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ABSTRACT: While the decoration of TiO2 surfaces with metal
nanoparticles has been well-established, the modification of the
composition of metal nanoparticles postdeposition onto TiO2 surfaces
and applicability of such bimetallic systems for surface enhanced Raman
scattering (SERS) and photocatalysis has not hitherto been investigated.
In this work, we, for the first time, combine the unique UV-switchability
of the Keggin ions of 12-phosphotungstic acid (PTA) to directly form
metal nanoparticles (Ag and Cu) onto the colloidal TiO2 surface, with a
galvanic replacement process to convert these predeposited metal
nanoparticles into bimetallic systems (Ag/Au, Ag/Pt, Cu/Au, Cu/Pt,
and Cu/Ag). We further demonstrate the applicability of these novel
TiO2−polyoxometalate−bimetal nanocomposites toward improved
SERS and solar light photocatalysis.
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1. INTRODUCTION

It has been long established that titania (TiO2) is an excellent
candidate for a broad range of applications due to its intriguing
physicochemical properties as a wide band gap semiconductor
that offers desirable features including low-cost, abundance, and
a relatively nontoxic nature. In many cases, TiO2 has been
demonstrated to enhance the catalytic activity of a system due
to strong interactions between the active phase and the TiO2
support,1,2 wherein, in particular, the anatase phase of TiO2
enjoys tremendous attention for potential applications in paints
and the photodegradation of environmentally toxic dyes3,4 and
organic pollutants.5,6 However, the major problem associated
with the application of TiO2 particles is the phenomenon
known as charge recombination (or electron−hole recombina-
tion) whereby an inherently large driving force promotes the
recombination of the electron and the newly generated hole
upon photoexcitation that reduces its overall photocatalytic
performance.7 Additionally, a rather large band gap of TiO2
(3.2 eV)8 means that this material typically requires exposure to
ultraviolet (UV) radiation to promote electrons to the
conduction band for photocatalysis applications, which is
neither energy-efficient, nor easily applicable for household
applications.
As such, a great deal of effort has been put forward to shift

the band gap energy of TiO2 particles toward the visible region
of the spectrum8−11 where photoexcitation can become more
energetically favorable. In addition to shifting the band gap,

significant efforts have been directed to introduce small
amounts of transition metals into the TiO2 matrix, which is
observed to suppress the electron−hole recombination to some
extent.12,13 Previously, both chemical and photodeposition
techniques have been employed to facilitate the deposition of
noble metal particles onto the surface of semiconductor TiO2,
whereby the introduction of metal nanoparticles has been
demonstrated to enhance the photocatalytic activity of the
system.14−16 Unfortunately, many synthetic pathways such as
the self-assembled monolayer approach,17−20 RF-sputter-
ing,12,21 liquid phase deposition,22 impregnation, and ion
exchange23 often require adverse conditions such as high
temperatures and pressures to be viable, and these synthesis
procedures typically result in a mixture containing metal-
decorated TiO2 particles and free metal nanoparticles.
Recently, we demonstrated that polyoxometalates (POMs

a class of heteropolyacids, which are themselves photocatalytic)
can be utilized as highly efficient photoactive linker molecules
to facilitate the deposition of noble metal nanoparticles directly
on the surface of TiO2 particles without causing nucleation of
standalone free metal nanoparticles in the solution.24−26 We
found that the employment of POMs of Keggin ion structure is
highly advantageous for this purpose as they generally possess
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very high thermal stability27 and can undergo stepwise
multielectron redox processes without undergoing structural
changes.28 Importantly, POM molecules bound to the surface
of TiO2 particles can themselves act as a highly localized, UV-
switchable reducing agent for metal ions to controllably deposit
metal nanoparticles on the TiO2 surface. Notably, our previous
work was inspired from a pioneering work demonstrating that
exposure of a photoreduced POM (silicotungstic acid
[(SiW12O40)

4−]) to metal ions may result in stable metal
nanoparticles capped with Keggin ions,29 which has been
explored to prepare a variety of interesting nanomaterials.28,30

