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A B S T R A C T

A seeding-growth approach was used to prepare Au@Ag@Au core double shell nanoparticles which were loaded
on a rutile-nanorods/anatase-nanobranches thin film via the impregnation method. The thin film was synthe-
sized on a fluorine-doped SnO2 substrate via three stages of (i) TiCl4 treatment, (ii) hydrothermal, and (iii)
aqueous chemistry. The photocatalytic capability of the newly developed nanostructure was higher than P25
TiO2 thin film by 40% under visible light and by 100% under UV light irradiation. Photogenerated charges
separation at the junctions of rutile-nanorods and anatase-nanobranches along with localized surface plasmon
resonance followed by the hot electron transfer from the core double shell nanoparticles to TiO2 resulted in the
enhancement of photocatalytic activity observed under visible light irradiation. Under UV light illumination, the
charge separation effect plus the electron trapping by Au@Ag@Au nanoparticles were responsible for the
photocatalytic performance improvement of TiO2.

1. Introduction

Semiconductor-based photocatalysis has been used widely in the
environmental remediation [1]. In this process, the photons excite the
valence band electrons of the semiconductor and transfer them to the
conduction band. Some positively charged holes would thus remain in
the semiconductor’s valence band. The resulted electron-hole pairs
would lead to the occurrence of the reduction-oxidation reactions on
the photocatalyst surface [2–4]. Among many semiconductor materials,
titanium dioxide (TiO2) has received much attention due to its high
redox potential, chemical/thermal stability, photo-corrosion resistance,
non-toxicity, abundance, and low cost [5–12].

Recombination of the photogenerated charge carriers and the wide
band-gap of TiO2 are the two main limitations of this semiconductors
[13,14]. Excited electrons come back to the valence band during re-
combination processes. It happens in bulk or on the surface of the
semiconductors and usually is arisen from defects, impurities, and other
surface/bulk imperfections [15–18]. Two common TiO2 phases, i.e.,
anatase and rutile, have band-gaps of 3.2 and 3.0 eV, respectively [19].
These values restrict the excitation level to the wavelengths lower than
390 and 413 nm. Consequently, only UV light can activate conventional
TiO2 photocatalyst. Thus, merely about 5% of solar radiations is usable
by TiO2 photocatalysis [20,21]. Approaches like heterojunction for-
mation [22–29], noble metal loading [30–36], ion [37–41] or transition

metal [42–47] doping, dye sensitization [48–50], nanosized crystal
synthesis, and nonstoichiometric TiO2 utilization [13,51] are some so-
lutions to resolve these shortcomings.

This paper describes the synthesis procedure and the photocatalytic
activity evaluation of the TiO2 nanobranched nanorods biphasic thin
film loaded with bimetallic nanoparticles. The biphasic TiO2 construc-
tion can result in charge separation and efficient transportation
[52–54]. The nanobranched nanorods morphology can offer a superior
specific surface area and a proper light harvesting network [54,55].
Noble metal nanoparticles can absorb visible light and scatter photon,
based on localized surface plasmon resonance (LSPR) characteristic
[56]. LSPR refers to the collective oscillations of metal particle elec-
trons by the electromagnetic field induced by incident light [57].
Among different metallic nanoparticles, silver is the most efficient one
in increasing TiO2 photocatalytic activity via visible light absorption
based on LSPR [58,59]. However, silver nanoparticles’ exposure to
oxidation leads to silver oxide formation in the interface of silver and
TiO2 [60] which shifts LSPR wavelength and declines the photo-
absorption intensity [61,62]. Moreover, the preparation of uniform
silver nanoparticles in the solution is too complicated [63]. So,
Au@Ag@Au core double shell nanostructure is a desirable structure.
Owing to the excitation of the silver layer LSPR, the new structure leads
to efficient visible light absorption and electron transfer towards the
semiconductor layer. Meanwhile, the presence of the gold shell
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prevents silver oxidation and causes stabilization of the LSPR under
irradiation and gold core facilitates the preparation of the nanoparticles
with controllable size. Furthermore, as the d-band center of the bime-
tallic nanoparticles can be close to the Fermi level, these nanoparticles
tend to display high activity in the reduction reaction of oxygen mo-
lecules, which causes to form more superoxide radicals, leading to en-
hance the photocatalytic performance [64].

