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a b s t r a c t

While two-dimensional layered nanomaterials including transition metal oxides and transition metal
dichalcogenides have been widely researched because of their unique electronic and optical properties,
they still have some limitations. To overcome these limitations, transition metal oxides and transition
metal dichalcogenides based nanocomposites have been developed using various methods and have
exhibited superior properties. In this paper, we introduce the photodeposition method and review the
photodeposition of metal nanoparticles on the surface of transition metal oxide and transition metal
dichalcogenides. Their current applications are also explained, such as photocatalysis, hydrogen evolu-
tion reaction, surface enhanced Ramanscattering, etc. This approach for nanocomposites has potential for
future research areas such as photocatalysis, hydrogen evolution reaction, surface enhanced Raman
scattering, and other applications. This approach for nanocomposite has the potential for future research
areas.
© 2018 The Chinese Ceramic Society. Production and hosting by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Fig. 1. Schematic diagram of photodeposition method. When light is absorbed in the
band gap, electrons from valence band are excited and migrate to reduce metal ions to
metal. hv, light energy; e�, photoexcited electron; Mþ, metal ion; M0, metal.
Recently, due to advances in nanotechnology, nanomaterials
have attracted considerable attention due to their unique proper-
ties such as high aspect ratio [1e8]. In recent years, nanocomposite
materials have been widely studied since they have advantages of
their individual constituent materials and sometimes exhibit better
properties than their individuals [9e22]. Consequently, developing
nanocomposites could be a solution to adjust the properties of
individual nanomaterials appropriately. In particular, in the field of
semiconductor materials, nanocomposites composed of two or
more materials are widely used to alter their electronic and optical
properties [16,17,19,22,23]. Usually, semiconductor materials are
decorated with noble metal nanoparticles and these nano-
composites are prevalently used for field-effect transistors [24e26],
photodetectors [27], and photocatalysts [28e32].

Over the past few decades, transition metal oxides (TMOs) have
been studied and developed for diverse applications [33e37].
Recently, transition metal dichalcogenides (TMDs) have also
received considerable attention as an analogue of graphene due to
their two-dimensional (2D) layered structural similarity [38e43].
While these TMO and TMD materials have unconventional elec-
tronic and optical properties, they need to be properly tuned for
specific applications. Various methods have been developed to
change their properties, such as forming nanocomposites by the
combination of other nanomaterials. For example, TiO2, one of the
most developed TMOs, has been studied as a photocatalyst; how-
ever, it can only absorb UV light due to its very large band gap of
3.0e3.2 eV, which decreases the efficiency for photocatalysis
[19,44]. To overcome this weakness, TiO2 incorporated with metal
nanoparticles has been studied, whereby the metal nanoparticles
enhance the catalytic properties of TiO2 since they tune the Fermi
level of TiO2 and act as an electron sink [37].

Until now, noble metal/semiconductor nanocomposites has
been synthesized via various methods such as hydrothermal
[28,45e48], droplet [24,49], electrochemical [50,51], and thermal
evaporation [25e27] etc. [52e56]. The photodeposition method is
one of the easiest methods to synthesize noble metal/semi-
conductor nanocomposites by utilizing the band gap of the semi-
conductor. Compared with most other methods that need a high
temperature, an additional redox agent, electric potential, or multi-
step processing, the photo-induced reductionmethod requires only
the irradiation of a light source. Furthermore, with the photo-
deposition of noble nanoparticles over 2D substrates, it is easy to
control the size of noble metal nanoparticles by adjusting the
concentration of the metal precursor, irradiating time, and irradi-
ating power. Also, this method enables material selectivity,
whereby noble metal nanoparticles are only deposited on the
semiconductor templates [57,58].

In this paper, we review the recent progress and applications of
TMO and TMD based nanocomposites decorated with noble metal
nanoparticles prepared by photodeposition method. First, the basic
principle of the photodeposition method is introduced and several
applications of nanocomposites are then discussed, such as pho-
tocatalysis, hydrogen evolution reaction (HER), surface enhanced
Raman scattering (SERS), etc. TMO and TMD have two main roles:
(i) templates offering the sites for metal nanoparticles and (ii)
photocatalyst for photodeposition method. Noble metal nano-
particles contribute to the enhancement of application performance
by providing (i) active sites for reaction and (ii) electron acceptors.