Interestingly, while the decoration of noble metal nanoparticles
on the surface of TiO2 particles has been achieved by several
groups, including our recent work on utilization of POMs to
achieve metal nanoparticle contaminant-free synthesis of
TiO2−POM−metal,24−26 the postsynthesis modification of
TiO2−metal composites to obtain a bimetallic nanocomposite
remains to be investigated.
During the past decade, the galvanic replacement approach

has been enthusiastically investigated as a facile electroless
approach to prepare bimetallic nanomaterials of unique
architectures.31−37 In the current study, we, for the first time,
combine the unique ability of POMs to prepare metal
nanoparticle-free TiO2−POM−metal nanocomposites with
that of galvanic replacement process to convert a monometallic
system into bimetallic. These new TiO2−POM−bimetallic
systems offer the next level of control over properties and
applicability of monometallic systems previously reported by
our group. Specifically, we herein report for the first time the
galvanic replacement of metal nanoparticles of silver (AgNP)
and copper (CuNP) deposited onto TiO2 particles, to form
different compositions of TiO2-supported bimetallic (Ag/Au,
Ag/Pt, Cu/Au, Cu/Pt, and Cu/Ag) nanoparticles. 12-
Phosphotungstic acid (PTA) is one of the strongest
heteropolyacids, and we utilize PTA as the model POM
Keggin ion in this study. The applications of these novel TiO2−
PTA−bimetallic materials toward surface enhanced Raman
spectroscopy (SERS) sensing of rhodamine-6B and the
photocatalytic degradation of the organic azo dye Congo red
under simulated solar light conditions have been explored.

2. EXPERIMENTAL SECTION
2.1. Materials. Potassium tetrabromoaurate (KAuBr4·3H2O),

chloroplatinic acid (H2PtCl6·2H2O), cupric chloride (CuCl2), and
silver sulfate (Ag2SO4) were obtained from Sigma Aldrich; anatase
titanium dioxide powder and propan-2-ol (isopropanol) were obtained
from BDH Chemicals, and 12-phosphotungstic acid hydrate (PTA−
H3PW12O40·3H2O) was obtained from Scharlau Chemie. All chemicals
were used as received.

2.2. PTA Functionalization of TiO2 Nanoparticles. To a 10 mL
aqueous solution containing 10 mM PTA, 100 mg of anatase TiO2
powder was added and allowed to surface-functionalize overnight
under mechanical stirring to prevent the powder from settling. After
24 h, the composite was centrifuged at 3000 rpm to facilitate the
removal of unbound PTA molecules, the supernatant was removed,
and the solid material was washed thrice with deionized Milli-Q water.
The composite was redispersed in 25 mL of deionized water and is
designated as TiO2−PTA.

2.3. Decoration of TiO2−PTA Composite with Silver and
Copper Nanoparticles. To decorate the TiO2−PTA composite with
silver and copper nanoparticles, the ability of PTA to act as a UV-
switchable reducing agent was exploited. In two parallel experiments, 1
mL isopropanol was added to 4 mL of the TiO2−PTA composite in a
quartz tube and subsequently purged with N2 gas for 15 min. The
solutions were then photoexcited using UV lamp (excitation
wavelength of 253 nm) for a period of 2 h to facilitate the reduction
of the TiO2 bound PTA molecules. A 5 mL portion of aqueous 1 mM
Ag2SO4 or CuCl2 was added to the respective quartz tubes containing
the reduced state of TiO2−PTA* and allowed to mature for 2 h,
following which, the products were centrifuged at 3000 rpm, washed
thrice with deionized water, and suspended in 25 mL of deionized
water. The TiO2−PTA−Ag composite was light yellow/brown in
color while the TiO2−PTA−Cu composite was initially of very light
pink color.