2. Materials and methods

2.1. Materials

Fluorine-doped tin oxide (FTO) glass was purchased from Zhuhai
Kaivo Electronic Components Co., Ltd. Titanium(IV) butoxide, gold(III)
chloride, sodium borohydride, and cetyltrimethylammonium chloride
solution (CTAC, 25 wt.% in H2O) were bought from Aldrich. Titanium
tetrachloride, ammonium hexafluorotitanate, and silver nitrate were
purchased from Sigma-Aldrich. 2-propanol and acetone were bought
from AnalaR NORMAPUR®. Tri-sodium citrate dihydrate, L-ascorbic
acid, sodium chloride, hydrochloric acid (37 wt.%), boric acid, and
Rhodamine B were purchased from Fluka, Sigma Life Science, Uni-
Chem, Schedelco, Merck, and Lancaster, respectively. All reagents were
of analytical grade and used as received. The grade of water used in
different stages was deionized (DI) water.

2.2. Synthesis

Rutile/anatase TiO2 nanorod/nanobranch thin film on the FTO
substrate was synthesized via a multi-step growth process according to
our previous work [65], as shown in Scheme 1. Hereafter, thin films of
nanorods and nanobranched nanorods are abbreviated as NRs and
NBNRs, respectively.

Au@Ag@Au core double shell nanoparticles were synthesized via a
multi-step growth process. In detail, spherical gold nanoparticles were
synthesized via a two-step process modified from previously reported
methods [66–70]. At first, a solution including gold seeds was prepared.
For this purpose, 10ml of growth solution containing gold precursor
(0.25 mM) and trisodium citrate dehydrate (0.25mM) was made. Then,
300 μl of 100mM sodium borohydride solution (reducing agent) was
added to the growth solution immediately after preparation, while
vigorously shaking by a magnetic stirrer which continued for 2min. It is
of great importance to let the produced gases during the reaction es-
cape. Upon addition of sodium borohydride and gold seeds formation,
the color of the solution would be orange-red. After that, the solution of

gold seeds was kept at room temperature for four hours to decompose
the excess borohydride. It is worth noting that ice-cold DI water was
used for the preparation of the sodium borohydride solution. In related
trisodium citrate, citrate acts as the capping agent and prevents seeds
hyper-growth and their various sizes. It is necessary to mention that
citrate cannot reduce gold salt at room temperature. On the other hand,
citrate stabilizes seeds in the solution by generating negative charges on
them. After that, the seed solution was utilized for gold nanoparticles
synthesis. For this purpose, 1.125ml of 10mM gold precursor solution
was added to 45ml of 80mM CTAC solution (as nanoparticles stabi-
lizer), while stirring with a magnetic stirrer. The color of the solution
would be yellowish by the introduction of the gold precursor and its
dissolution. Then, 250 μl of freshly prepared 100mM ascorbic acid
solution (reducing agent), was added to the previous solution while
stirring. In this step, the solution would be transparent and colorless
due to Au3+ ions reduction to Au+. Eventually, 2.5 ml of the seed so-
lution was added to this solution. In this stage, Au+ ions were reduced
to Au0, and the color of the solution would be ruby red that indicates
gold nanoparticles formation. Solution stirring was continued for
10min until the complete reduction of the gold salt. The solution of
gold nanoparticles was kept at room temperature for three hours before
further usage. CTAC-covered gold nanoparticles were positively
charged. It should be noticed that if the solution of gold seeds was
added before the ascorbic acid solution, the rate of reaction would be
too slow.

Spherical Au@Ag core shell nanoparticles were prepared by using a
procedure similar to a protocol that was previously used for the pre-
paration of Au@Ag nanorods [66]. For this purpose, 10ml of the so-
lution including Au nanoparticles was first centrifuged with a speed of
14,000 rpm for 45min and then washed with 0.08M CTAC solution two
times at the similar centrifuging conditions and finally re-dispersed into
the same volume of CTAC solution. Then, 300 μl of freshly prepared
100mM ascorbic acid solution (reducing agent) and 200 μl of 10mM
silver precursor solution were added to this solution, respectively while
stirring with a magnetic stirrer. Afterward, the solution was stirred in a
60 °C water bath for one hour. During this step, the color of the solution
was changed from ruby red to orange, which shows silver shell for-
mation on the gold nanoparticles surfaces. The solution of Au@Ag
nanoparticles was kept at room temperature for three hours before the
next usage. Au@Ag@Au core double shell nanoparticles were prepared
using 10ml of the solution including Au@Ag nanoparticles, as the seed
solution, via the same method as gold nanoparticles synthesis. The color
of the final solution would be purple which indicates Au@Ag@Au na-
noparticles formation.