2. Principle of photodeposition method

The photodeposition method is based on the photocatalytic
property of semiconductor materials afforded by their band gap.
Several conditions are needed to enable the photodeposition
method. First, the photon energy of the exposure light should be
larger than the energy band gap of the semiconductor. When light
that has the proper energy level for the band gap of the semi-
conductor is absorbed, electrons from the valence band can be
excited. Second, the reduction potential of the metal ion should be
more positive than the conduction band energy level of the semi-
conductor. Third, the efficient separation and migration of photo-
generated electron-hole pairs is necessary. Finally, the
semiconductor should act as a template for active sites of metal
deposition and have a large surface area, as shown in Fig. 1. If these
four conditions are met, the synthesis of metal/semiconductor
nanocomposite by photodeposition method is possible, since
nanoscale semiconductor materials have many active sites that
have large surface energy due to their morphology. Also, this is a
simple and green method since it does not require the addition of
chemical reagents or any conditions other than light exposure.

3. Applications

3.1. Photocatalyst

Photocatalysis is one of the most efficient ways to convert solar
energy into chemical or electrical energy, and has been researched
for a long time to develop high efficient photocatalysts [43,59].
Semiconductor nanomaterials show unique properties compared
to their bulk counterparts; for example, their electrical properties
are easily controlled by changing their size or dimensions [19,60].
However, individual semiconductor nanomaterials have limitations
whereby the migration of photo-generated electron-hole pairs is
difficult and they have low photocatalysis efficiency. To overcome
these limitations, noble metal/semiconductor nanocomposites can
be a solution to enhance photocatalysis efficiency. In this section,
we describe TMO based metal nanocomposite photocatalysts syn-
thesized by photodeposition method.