2.4. Galvanic Replacement of TiO2−PTA−Metal Composites
with Silver, Gold, and Platinum Ions. Galvanic replacement
reactions were performed by immersing TiO2−PTA−Ag and TiO2−
PTA−Cu composites independently in solutions containing a suitable
metal ion. To two separate solutions containing 2 mL of the TiO2−
PTA−Ag composite, 6 mL of aqueous KAuBr4 (0.1 mM), and 4 mL of
aqueous H2PtCl6 (0.1 mM) were added, and the final volume was
made up to 10 mL with deionized water. After mixing, the solutions
were observed to rapidly change colors from light yellow/brown to a
light violet in the case of KAuBr4 addition and to a dark gray in the
case of H2PtCl6 addition. These reaction products are designated as

Scheme 1. Representation of the Formation of TiO2−PTA−Bimetal Nanocomposite Materialsa

aThe colors have been used as a guide to depict the bimetallicity of the resultant nanoshells.
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TiO2−PTA−Ag/Au and TiO2−PTA−Ag/Pt for silver galvanically
replaced with gold and platinum, respectively. Concurrently, to three
solutions, each containing 2 mL of the TiO2−PTA−Cu composite, 4
mL of aqueous Ag2SO4 (0.1 mM), 3 mL of aqueous KAuBr4 (0.1
mM), and 2 mL of aqueous H2PtCl6 (0.1 mM) were separately added,
and the final volume was adjusted to 10 mL with deionized water. The
solutions were observed to change color after approximately 15 min
from pinkish−white to a light gray for Ag2SO4 addition, light violet for
KAuBr4 addition, and dark gray for H2PtCl6 addition. The galvanic
replacement reactions were allowed to proceed overnight to ensure
that the reactions went to completion. These reaction products are
designated as TiO2−PTA−Cu/Ag, TiO2−PTA−Cu/Au, and TiO2−
PTA−Cu/Pt for copper galvanically replaced with silver, gold, and
platinum, respectively. As the amount of metal deposited from a
galvanic replacement reaction is dependent on the oxidation states of
the reactants, different amounts of metal ions were added in an
attempt to ensure that similar amounts of copper (in the case of
TiO2−PTA−Cu) and silver (in the case of TiO2−PTA−Ag) are
consumed during the galvanic replacement process.
2.5. Photocatalysis, SERS Studies, and Instrumentation. The

photocatalytic activity of the prepared TiO2-based nanocomposites
was studied by immersing 12 mg equivalent of TiO2 in 10 mL of an
aqueous solution containing 10 μM Congo red (CR). The activity was
recorded by computing the intensity of the characteristic absorption
maxima (λmax 500 nm) after a period of 30 min exposure to simulated
solar light. An Abet Technologies LS-150 Series 150W Xe Arc Lamp
Source which simulated the solar spectrum at equatorial conditions
was used with the sample placed in a quartz vial 10 cm from the source
aperture, under mechanical stirring. After irradiation for 30 min,
samples were centrifuged to remove the nanocomposites, and the
remaining solutions were examined by UV−vis spectroscopy. Surface
enhanced Raman scattering (SERS) studies were performed on a
Perkin-Elmer RamanStation 400F using rhodamine-6B as a probe
molecule. SERS substrates were prepared by drop casting 20 μL of
nanocomposite on a Si (100) substrate followed by solvent
evaporation. For SERS analysis, 10 μL of aqueous 10 μM
rhodamine-6B solution was drop cast on to SERS substrates and the
solvent allowed to evaporate before SERS analysis being performed
using Raman focus and 100% laser power. Transmission electron
microscopy (TEM) was performed on a Jeol 1010 TEM operating at
100 kV, and samples for TEM were prepared by drop casting 10 μL of
respective material onto a 200 mesh copper grid with strong carbon
film and allowing the solvent to evaporate.

3. RESULTS AND DISCUSSION

3.1. Nanocomposite Synthesis, Galvanic Replacement
Reactions, and Materials Characterization. Illustrated in
Scheme 1 is a simplified series of reactions that were employed
for the synthesis of TiO2−PTA−bimetal nanocomposites. First,
in step 1, Degussa P25 anatase TiO2 particles are functionalized
with PTA molecules ([PW12O40]

3−), which results in TiO2−
PTA particles. Step 2 involves exposing the TiO2−PTA
particles to UV irradiation for 2 h in the presence of propan-
2-ol in an N2 environment. Since PTA is a UV-switchable
reducing agent, step 2 leads to the reduction of [PW12O40]

