photo-current/voltage
measurements have confirmed size-dependent barrier heights for the nanometal-semiconductor con-
tacts [62].

Preparation and characterization

Chemical, electrochemical, and photodeposition are commonly used methods to deposit noble metals on
semiconductor nanoparticles. Whereas efforts have been made to bind metal nanoclusters to electrode
surfaces using self-assembled monolayer [63—65] and electrophoretic [66,67] approaches, the influence
of metal nanoparticles on the photoelectrochemical behavior is yet to be understood fully. Recently, we
have modified nanostructured TiO, films with Au, Pt, and Ir nanoparticles using an electrophoretic
approach and probed their effectiveness under photoelectrochemical and photocatalytic operation
[60,67,68]. The method involved casting of TiO, films on a conducting glass electrode (referred to as
optically transparent electrode, OTE) by applying colloidal TiO, suspension and annealing at 673 K.
The OTE/TiO, and plain OTE electrodes were immersed in a diluted colloidal gold solution (2.5 mM
Au and 20 mM TOAB in toluene) and subjected to a dc electric field of 400 V. Details of the electro-
phoretic deposition method can be found elsewhere [67]. The organic monolayer that surrounds the
gold nanoparticle successfully suppresses interparticle interactions, and we observe surface plasmon
absorption corresponding to the metal colloids. Figure 6 shows the atomic force microscopy (AFM)
image of the OTE/TiO,/Au composite film. The micrograph shows a porous morphology with well-sep-
arated gold nanoparticles. The electrophoretic deposition of metal nanoparticles is convenient to pre-
pare high surface-area metal nanostructures.

70 nm

35 nm

0 250 500 nm

Fig. 6 AFM image of electrophoretically deposited gold nanoparticles on an OTE/TiO, electrode. (From ref. [67].
Reprinted with permission from the American Chemical Society.)
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Improved photocurrent response

The nanostructured TiO, film cast on an OTE surface is photoactive and hence can be employed as a
photoanode in a photoelectrochemical cell. The photocurrent action spectra of OTE/TiO, electrodes
containing different metal nanoparticles are shown in Figure 7. The incident photon to current conver-
sion efficiency (IPCE), defined as the number of electrons collected per incident photon, was evaluated
from short-circuit photocurrent (I,,) measurements at different wavelengths (A) and using the expres-
sion (3),

IPCE % = [1240 x I, (A/em?)] / [A (nm) X L, (W / cm?)] X 100 3)

mc

where I, is the incident light power. The OTE/TiO, electrode has an onset of photocurrent around 400
nm and shows photocurrent response in the UV with an IPCE of ~5 %.

Significant enhancement in the photocurrent generation is seen upon deposition of Au, Pt, and Ir
nanoparticles on the TiO, electrodes. The maximum IPCEs observed for OTE/TiO, electrodes modi-
fied with Au, Pt, and Ir particles were 28, 27, and 18 % at 300 nm, respectively. The enhancement in
the photocurrent generation efficiency is indicative of the fact that the deposition of tetraoctyl ammo-
nium bromide (TOAB)-capped metal nanoparticles is beneficial for promoting the charge separation
within the nanostructured TiO, film as well as improving the interfacial charge-transfer processes. The
metal nanoparticle-modified TiO, electrodes exhibit photocurrent response similar to that of unmodi-
fied TiO, films with a current onset around 400 nm. These observations indicate that the origin of the
photocurrent generation lies in the band-gap excitation of TiO, film (Eg = 3.2 V) and not in the metal.

The composite films of TiO, and Au consistently exhibit photovoltage and photocurrent greater
than that of plain TiO, films, suggesting, thereby, improved charge separation in composite systems.
Noble metals deposited on the semiconductor particles have been shown to improve photocatalytic elec-
tron transfer processes at the semiconductor interface [18,25,54-56]. As the hole transfer at the semi-
conductor/electrolyte is improved by the presence of a metal deposit we expect greater amounts of elec-
tron accumulation within the semiconductor nanocrystallites.

30
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20 —A—TiO,/Pt
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w 15
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Fig. 7 Photocurrent action spectra of OTE/TiO, electrodes modified with 3 different metal nanoparticles: (a) Au,
(b) Pt, and (c) Ir. (Electrolyte: 0.05 M NaOH) (From ref. [68]. Reprinted with permission from the American
Chemical Society.)

Fermi-level equilibration

The magnitude of the photovoltage (V,,.) represents the energy difference (AE) between the Fermi level
of the TiO, film and the reduction potential of the redox couple in the electrolyte. In the dark, the Fermi
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level of a semiconductor electrode equilibrates with the redox couple present in the electrolyte. As the
electrons accumulate in the TiO, particulate film following the UV excitation, the pseudo-Fermi level
(E’p) shifts to more negative potentials, thus attaining a new photoequilibrium (Scheme 4). For an
intrinsic semiconductor, we can express E ,F by the expression,

E’g= Ecg +KTIn(n,/N,), )

where N, is the effective state density and 7. is the carrier density including the accumulated electrons.
Any shift in E’g thus represents increased accumulation of electrons in the TiO, particulate film. While
accumulation of electrons in the film is controlled by kinetic factors, the charging of the gold/ TOAB
nanoparticles at the interface will alter the energetics of the TiO,/metal/TOAB composite film by shift-
ing the quasi-Fermi level to more negative potentials. This scenario is illustrated in Scheme 4.