Nomenclature

A* Constant (unitless)
c0 Dye concentration after absorption in darkness (M)
c Dye concentration after irradiation for a duration of t>0

(M)
d Thin film thickness (cm)
Eg Optical indirect band-gap (eV)

h Planck’s constant (4.135×10−15 eV.s)
k Rate constant of reaction (min−1)
m Constant,=2 for indirect allowed transition
t Irradiation time (min)
T Thin film transmittance (%)
α Thin film absorption coefficient (cm−1)
υ Frequency (s−1)

Scheme 1. Synthesis steps of rutile/anatase TiO2 nanorod/nanobranch thin film.
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Au@Ag@Au nanoparticles were loaded on TiO2 NBNRs thin film via
an impregnation method. NBNRs thin film put into the solution of core
double shell nanoparticles and solvent dried by using an evaporator on
a water bath. Before impregnation, the nanoparticles centrifuged with a
speed of 14,000 rpm for 45min and re-dispersed in DI water. Hereafter,
TiO2 NBNRs thin film loaded with Au@Ag@Au nanoparticles is ab-
breviated as NBNRs-Au@Ag@Au.

2.3. Photocatalytic activity tests

The photocatalytic performances of thin films of TiO2 NRs, NBNRs,
and NBNRs-Au@Ag@Au were determined by photocatalytic decom-
position of Rhodamine B (Rh B) dye (Supplementary Figure S1). For
comparison, a thin film of P25 TiO2 nanoparticles was also synthesized
[71] and used as the benchmark. For photocatalytic tests, TiO2 thin
films (2.5× 2.5 cm× cm in size) were put in 60 cc of 5 μM Rh B so-
lution in a water jacketed reactor under UV and visible irradiation, as
shown in Supplementary Schematic S1. Before irradiation, the reactor
was kept in darkness overnight in order to achieve the equilibrium
absorption level. The solution was exposed to air during the test and
stirred by a magnetic stirrer. The distance between the light source and
the surface of the solution was 10 cm, and the density power of UV and
visible light were about 5 and 200mW/cm2, respectively. The solution
was irradiated for 90min, and its concentration was evaluated at 15-
minute intervals. Each photocatalytic test was repeated three times, and
the average values were used in drawing curves.

Photodegradation curves can be fitted with pseudo-first-order ki-
netic [72]:

Ln (c0/c) = kt (1)

In Eq. (1), c0 is the dye concentration after absorption in darkness, c is
its concentration after irradiation for a duration of t>0, and k is the
rate constant of the reaction.

2.4. Instrumentations and characterizations

Micrographs images of field emission scanning electron microscope
(FESEM) and transmission electron microscope (TEM) were taken on
JEOL JSM-6701 F and JEOL JEM-3011 microscopes, respectively. To
prepare the sample of the core double shell nanoparticles for TEM
characterization, one drop of the five-fold concentrated solution poured
on a copper grid. Energy dispersive spectra (EDS) were examined with
JEOL JED-2300 installed to the FESEM. The XRD patterns were re-
corded in an X’Pert PRO MPD (PANalytical) with Cu Kα radiation

(λ=0.15406 nm). The X-ray tube voltage and current were set at
40 kV and 40mA, respectively. The Raman spectra were collected using
a Horiba Jobin Yvon modular Raman spectrometer equipped with a
Stellar Pro Argon-ion laser operating at 514 nm with an incident power
of 50mW. The photoluminescence (PL) emission spectra were de-
termined on a Horiba Jobin Yvon fluoromax-4 spectrofluorometer with
an exciting wavelength of 350 nm. The diffuse transmittance spectra
(DTS) were measured using a UV–Vis spectrophotometer (Avaspec-
2048-TECwith AvaLamp DH-S Setup) with an integrating sphere at-
tachment. For determining the concentration changes of the Rh B so-
lution by passing the time, its absorption spectra were recorded by
using a Hitachi UH5300 double beam spectrophotometer at the wave-
length of 554 nm. This instrument was also used for the recording of
core double shell nanoparticles extinction spectra. PLS-SXE300UV300
was utilized as the light source in combination with suitable optical
filters in photocatalytic tests. In detail, the irradiation was provided by
a 50W xenon light source and a 420 nm UV-cut filter was used in visible
light photocatalytic tests.