3−

ions bound to the TiO2 surface to [PW12O40]
4− ions

(represented as the blue colored PTA*). This reduction of
PTA molecules upon UV irradiation results in the particle color
change from milky white to purplish blue, characteristic of the
reduced state of PTA.28 In step 3, the reduced TiO2−PTA*
composite is independently exposed to suitable metal salts
containing Ag+ or Cu2+ ions for 2 h, during which the reduced
PTA* bound to the TiO2 surface acts as a highly localized
reducing agent to convert metal ions into AgNPs or CuNPs,
respectively, directly onto the surface of the TiO2 particles. This
results in a change in the solution color from purplish−blue to
brown−yellow for decoration with AgNPs (TiO2−PTA−Ag)
and light pink for decoration with CuNPs (TiO2−PTA−Cu).
At this point, step 4 is split into two parts: step 4a depicts the
galvanic replacement of the Ag nanoparticles with [PtCl6]

2−

and [AuBr4]
− ions, wherein TiO2−PTA−Ag composite was

separately immersed in solutions containing these ions and
allowed to react overnight to ensure the galvanic replacement
reaction reached conclusion. Within 15 min, the color of the
galvanically replaced nanocomposites changed from brown−
yellow to dark gray for [PtCl6]

2− addition and light violet for
[AuBr4]

− addition. Step 4b shows a similar process whereby
CuNPs deposited on the TiO2 surface in the TiO2−PTA−Cu
nanocomposite are galvanically replaced with Ag+, [PtCl6]

2−,
and [AuBr4]

− ions, resulting in change in nanocomposites color
from light pink to light gray for Ag+ addition, dark gray for
[PtCl6]

2− addition, and light violet for [AuBr4]
− addition.

The galvanic replacement reactions described above in step
4a can be described by eqs 1 and 2 for galvanic replacement of
AgNPs with [PtCl6]

2− and [AuBr4]
− ions, respectively,

+ → + +− + −4Ag [PtCl ] 4Ag Pt 6Cl(s)
0

6 (aq)
2

(aq) (s)
0

(aq)

(1)

+ → + +− + −3Ag [AuBr ] 3Ag Au 4Br(s)
0

4 (aq) (aq) (s)
0

(aq)

(2)

and by eqs 3−5 for galvanic replacement of CuNPs with Ag+,
[PtCl6]

2−, and [AuBr4]
− ions (step 4b), respectively:

+ → ++ +Cu 2Ag Cu 2Ag(s)
0

(aq) (aq)
2

(s)
0

(3)

+ → + +− + −2Cu [PtCl ] 2Cu Pt 6Cl(s)
0

6 (aq)
2

(aq)
2

(s)
0

(aq)

(4)

+ → + +− + −3Cu 2[AuBr ] 3Cu 2Au 8Br(s)
0

4 (aq) (aq)
2

(s)
0

(aq)

(5)

It is noteworthy that galvanic replacement engaging AgNPs
and CuNPs can, in principle, be pursued to any metal ions
whose redox potential is higher than that of Ag+/Ag pair
(∼0.80 V vs standard hydrogen electrode (SHE)) and Cu2+/Cu

Figure 1. TEM images of (A) TiO2−PTA−Ag, (B) TiO2−PTA−Ag/Pt, and (C) TiO2−PTA−Ag/Au nanocomposites.
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pair (0.34 V vs SHE), respectively. The redox potential of the
AuBr4

−/Au pair (0.85 V vs SHE) and the Pt4+/ Pt pair (∼0.86
V vs SHE) are higher than those both of Ag+/Ag and Cu2+/Cu
pairs; therefore, these reactions could be pursued in both the
cases. Similarly since the redox potential of the Ag+/Ag pair is
higher than that of Cu2+/Cu pair, an additional reaction could
be examined in the case of CuNPs.
TEM images depicting the galvanic replacement of TiO2−

PTA−Ag nanocomposite with [PtCl6]
2− and [AuBr4]