In a study by Yu et al. [61], the photodeposition of Pt nano-
particles on TiO2 nanosheets was conducted under a 350W Xe
lamp for 20min. They used H2PtCl6 solution as a metal precursor
with different concentrations ranging from 0, 0.06, 0.13, 0.26, 0.35,
to 0.78mM. After the photodeposition process, they collected
sediment by centrifugation and then rinsed the sediment with
distilled water and ethanol three times. The final products were
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dried at 80 �C for 12 h, and the nominal weight ratios of Pt to Ti
were 0, 0.5, 1, 2, 4, and 6wt%, respectively. After the preparation of
Pt/TiO2 nanocomposites, they investigated the photocatalytic ac-
tivities of water splitting for H2 production under a 350W Xe lamp.
The highest photocatalytic activity of H2 production was obtained
with the nominal weight ratio of Pt to Ti of 2wt%. This enhance-
ment of photocatalytic reaction is based on the role of Pt nano-
particles. During the reaction, electrons are trapped by the Pt
nanoparticles, and this decreases the recombination of photoex-
cited electron-hole pairs, thus increasing the H2 production. Simi-
larly, Li et al. [62] studied Pt/TiO2 porous nanosheets for the
photocatalystic reduction of CO2 to methane. Pt nanoparticles were
deposited on the surface of TiO2 by reducing H2PtCl6 ethanol so-
lution under UV irradiation for 1 h. The size of the Pt nanoparticles
was 3e4 nm and they were uniformly deposited on the TiO2
nanosheets. Characterization of the optical properties was con-
ducted bymeasuring the UVevis absorbance spectra of TiO2 and Pt/
TiO2. The absorbance peak was broadened to around 350e550 nm
after Pt deposition due to the surface plasmon resonance of Pt
nanoparticles; however, the absorbance intensity in the UV range
decreased because of the shield effect of the Pt nanoparticles. They
then measured the photocatalytic reduction rate of CO2 to methane
on TiO2 and Pt/TiO2. The result showed that Pt/TiO2 exhibited a
significantly higher photoreduction rate of 20.51 ppm/h,cm2 than
that of TiO2 of 3.71 ppm/h,cm2. This occurs because the
Fig. 2. (a) and (b) HRTEM images of Pt/TiO2 NTAs. EDX mappings of (c) Ti (d) O (e) Pt. (f) UV
Photodegradation rate vs. visible light irradiation time. (h) Schematic diagram of the photo
photoexcited electrons are trapped by Pt nanoparticles which have
a lower Fermi level and they can then easily transfer to reduce CO2
to methane. Lv et al. [63] prepared Pt modified TiO2 nanotube ar-
rays (TiO2 NTAs) and demonstrated their visible light photocatalytic
performance. They deposited Pt nanoparticles on the TiO2 NTAs,
reducing the different concentrations of the H2PtCl6 solution (1, 2,
3, and 4mM) under a 500Wmercury lamp for 30min. The samples
were labeled as 1 Pt/TiO2, 2 Pt/TiO2, 3 Pt/TiO2, and 4 Pt/TiO2.
Fig. 2(a)-(e) show the HRTEM images of 3 Pt/TiO2 morphology and
the EDX mapping of Ti, O, and Pt, which clearly show that the Pt
nanoparticles are uniformly deposited on the TiO2 NTAs. Fig. 2(f)
shows the UVevis absorbance spectra of TiO2 NTAs and Pt/TiO2
NTAs, indicating that the deposition of Pt enhances the absorbance
of Pt/TiO2 NTAs of an overall visible range of light (400e800 nm).
The highest visible light absorption is shown in 3 Pt/TiO2. Fig. 2(g)
shows the photodegradation rate of methyl orange under visible
light irradiation with different photocatalysts. It is demonstrated
that the TiO2 NTAs show a photodegradation rate of 2% after 2 h of
irradiation, whereas the photodegradation rate of all the Pt/TiO2
NTAs after Pt deposition increases and the highest photo-
degradation rate of 84.27% is observed after 2 h of irradiation at 3
Pt/TiO2 NTAs, consistent with the UVevis absorbance spectra. As
shown in Fig. 2(h), the visible-light-driven photocatalysis mecha-
nism involves the migration of the photoexcited electron due to
surface plasmon resonance of the Pt nanoparticles to TiO2 followed
evis absorbance spectra of pure TiO2 NTAs and different amounts of Pt/TiO2 NTAs. (g)
catalysis [63].
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by the occurrence of redox reaction.
Leong et al. [64] demonstrated visible-light-driven photo-

catalytic activity of Pd/TiO2 nanocomposites. Pd/TiO2 nano-
composites were synthesized by photodeposition method under
sunlight at an intensity between 150 and 180Wm-2. Na2PdCl4 was
used as a metal precursor at different amounts (0.5 wt%, 1.0wt%,
and 3.0wt%) to investigate the effect of the amount of Pd nano-
particle. As shown in Fig. 3(a)-(c), Pd nanoparticles were formed on
the surface of TiO2 and the morphology of TiO2 was not affected by
the formation of the Pd nanoparticles. Fig. 3(d) shows the optical
absorbance spectra of TiO2 and Pd/TiO2 with different amounts of
Pd nanoparticles. Fig. 3(e) shows the photoluminescence (PL)
Fig. 3. (a)e(c) HRTEM images of Pd/TiO2 with 0.5 wt%. (d) UVevis absorbance spectra o
luminescence spectra of a) TiO2, b) 0.5 wt% Pd/TiO2, c) 3.0 wt% Pd/TiO2 and d) 1.0 wt% Pd/T
spectra which indicate the recombination rate of photogenerated
electron-hole pairs. It is clearly shown that the Pd nanoparticles
contributed to increasing of absorbance in the visible range due to
surface plasmon absorbance, and 1.0wt% Pd/TiO2 exhibited the
largest optical absorption and the lowest PL emission. The PL peak
of Pd/TiO2 was considerably decreased compared to TiO2, which
definitely demonstrates that Pd nanoparticles enhanced electron
transfer or electron trapping. The photocatalytic activities of Pd/
TiO2 were also verified by measuring the photodegradation of
amoxicillin (AMX) under a 500W tungsten-halogen lamp with a
high pass UV light filter as a visible light source. As shown in
Fig. 3(f) and (g), 0.5 wt% Pd/TiO2 exhibited the best photocatalytic
f a) TiO2, b) 3.0 wt% Pd/TiO2, c) 0.5 wt% Pd/TiO2 and d) 1.0wt% Pd/TiO2. (e) Photo-
iO2. (f) and (g) Photocatalytic degradation of AMX [64].
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efficiency, which did not correspond to the optical spectrum re-
sults. This result is attributed to the increase in the number of Pd
nanoparticles that can block the light, thus the absorbance is
decreased and photogenerated electrons are thus reduced. Kho-
jasteh et al. [65] also carried out a similar study on the Pd/TiO2
photocatalyst and compared the Pd/TiO2 photocatalyst with TiO2
and PdO/TiO2. TiO2, PdO/TiO2, and Pd/TiO2 were prepared by sol-
gel, sol-gel-hydrothermal, and photodeposition method, respec-
tively. In the photodeposition method, Pd(NO3)2$2H2O was
reduced on the surface of TiO2 under UV irradiation for 10 h. Optical
absorbance was measured by UVevis spectroscopy, showing that
Pd/TiO2 improved the absorbance of the UV range since Pd nano-
particles reduce the band gap of TiO2. Corresponding to the optical
absorbance result, Pd/TiO2 exhibited the most efficient photo-
degradation of Rhodamine B under UV irradiation since Pd particles
act as electron acceptors which can decrease the recombination of
photogenerated electron-hole pairs, similar to a study by Leong
et al. [64].