3. Results and discussion

The morphologies of TiO2 thin films were examined with FESEM.
Fig. 1 indicates FESEM images of TiO2 NRs and NBNRs thin films.
Fig. 1(a) shows that the coating consisting of nanorods is uniform and
they have vertical growth direction, an average diameter of
90 ± 1 nm, estimated density of 5*109 NRs/cm2 and height of 3.6 μm.
As it is evident from images, nanorods are tetragonal with a square
upper surface (the expected way for tetragonal growth). As it is ob-
served in Fig. 1(b), nanobranches have grown monotonously on the
surface of nanorods. As a result, surface area and light harvesting
capability of the coating enhances significantly. This increase would
benefit to TiO2 photoelectrochemical activity improvement [73].

Fig. 2 shows a TEM photograph and extinction spectrum of colloidal
Au@Ag@Au nanoparticles. As it is observed in Fig. 2(a), core double
shell nanoparticles are polyhedral with the mean particle size of
31 ± 1 nm. The photograph shows a homogeneous distribution of
nanoparticles. As it is seen in Fig. 2(b), the nanoparticles show a
plasmon absorption in the visible range at 542 nm. The narrow peak
indicates nanoparticles no-congregation. Since Au is biocompatible and
stable, and Ag is a highly sensitive element, Au@Ag@Au nanoparticles
are highly sensitive, stable and biocompatible.

The chemical stoichiometry of the thin films was examined with
EDS. Fig. 3 indicates energy diffraction spectra and elemental compo-
sitions of TiO2 NRs and NBNRs thin films. As it is observed, the atomic

Fig. 1. FESEM images of TiO2 (a) NRs and (b) NBNRs thin films. The inset of (a) shows an image of the cross-sectional view of NRs.
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rate of Ti to O in the thin films is slightly less than 0.5, which means
excess oxygen in the semiconductor, probably due to the adsorption of
oxygen on the surface of the thin film. The NBNRs spectrum displays F
signal that is probably due to its doping in the structure by replacement
with O2− ions during synthesis from titanium precursor. Pt has covered
thin films in coating step to make them ready for electron microscopy.

The crystal structure and crystalline phase of TiO2 thin films were
evaluated with XRD and Raman spectroscopy. XRD spectrums of FTO
substrate, TiO2 NRs and NBNRs thin films are indicated in Fig. 4(a),
which makes it clear that the coated film on FTO is TiO2. Arisen dif-
fraction peaks are attributed to rutile with tetragonal crystalline
structure (a= b=0.459 nm, c= 0.295 nm [19]). The diffraction peak
(002) has improved considerably, and some of the diffraction peaks
have been removed, in comparison with powder diffraction pattern,
implying that synthesized nanorods have oriented and grown perpen-
dicular to the substrate surface in [001] direction. The lattice mismatch
between FTO (tetragonal, a= b=0.4687 nm [74]) and rutile TiO2 on

Fig. 2. TEM photograph (a) and extinction spectrum (b) of colloidal Au@Ag@Au nanoparticles.

Fig. 3. Energy diffraction spectra and elemental compositions of TiO2 NRs and NBNRs thin films.

Fig. 4. (a) XRD of the FTO substrate and TiO2 NRs and NBNRs thin films and (b)
Raman spectrums of TiO2 thin films.