− ions are
displayed in Figure 1. Figure 1A shows the TiO2−PTA−Ag
composite before galvanic replacement, wherein the irregularly
shaped commercial anatase TiO2 particles vary in diameter
from 50 to 200 nm, further decorated with ca. 10−20 nm quasi-
spherical Ag NPs using a PTA-mediated photoreduction
approach can be observed. Galvanic replacement of TiO2−
PTA−Ag with [PtCl6]

2− ions results in TiO2−PTA−Ag/Pt
nanocomposite (Figure 1B), wherein the AgNPs on the TiO2
surface undergo a morphology change resulting in hollow Ag/
Pt bimetallic nanoshells. Since it is well-established that galvanic
replacement reactions in aqueous solutions typically undergo a
pinhole forming mechanism, leading to hollow nanoarchitec-
tures, observation of similar hollow structures in this study
indicates the involvement of a galvanic replacement process to
form bimetallic alloys in our study.32 Similarly, when TiO2−
PTA−Ag composite was exposed to [AuBr4]

− ions; TiO2−
PTA−Ag/Au consisting of hollow Ag/Au particles were
obtained (Figure 1C). The additional low magnification TEM
images of TiO2−PTA−Ag based nanocomposites are shown in
the Supporting Information (Figure S1).
Galvanic replacement reaction of TiO2−PTA−Cu nano-

composites with Ag+, [PtCl6]
2−, and [AuBr4]

− ions (Figure 2)
produced similar outcomes as that of TiO2−PTA−Ag nano-
composite (Figure 1). Pristine TiO2−PTA−Cu nanocomposite
(Figure 2A) showed ca. 10−20 nm quasi-spherical CuNPs
decorating the surface of the irregularly shaped 50−200 nm
TiO2 particles, which after reaction with different metal ions,

underwent a morphology change to form respective hollow
bimetals, leading to TiO2−PTA−Cu/Ag (Figure 2B), TiO2−
PTA−Cu/Pt (Figure 2C), and TiO2−PTA−Cu/Au (Figure
2D) nanocomposites. The additional low magnification TEM
images of TiO2−PTA−Cu based nanocomposites are shown in
the Supporting Information (Figure S2).
Electron dispersive X-ray (EDX) analysis of different

nanocomposites further established the formation of respective
metal alloy nanoparticles on the TiO2−PTA surface (Figure 3).

To enable comparisons, all the EDX spectra were normalized
for the intensity of the Ti Kα line. The spectrum of unmodified
TiO2 displays the peaks characteristic of Ti Kα and Kβ at 4.51
and 4.93 keV, respectively, and a peak characteristic of O Kα at
0.52 keV. TiO2−PTA displays the peaks characteristic to Ti and
O along with an additional peak attributed to the W Mα line at
1.89 keV, confirming the presence of PTA in the material.
The ability of PTA as a UV-switchable linker molecule to

form TiO2-supported TiO2−PTA−Ag and TiO2−PTA−Cu
nanocomposites is evident from their EDX spectra that show
signatures corresponding to Ag Lα at 2.98 keV and Cu Lα at
0.93 keV in the respective samples. The successful formation of
bimetallic systems as a result of galvanic replacement reaction is
also evident from additional peaks observed for metal species in
the respective samples. For instance, TiO2−PTA−Ag/Pt
showed additional peak characteristic of Pt Mα at 2.05 keV,
TiO2−PTA−Ag/Au displayed peak characteristic of Au Mα at
2.12 keV, TiO2−PTA−Cu/Ag showed Ag Lα signature at 2.98
keV, TiO2−PTA−Cu/Pt showed Pt Mα energy edge at 2.05
keV, whereas TiO2−PTA−Cu/Au showed an additional peak
attributable to Au Mα at 2.12 keV.
Furthermore, UV−vis absorbance spectroscopy was em-

ployed to investigate the functionalization of TiO2 with PTA
and decoration of AgNPs and CuNPs onto TiO2−PTA
followed by galvanic replacement of these TiO2−PTA−
supported metals with different metal ions (Figure 4). TiO2
itself shows a feature at ca. 326 nm with predominant

Figure 2. TEM images of (A) TiO2−PTA−Cu, (B) TiO2−PTA−Cu/
Ag, (C) TiO2−PTA−Cu/Pt, and (D) TiO2−PTA−Cu/Au nano-
composites.