For other TMO materials, Wang et al. [66] synthesized Au
nanoparticles sensitized ZnO nanopencil arrays which enhanced
the photoelectrochemical properties of water splitting for H2 pro-
duction. Au nanoparticles were deposited on the ZnO nanopencil
by the photodeposition method. The aqueous solution of HAuCl4
was used as ametal precursor and the photodeposition process was
conducted under a 300W Xe lamp irradiation for 1min with an
intensity of 5mWcm�2. Photoelectrochemical properties were
measured using the three-electrode system under a 300WXe lamp
with an intensity of 100mWcm�2. The photocurrent density of Au/
Fig. 4. (a) and (b) TEM images of Pt/MoS2 nanosheet (scale bars are 100 nm and 5 nm, respec
bar is 2 nm). (d) Polarization curves of Pt/MoS2, Pt-C, and MoS2. (e) Tafel plots of Pt/MoS2,
ZnO nanopencils was higher than that of ZnO nanopencils. In this
reaction, Au nanoparticles generated hot electrons by plasmon-
induced irradiation. These hot electrons transferred to the con-
duction band of ZnO and enhanced photocurrent intensity. Also, a
wider range of optical absorbance was observed in the Au/ZnO
nanopencils compared to the ZnO nanopencils due to the surface
plasmon resonance effect of the Au nanoparticles.
3.2. Hydrogen evolution reaction (HER)

Although hydrogen is an attractive energy, it does not exist in
free form, and mostly exists as a component in water and hydro-
carbons [67]. Thus, considerable research has been carried out to
find a way to extract hydrogen from compounds via hydrogen
evolution reaction (HER) [68e71].

Chen et al. [72] investigated the photocatalytic reaction of Au/
TiO2 for hydrogen evolution by water splitting. They mixed TiO2
powder and 0.002M HAuCl4 solution then irradiated the mixture
under a 100Whigh-pressure mercury lamp for 1 h. The solution pH
was controlled by adding 0.2M NaCO3. The UVevis absorbance
spectra demonstrated that Au nanoparticles enhanced the absor-
bance of Au/TiO2 around near 563 nm. Hydrogen evolution per-
formance by water splitting was improved more when using Au/
TiO2 as a photocatalyst than when adding pure TiO2. Under UV
irradiation, Au/TiO2 produced about 35.04 mmol/g-cat of hydrogen,
whereas pure TiO2 produced a much smaller amount of hydrogen,
about 0.79 mmol/g-cat. They also conducted a hydrogen evolution
experiment under visible light only, although no hydrogen was
tively). (c) HRTEM image of Pt/MoS2 nanosheet with lattice fringes of Pt and MoS2 (scale
Pt-C, and MoS2 [73].
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detected. It was verified that the role of Au nanoparticles is to act as
an electron sink, which disturbs the recombination of the electron-
hole pair. They also offer active sites for catalytic reaction, whereas
the surface plasmon resonance effect is not dominant.