Fig. 5. PL emission spectra of TiO2 NRs, NBNRs, and NBNRs-Au@Ag@Au thin
films.
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(001) plane, is only 2%. Therefore, nanorods epitaxial nucleation and
their growth direction have been improved by expanding (001) plane at
the interface in the seed layer precipitation step. Raman spectroscopy
was also utilized to obtain a more scrupulous characterization. Fig. 4(b)
illustrates the Raman spectrums of TiO2 NRs and NBNRs thin films.
Three peaks appear in 245 cm−1, 442 cm−1 and 609 cm−1 for TiO2

nanorods that are rutile characteristic peaks, and a peak arises in
161 cm−1 for TiO2 NBNRs, in addition to those previous peaks, which is
anatase characteristic (tetragonal, a= b=0.378 nm, c= 0.950 nm
[19]). So, it is conspicuous that anatase nanobranches have been
formed on rutile nanorods. Thus, the anatase phase has been formed
while low-temperature synthesis and without annealing, and it can be a
benefit because annealing temperature may result in nanostructure
agglomeration, deformation, and specific surface area decrease. Ana-
tase phase peaks have not appeared in the XRD spectrum of the NBNRs
due to the partial amount of nanobranches in comparison with na-
norods. Photogenerated electron-hole pairs in rutile nanorods can se-
parate from each other via electron transfer to anatase nanobranches
[75]. Separation of charge carriers and having greater lifetime improve

TiO2 photoelectrochemical activity [76].
The photoluminescence emission spectrum was utilized for ex-

amination the efficiency of trapping, immigration, transfer, and se-
paration of charge carriers and understanding the lifetime of photo-
generated electron-hole pairs in TiO2, because P1 emission results from
free charge carriers recombination [77–79]. Fig. 5 shows photo-
luminescence spectrums of TiO2 NRs, NBNRs, and NBNRs-Au@Ag@Au
thin films. Emission peak in 420 nm is attributed to direct band tran-
sition with the energy of light approximately equal to the band-gap
energy, and emission peaks in 451 and 468 nm are ascribed to band
edge free excitons. Two emission peaks around 490 nm are accredited
to excitonic Pl which are caused by surface oxygen vacancies or defects
[80]. As it is observed, P1 signals intensity in NBNRs is weaker than
NRs, that demonstrates NBNRs have lower electron-holes recombina-
tion rate. The reason is charge carriers separation due to electron
transfer from rutile nanorods to anatase nanobranches. The NBNRs-
Au@Ag@Au exhibit the lowest recombination rate due to further se-
paration of charge carriers as a result of electron transfer from TiO2 to
the core double shell nanoparticles.

To study the optical properties of TiO2 thin films UV–vis spectra
were utilized. Diffused reflectance and diffuse transmittance spectra of
TiO2 NRs and NBNRs thin films are shown in Fig. 6(a) and (b). TiO2

NBNRs have a better light harvesting capability owing to their parti-
cular morphology, as it is obvious from curves. That is to say, this thin
film scatters radiated light superiorly and offers better motion path-
ways; as a result, radiated photons-TiO2 interaction increase causes
higher photoelectrochemical efficiency [81]. Light absorption propor-
tional to TiO2 band-gap, leads to curves abrupt drop in wavelengths of
around 420 nm.

Band-gap energy of TiO2 thin films was measured by optical
transmittance method [82–85]. Absorption coefficient near the ab-
sorption edge is determined by Eq. (2):

α = − (1/d) Ln (T) (2)

Eq. (3) designates absorption coefficient dependence on radiated light
energy, above the absorption threshold:

α ≅ A∗(hυ−Eg)m (3)

Where α is the absorption coefficient (gained from light transmission
and film thickness), d is film thickness (cm), T is transmittance (%), A*
is a constant that does not depend on hυ (unitless), υ is frequency (s−1),
h is Planck's constant (4.135×10-15 eV.s), and Eg is the indirect optical
band-gap (eV), which is indirect in the case of anatase and rutile
[76,82,84–86].

α1/2 (m=2 for indirect allowed transition [76]) is traced on the
ordinate against photon energy (hυ) on the abscissa, to estimate band-
gap energy. The intercept of the tangent to the absorption edge with the
abscissa is an approximation of band-gap energy.

Fig. 6(c) indicates the band-gap energy estimation of TiO2 thin
films. As it is conspicuous, the values of band-gap energy for NRs and
NBNRs are 2.80 eV and 2.84 eV, respectively. The significant oxygen
deficiency arising from the low-temperature synthesis route causes
synthesized thin film to have a lower band-gap, in comparison with
typical values of TiO2. Band-gap increase of NBNRs in comparison with
NRs is due to the partial existence of anatase nanobranches besides
rutile nanorods.