Figure 3. EDX spectra of TiO2, TiO2−PTA, and different TiO2−
PTA−metal composites before and after galvanic replacement.
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absorbance in the UV region and a tailing feature in the visible
region attributable to the scattering of the water-dispersed TiO2
particles. Interaction between TiO2 particles and PTA
molecules results in a blue shift of characteristic PTA feature
from ca. 260 to 248 nm, suggesting formation of TiO2−PTA
nanocomposite. Further decoration of TiO2−PTA composite
with AgNPs (TiO2−PTA−Ag) results in a broad peak showing
significant absorption at ca. 400−500 nm resulting from surface
plasmon resonance (SPR) of AgNPs (Figure 4A). This is
accompanied with a reduction and red shift in the PTA
signature to 248 nm, indicating the role of PTA molecules as a
linker to bind AgNPs to the TiO2 surface. The galvanic
replacement of TiO2−PTA−Ag with [PtCl6]

2− and [AuBr4]
−

ions results in further broadening of the SPR features in the
visible region, thereby supporting the formation of TiO2−
PTA−Ag/Pt and TiO2−PTA−Ag/Au, respectively. The
galvanic replacement process for TiO2−PTA−Cu nano-
composite with Ag+ (TiO2−PTA−Cu/Ag), [PtCl6]2− (TiO2−
PTA−Cu/Pt), and [AuBr4]

− (TiO2−PTA−Cu/Au) show
similar trends as shown in Figure 4B whereby the weak SPR
features attributable to the formation of CuNPs at ca. 500−640
nm are observed. The monometallic Cu SPR signatures
broaden as a result of galvanic replacement reaction with
different metal ions leading to bimetallic nanocomposite
materials, which is similar to that observed in the case of Ag
galvanic replacement. Notably, in our previous work,24−26 we
have demonstrated that SPR features in the visible region may
be a significant contributor toward the enhancement of visible
light photocatalysis, and as such, tuning of the SPR features
through galvanic replacement may prove advantageous.
3.2. Surface Enhanced Raman Spectroscopy (SERS). It

is well-established that metal nanoparticles can significantly
enhance SERS response of an analyte molecule, wherein two
cooperative mechanisms are observed to contribute in parallel
to the overall SERS signal enhancement observed on a metal
nanoparticle surface.31,35,38Among these mechanisms, the long-
range electromagnetic (EM) effect contributes the most and is
caused by the oscillations of surface plasmons from sub-100 nm
metal features. The short-range chemical effect (CM)
contributes less so than the EM effect and is associated with
the chemical bonding of the probe molecule to surface defect
sites such that a charge can be transferred between the
molecule and the substrate. The novel TiO2-supported
bimetallic composites reported in this study exhibit both
localized surface plasmon resonance from the nanosized metal

particles and significant surface defect sites due to the hollow
bimetallic system formed via galvanic replacement.39,40 This
renders them as potentially high quality SERS-active materials.
This motivated us to investigate the SERS properties of these
materials using rhodamine-6B as a probe molecule (Figure 5).

Displayed in Figure 5A are the SERS spectra of rhodamine-6B
molecules exposed to the TiO2−PTA−Ag based composites,
wherein we have focused on characteristic Raman signature of
rhodamine-6B at ca. 1510 cm−1 to compare the SERS
performance of different materials. Pristine TiO2−PTA−Ag
itself showed a significant SERS response (ca. 2.5 × 105