For the HER study using TMDs, Huang et al. [73] synthesized Pt/
MoS2 hybrid nanomaterials by photodeposition method which
reduced 0.2mMK2PtCl4 solution to Pt nanoparticles on the MoS2
nanosheets under a 150W halogen lamp for 2 h in the presence of
0.3mM trisodium citrate as a buffering agent. They then
Fig. 5. (a) and (b) TEM images of pure TiO2 and Au/TiO2, respectively. (c) UVevis diffuse refl
SERS spectra of TiO2, Au/TiO2, and Au assembly substrate with 4-MBA adsorption. (e) Sche

Fig. 6. TEM images of (a) pure MoS2 flakes and (b) silver platelets after 90 þ 45 min of illum
inset displays an optical image of silver platelets and the numbers indicate the positions o
investigated the catalytic activity of the Pt/MoS2 nanocomposites
for HER compared with commercial 10wt% Pt on activated charcoal
(Pt-C) catalysts and pureMoS2. Fig. 4(a)-(c) show the TEM images of
Pt/MoS2 nanosheets; the size of the Pt nanoparticles is 1e3 nm.
Fig. 4(d) and (e) show the HER performances of Pt/MoS2, Pt-C, and
pure MoS2. Pt/MoS2 and Pt-C improved the electrocatalytic activ-
ities of HER compared to pure MoS2. In particular, Pt/MoS2
exhibited the highest current density at the same potential. Also,
the calculation showed that the Tafel slopes of Pt/MoS2, Pt-C, and
ectance spectra of TiO2 and Au/TiO2 nanocomposite with different amounts of Au. (d)
matic diagram of SERS spectra enhancement [79].

ination. (c) Raman spectra of PMT powder which adsorbed on the silver platelets. The
f the Raman measurement [80].
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MoS2 were 40, 30, and 94mV dec�1, respectively. These results
reveal that the catalytic activity of Pt/MoS2 hybrid nanomaterials
has both Volmer-Tafel mechanisms and Volmer-Heyrovsky mech-
anisms. Zeng et al. [74] attempted to synthesize Pt/TiS2 and Pt/TaS2
by photodeposition method and measured the HER performance.
They deposited Pt nanoparticles on the TiS2 and TaS2 by reducing
0.2mMK2PtCl4 solution under a 150W halogen lamp in the pres-
ence of 0.3mM trisodium citrate. The electrocatalytic activities of
Pt/TiS2 and Pt/TaS2 catalysts for HER exhibit excellent performance,
in contrast to that of the pure TiS2 and TaS2, respectively. In
particular, Pt/TiS2 presented a Tafel slope of 40.6 V dec�1, whichwas
considerably lower than that of pure TiS2 (102.5 V dec�1) and was
very close to that of commercial Pt-C (34.4 V dec�1). Also, they
investigated the stability of Pt/TiS2 and Pt/TaS2 catalysts after 1000
cycles, and demonstrated that these catalysts have good stability.
Zhang et al. [75] also studied Pt loaded two-dimensional WS2
nanosheets as an electrocatalyst for HER. They used the photo-
deposition method similar to that in the previous studies, and
irradiated the WS2 nanosheets under a 150W halogen lamp for 2 h
in the presence of 0.2mMK2PtCl4 and 0.3mM trisodium citrate.
They also examined HER performance, which demonstrated that
the Tafel slopes of Pt/WS2 were 55mV dec�1. This result showed a
higher slope than that of commercial Pt-C, the slope of which was
40mV dec�1, whereas it was lower than that of pureWS2, the slope
of which was 100mV dec�1.
Fig. 7. (a) and (b) TEM and HRTEM images of square-like WO3, respectively. The inset
is a schematic diagram of square-like WO3. (c) TEM image of Pt/WO3 synthesized by
photodeposition method. (d) TEM image of Pt/WO3 synthesized by the ethylene glycol
reduction process. (e) and (f) TEM and HRTEM images, respectively, of Pt/WO3 syn-
thesized by the ethylene glycol reduction process after irradiation 0.5 h with AgNO3

solution. (g) Schematic diagram of photocatalytic water splitting O2 evolution using Pt/
WO3 photocatalyst synthesized by the ethylene glycol reduction process [83].
3.3. Surface enhanced Raman scattering (SERS)