Rh B photodegradation curves in the absence and presence of dif-
ferent TiO2 thin films under UV and Vis light irradiation and fitting
results assuming a pseudo-first order reaction are shown in Fig. 7.

The mechanism of photocatalytic degradation of Rh B by NRs,
NBRDs, and NBRDs-Au@Ag@Au under visible and UV light irradiation
is illustrated in Scheme 2. It has been proven that the rutile and anatase
phase junction prevents photogenerated electron-hole pairs from re-
combination, but charge transfer direction between two phases is still
ambiguous. In the schematic, the energetic alignment of the band edges

Fig. 6. (a) Diffused reflectance and (b) diffuse transmittance spectra, and (c)
band-gap energy estimation of TiO2 NRs and NBNRs thin films.
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of rutile and anatase, which has been suggested by Scanlon et al. [75],
is used. Also, given that superoxide radicals (O2

−) are the major active
species responsible for photocatalytic oxidation reaction [53], the
photodegradation route via e− and O2

− is shown in the schematic.
Considering that band-gap energy values for synthesized NRs and
NBNRs thin films are 2.80 and 2.84 eV, respectively (Fig. 6 (c)), which
are proportional to wavelengths of 443 and 436 nm, photon absorption
is considered to be done by rutile nanorods and photocatalytic reaction
would be performed under visible light (λ < 420 nm) (as photo-
catalytic tests results confirm it). Furthermore, after nanorods being
nanobranched, the photocatalytic reaction continues on the surface of

nanobranches, because nanobranches cover nanorods completely
(Fig. 1 (b)).

As it is indicated in Supplementary Table S1, absorption capacity in
darkness in NBNRs and NBNRs-Au@Ag@Au is increased due to higher
specific surface area and nanoparticles-dye molecules interaction. In
the absence of photocatalyst, 4 and 7% of dye molecules are decom-
posed during 90min under visible and UV light irradiation, respec-
tively.

The reason for photocatalytic activity enhancement in NBNRs in
comparison with NRs is that the former has a biphasic structure and
charge separation is improved by electron transfer from rutile to

Fig. 7. Rh B photodegradation curves in the absence and presence of different TiO2 thin films under UV and Vis light irradiation and fitting results assuming a
pseudo-first order reaction.
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anatase. Moreover, it has been determined that oxygen reduction is not
sufficient by the photogenerated electrons on the surface of rutile, be-
cause of low tendency between surface and oxygen and anatase is more
active in oxygen reduction [87]. It should be noted that NBNRs have a
higher surface area and light harvesting capability (Fig. 6(a) and (b)).

Core double shell nanoparticles loading enhances the photocatalytic
activity of TiO2 NBNRs thin film under both visible and UV light irra-
diation, because of LSPR characteristic and electron trapping, respec-
tively. Under UV light radiation, Schottky barrier between core double
shell nanoparticle and TiO2 causes photogenerated electrons transfer
from TiO2 to the metal, and this leads to more separation of charge
carriers and as a result, more increase in photocatalytic activity in
comparison with NBNRs without nanoparticles. Under visible light ra-
diation, core double shell nanoparticle can inject the electrons into TiO2

via LSPR characteristic and improve its photocatalytic activity. TiO2

NBNR-Au@Ag@Au represents enhanced photocatalytic performance in
comparison with P25 TiO2 under both visible and UV light irradiation.
The rate constants of the reaction of different TiO2 thin films under
visible and UV light irradiation are summarized in Table 1.

4. Conclusions

Rutile/anatase TiO2 nanorod/nanobranch thin film loaded with

Au@Ag@Au core double shell nanoparticles was successfully synthe-
sized, and its photocatalytic performance in the dye photodegradation
under visible and UV light irradiation was measured and discussed. The
improved photocatalytic activity of TiO2 under light illumination was
ascribed to the photogenerated charges separation at the interface of
rutile-nanorod/anatase-nanobranch junctions, electron trapping by
loaded nanoparticles (under UV light irradiation), and hot electron
injection from the core double shell nanoparticles to TiO2 based on
localized surface plasmon resonance characteristic of the metallic na-
noparticles (under visible light irradiation).

Data availability

The raw/processed data required to reproduce these findings cannot
be shared at this time as the data also forms part of an ongoing study.
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