counts), which can be attributed to the high SPR absorption
of AgNPs. Following galvanic replacement, TiO2−PTA−Ag/Pt
almost completely lost their SERS properties resulting in little
to no signal from rhodamine-6B, while TiO2−PTA−Ag/Au
resulted in a 3.5 fold increase in the observed SERS activity and
an increase in the resolution of the SERS spectra such that
better resolved peaks at 1080, 920, and 820 cm−1 could be
observed. SERS spectra of rhodamine-6B molecules exposed to
the TiO2−PTA−Cu based composites showed a similar pattern
(Figure 5B). Pristine TiO2−PTA−Cu showed less than half of
SERS response in comparison to that of pristine TiO2−PTA−
Ag with 1510 cm−1 Raman peak counts of ca. 1.1 × 104. This
difference is most likely due to well-known lower SPR cross-
section of CuNPs compared to that of AgNPs. After galvanic
replacement, the SERS response of TiO2−PTA−Cu/Pt slightly
reduced, while TiO2−PTA−Cu/Ag and TiO2−PTA−Cu/Au
composites showed 4- and 15-fold increases in SERS response,
respectively, over pristine TiO2−PTA−Cu along with improved
peak resolution.

3.3. Solar Light Photocatalysis. In our previous work, we
demonstrated that TiO2−PTA composites decorated with
monometallic nanoparticles act as outstanding photocatalysts
for degradation of organic species, wherein it was noticed that
the choice of metal species plays a critical role in controlling the
overall photocatalytic behavior of the system.23−25 The novel
bimetallic nanoparticles supported onto TiO2−PTA compo-
sites prepared in this study enabled us to investigate the
influence of bimetallic composition on its photocatalytic
efficiency. Photoactivity of different nanocomposites was tested
under simulated solar light conditions using an organic azo dye
Congo red (CR) as a model analyte (Figure 6). We noticed
that 8% CR molecules were degraded on exposure to solar light
within 30 min in the absence of any photocatalyst. In
comparison, while pristine TiO2 particles caused ca. 26%

Figure 4. UV−visible spectra of (A) TiO2−PTA−Ag nanocomposites
galvanically replaced with [AuBr4]

− and [PtCl6]
− and (B) TiO2−

PTA−Cu nanocomposites galvanically replaced with Ag+, [AuBr4]
−,

and [PtCl6]
−.

Figure 5. SERS analysis of rhodamine-6B molecules on (A) TiO2−
PTA−Ag and (B) TiO2−PTA−Cu based nanocomposites before and
after galvanic replacement with different metal ions.
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photodegradation, TiO2−PTA acted as a cocatalytic system
resulting in ca. 37% degradation of CR. As expected, the
monometallic nanocomposites, TiO2−PTA−Cu and TiO2−
PTA−Ag enhanced the photoactivity to ca. 58% and 68%,
respectively. Notably, the bimetallic systems obtained after
galvanic replacement reaction showed improved photocatalytic
performance over those of respective monometallic nano-
composites. For instance, both TiO2−PTA−Cu/Pt and TiO2−
PTA−Cu/Ag were found to degrade ca. 67% of CR and TiO2−
PTA−Cu/Au was found to degrade ca. 77% of CR within 30
min of exposure to solar light. Similarly the photoactivity of
TiO2−PTA−Ag based nanocomposites enhanced to ca. 78%
and 81%, respectively, after galvanic replacement of these
composites with Pt and Au ions, respectively. These
observations clearly show that the photococatalytic activity of
TiO2−PTA−bimetal nanocomposites can be finely tuned by
the appropriate choice of bimetallic composition, wherein an
increasing nobility of the metal component appears to provide a
better tool for enhanced photoactivity of these materials.

4. CONCLUSIONS

This work has demonstrated a facile route for the synthesis of
TiO2-based SERS-active and photococatalytic systems deco-
rated with bimetallic nanoparticles while employing Keggin
ions of PTA as a UV-switchable localized reducing agent. The
approach presented here combines the elegance of electroless
galvanic replacement reaction with that of UV-switchability of
PTA molecules to achieve a variety of bimetal-semiconductor
nanocomposites. Investigation of the SERS and photocatalytic
performance of these nanocomposites reveals that both of these
properties can be controlled in a facile manner using the
proposed approach. The ability to combine less expensive
metals (Cu and Ag) with low quantities of highly expensive
noble metals (Au and Pt) to achieve optimum outcomes for
SERS and solar light photocatalysis proposes considerable
promise, especially in an age where researchers are actively
attempting to decrease the precious metal content in their
devices.
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