Surface enhanced Raman scattering (SERS) has been studied as
one of the most effective analytical techniques related to the
enhancement effect of a substrate [76e78]. Recently, SERS studies
have focused on a metal/semiconductor based substrate, particu-
larly using wide band gap semiconductors such as TMOs and TMDs.
Metal/semiconductor based SERS substrates are expected to show
more high-efficient performance due to the electromagnetic
enhancement generated by the metal and due to the charge-
transfer enhancement by the semiconductor [76,79].

For the study of SERS-active substrates, Jiang et al. [79] syn-
thesized Au/TiO2 nanocomposites with different amounts of Au by
photodeposition method. They used a different concentration of
HAuCl4 solutions as a metal precursor (1.5 mM, 150 nM, 15 nM,
1.5 nM, and 0.15 nM) to deposit different amounts of Au under UV
light irradiation. Fig. 5(a) and (b) show the TEM images of TiO2 and
Au/TiO2 nanocomposites which have the same crystal lattice fringe
as that of the anatase TiO2. Fig. 5(c) and (d) show the UVevis diffuse
reflectance spectra and SERS spectra, respectively, of pure TiO2 and
Au/TiO2 nanocomposites. UVevis spectra of pure TiO2 clearly
shows absorptions in the range below 410 nm, which is consistent
with the band gap of TiO2 of about 3.2 eV. On the other hand, the
Au/TiO2 nanocomposites absorbed the range of 410e800 nm,
which indicates the localized surface plasmon resonance absorp-
tion of Au. SERS spectra of 4-Mercaptobenzoic acid (4-MBA) on
pure TiO2, Au/TiO2, and Au assembly substrates were measured.
The results demonstrated the SERS enhancement of 4-MBA on Au/
TiO2 substrate due to the charge-transfer-induced enhancement of
TiO2 by the deposition of Au, as shown in Fig. 5(e).

To develop a SERS substrate using TMDs, Daeneke et al. [80]
deposited silver on MoS2 to fabricate a silver platelet for SERS
substrate. MoS2 nanosheets were prepared using the grinding
assisted ultrasonic exfoliation method. Then, 10mM AgNO3 solu-
tion was added and irradiated under a 150W Xe lamp for 90min.
After 90min, large sized agglomerates were removed by centrifu-
gation and the suspensionwas then illuminated for 45min. Finally,
silver platelets were formed. Fig. 6(a) and (b) show TEM images of a
MoS2 flake and silver platelet after 90 þ 45 min of illumination.
Fig. 6(c) shows the Raman spectra of 1-phenyl-5-mercaptotetrazole
(PMT) adsorbed on the silver platelets, which is located on the gold



Y. Lee et al. / J Materiomics 4 (2018) 83e9490
coatedwafer. Due to the SERS effect, the count rates of Ramanmode
at 367 cm�1 increased overall by a factor of 10 compared to pure
PMT powder. Similarly, Lei et al. [81] also studied the growth of
silver nanoparticles on MoS2 flakes with lasers of different wave-
lengths (514.5, 633, and 785 nm) and performed a SERS investiga-
tion. They insisted that if the appropriate wavelength of the laser
was irradiated, the role of MoS2 is not only a photocatalyst but also
offers surface defect sites induced by laser irradiation where Ag ion
can be easily reduced. For SERS study, the Raman spectra of
Rhodamine 6G (R6G) were measured. Compared to pure MoS2
flake, R6G on Ag/MoS2 substrate exhibited a strong intensity of
Raman signal with a SERS enhancement factor of ~3� 106.
3.4. Other applications