After Contact
Before Contact *

photoexcitation

ECB @ -
= S—
R e e e E
EF recix
B Er — hv

(h)
TiO2 Au TiO, Au

Scheme 4 Shift in quasi-Fermi level induced by charging of Au/TOAB metal core in a TiO,/Au composite film.

In order to test this we varied the redox couple in solution while monitoring the photovoltage gen-
erated at OTE/TiO, and OTE/TiO,/Au electrode. Figure 8 shows the dependence of photovoltage on the
reduction potential of the redox couple. With increasing reduction potential of the redox couple, we see
an enhancement in the photovoltage, which is in agreement with the increasing difference between the
energy levels of the semiconductor and redox couple (AV = E’'g — E0.q0x). As the reduction potential
increases from —0.96 V vs. SCE for anthraquinone to 1.26 V vs. SCE for thianthrene, we observe an

® o TiO,
-800 [ © e AuTiO,

=

2 o g

~ -600 [ o}

8 o

= -

< . ®
-400 | 00 o0

10 05 00 -05 -1.0
Redox Potential
Fig. 8 Dependence of photopotential on the reduction potential of the redox couple. The reduction potential

increases from —0.96 V vs. SCE for anthraquinone to 1.26 V vs. SCE for thianthrene (see ref. [72]). The open

cicreuit photopotential corresponds to the difference between the two energy levels, viz., E'g - Eorcdox‘
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increase in the V¢ from 470 to 860 mV. Another interesting part of this experiment is the enhanced
photovoltage (~150 mV) seen for the OTE/TiO,/Au composite electrode. Since this increase remains
almost the same for all the redox couple tested, we can conclude that the photovoltage enhancement
observed for the composite film arises from the shift in the Fermi level to more negative potentials.

Transformations during long-term photoirradiation

We have also tested the long-term stability of the TiO,/Au composite films [60,67,68]. TiO,-metal
nanocomposite film electrodes, which initially showed an enhanced photocurrent, decayed slowly over
long-term irradiation. About 50 % decrease in photocurrent was observed during 1 h of operation.
(OTE/TiO, showed a smaller but steady photocurrent under the same irradiation conditions.) In these
photoelectrochemical experiments, we can expect hole and/or *OH-mediated oxidation of Au nanopar-
ticles at the TiO, interface to produce Au* ions (Scheme 5). The redox potentials of holes (+2.5 V vs.
NHE) and hydroxyl radicals (+1.9 V vs. NHE) thermodynamically favor oxidation of metals such as
gold [E, (Au’/Au*) = 1.68 V vs. NHE]. Moreover, the gold in the nanoparticle size domain is usually
more reactive than the bulk metal. Recent studies in our laboratory have shown that even mild oxidiz-
ing radicals such as (SCN),™* are capable of oxidizing Au nanoparticles to produce Au® species
[44,59].

Evidence exists in literature for the facile reduction of noble metal ions at irradiated TiO,
nanoparticles [3,6,69-71]. While a fraction of the Au™ ions might get incorporated into the TiO, matrix,
the photogenerated electrons would reduce the remaining Au* ions. Thus, the Au* ions formed at the
TiO,/Au interface are likely to serve as recombination centers resulting in the net loss of electrons dur-
ing long-term irradiation experiments (Scheme 5).

Scheme 5 Formation of Au™ at the TiO,/Au interface and its possible role as recombination center.

The photocatalytic oxidation of the noble metals such as Au in composite films will not only dis-
rupt the TiO,/metal interface but will also create new electron-hole recombination centers. The contri-
bution of these recombination centers is not significant in the short-term irradiation experiments, but
continued oxidation of metal nanoparticles at long-term irradiation becomes counter-productive for the
photocurrent generation. Whereas modification of the semiconductor surface with metal nanoparticles
is advantageous to promote the charge-transfer process at the interface, it is important to tackle the prob-
lems associated with metal oxidation at the semiconductor/metal interface.
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CONCLUDING REMARKS

Semiconductor—metal nanocomposites provide a simple and convenient way to improve efficiency of
photoinduced charge separation in a photocatalytic system. Examples of colloidal systems and nano-
structured films cast on electrodes that are discussed in this review article show the usefulness of such
systems in light energy conversion devices. Fermi-level equilibration achieved in the semiconduc-
tor/metal nanocomposites plays an important role in improving their photoelectrochemical and photo-
catalytic performance. A better understanding of the charge-transfer processes at the
semiconductor/metal interface is crucial for optimizing the performance of such catalysts.
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