Guin et al. [82] reported the antibacterial activity of Ag/TiO2
nanoparticles/nanotubes. They used dried TiO2 nanoparticles/
nanotubes and polyvinyl alcohol (PVA)-capped colloidal TiO2
nanoparticles/nanotubes. Ag nanoparticles were deposited on TiO2
nanoparticles/nanotubes by reducing AgNO3 solution to Ag under a
365 nm of 400W UV light for 5 h. Antibacterial activity was
demonstrated by standard disc diffusion method. PVA-capped
colloidal Ag-TiO2 nanoparticles exhibited the highest antibacterial
activity against Escherichia coli, since the Ag nanoparticles were
well distributed on the PVA.

Gong et al. [83] demonstrated the spatial charge separation of
square-like WO3 nanoplates along the crystal facets through pho-
todeposition method. As shown in Fig. 7(a) and (b), square-like
WO3 nanoplates showed the predominant (002) facet and the
minor (200) and (020) facets. Fig. 7(c) and (d) show TEM images of
the Pt/WO3 nanoplates which were prepared by reducing H2PtCl6
using the photodeposition method and the ethylene glycol reduc-
tion process, respectively. The images show that the Pt nano-
particles were deposited on the minor (002) and (200) facets of
square-like WO3 nanoplates when using the photodeposition
method. However, they were deposited on both the predominant
(002) facet and the minor (020) and (200) facets when using the
ethylene glycol reduction process. Fig. 7(e) and (f) show the TEM
andHRTEM images, respectively, of Pt/WO3 nanoplates synthesized
by ethylene glycol reduction process after irradiation for 0.5 h in the
presence of AgNO3 solution. Ag nanoparticles were obviously
deposited on the edge facets corresponding to the result of the
deposition of Pt nanoparticles by the photodeposition method.
These results verified that the light-induced charge separation of
square-like WO3 nanoplates photogenerated the electrons and
holes toward the minor and major facets respectively, as shown in
Fig. 7(g).

For an electrical application, He et al. [84] performed a study of
Fig. 8. (a) Response of different TFT sensors with exposure of 1.
Pt/MoS2 thin-film transistor (TFT) arrays for a NO2 gas sensor. MoS2
was prepared by electrochemical lithiation, which exhibited p-type
behavior, and the reduced graphene oxide (rGO) was used as an
electrode. Pt nanoparticles were deposited on the MoS2 surface by
photodeposition method. 0.2mMK2PtCl4 and 0.3mM sodium cit-
rate were used as a metal precursor and buffer agent, respectively,
and were irradiated under a 150W halogen lamp for 12 h. Fig. 8(a)
shows the response of the MoS2, rGO, Pt/MoS2, and Pt/rGO TFT
sensor arrays under NO2 exposure. Sensitivity was calculated as
ðI1 � I0Þ=I0 � 100 %, where I0 and I1 were currents of the device at
initial NO2 exposure and after NO2 exposure. Fig. 8(b) indicates that
Pt/MoS2 TFT arrays exhibit ~3 times higher sensitivity than other
TFT sensor arrays. Since a Schottky junction between MoS2 and Pt
was formed and NO2 could adsorb at the interface of Pt and MoS2,
the sensitivity was increased.

Qiao et al. [85] studied noble metal loadedMoS2 for the catalytic
reduction of p-nitrophenol (p-NP) to p-aminophenol (p-AP). They
prepared Ag, Au, Pd, and Pt loaded MoS2 nanosheets by reducing
metal precursors such as AgNO3, HAuCl4$3H2O, K2PdCl6, and
H2PtCl6$6H2O under UV light irradiation. As shown in Fig. 9(a)-(h),
noble metal nanoparticles were uniformly formed on the surface of
the MoS2 nanosheets, since MoS2 nanosheets have defective sites
where metal ions can be anchored by electrostatic interaction.
Noble metal/MoS2 nanocomposites exhibited the catalytic activity
for the reduction of p-NP to p-AP in the presence of NaBH4. In the
reduction process, p-NP is ionized to p-NP ions in the presence of
NaBH4, and is then reduced to p-AP by catalytic activity. Each step
of the p-NP to p-AP reduction process was verified by UVevis
absorbance spectra shifting, as shown in Fig. 9(i)-(k), and the
entire process was completed within 12min. This reduction pro-
cess can be considered a pseudo-first-order reaction since, during
the process, the concentration of NaBH4 is not significantly affected
due to its high initial concentration compared to p-NP. Thus, this
reaction can be written as

lnðCt=C0Þ ¼ kapp$t

where Ct and C0 are the concentrations of p-NP at time t and 0,
respectively, and kapp is the apparent rate constant (min�1). In this
manner, the catalytic activities of MoS2 and noble metal (Ag, Au, Pd,
and Pt) loaded MoS2 can be the plot of ln(Ct/C0) versus time, as
shown in Fig. 9(l). Among these catalytic activities, it is clearly
demonstrated that Pd/MoS2 nanosheets catalyst exhibited the
highest catalytic performance, which is 2.5 times higher than the
pure MoS2 nanosheets catalyst. The mechanism of noble metal
loaded MoS2 nanosheets catalyst involves the transfer of electrons
from BH4

� anions toMoS2 and then to the noblemetal, which causes
the reduction of p-NP to p-AP, as shown in Fig. 9(m).
2 ppm NO2 gas. (b) Sensitivity of different TFT sensors [84].



Fig. 9. (a)e(d) TEM and (d)e(f) HRTEM images of Ag/MoS2 (a and e), Au/MoS2 (b and f), Pd/MoS2 (c and g), and Pt/MoS2 (d and h). (i)e(k) UVevis spectra during catalytic reduction
process from p-NP to p-AP. (m) Schematic diagram of catalytic reduction process [85].
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Table 1
List of nanocomposites prepared by photodeposition and their applications.

Semiconductor Metal Metal precursor Light source Application Ref

TMO TiO2 Pt H2PtCl6 Xe lamp Photocatalytic
water splitting

[61]

TiO2 Pt H2PtCl6 UV lamp Photocatalytic reduction of CO2 to Methane [62]
TiO2 Pt H2PtCl6 Mercury lamp Visible light

photocatalyst
[63]

TiO2 Pd Na2PdCl4 Sunlight Visible light
photocatalyst

[64]

TiO2 Pd Pd(NO3)2 UV lamp Photocatalysis [65]
ZnO Au HAuCl4 Xe lamp Photocatalytic

water splitting
[66]

TiO2 Au HAuCl4 Mercury lamp HER [72]
TiO2 Au HAuCl4 UV lamp SERS [79]
TiO2 Ag AgNO3 UV lamp Antibacterial activity [82]
WO3 Pt H2PtCl6 Xe lamp Facet engineering [83]

TMD MoS2 Pt K2PtCl4 Halogen lamp HER [73]
TiS2, TaS2 Pt K2PtCl4 Halogen lamp HER [74]
WS2 Pt K2PtCl4 Halogen lamp HER [75]
MoS2 Ag AgNO3 Xe lamp SERS [80]
MoS2 Ag AgNO3 Laser

(514.5, 633, 785 nm)
SERS [81]

MoS2 Pt K2PtCl4 Halogen lamp NO2 gas sensor [84]
MoS2 Ag AgNO3 Mercury lamp Catalytic reduction of p-nitrophenol [85]

Au HAuCl4
Pd K2PdCl6
Pt H2PtCl6
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4. Conclusion

In summary, as shown in Table 1, transition metal oxides and
dichalcogenides have been widely studied for various applications
such as photocatalyst, HER, SERS, etc. However, since the use of
individual components has limitations, nanocomposites have been
developed using a variety of synthesis methods. Among these
methods, we focused on transition metal oxides and dichalcoge-
nides decorated with noble metal nanoparticles prepared by the
photodeposition method and their applications. Metal nano-
particles can be grown on the surface of TMOs and TMDs under
light exposure, and the amount of metal nanoparticles is easily
controlled by changing the concentration of the metal solution or
light exposure time and power. As mentioned above, the semi-
conductor in the photodeposition method acts as (i) a template for
metal nanoparticles and (ii) photocatalytic reaction. A number of
other researchers insisted that light-induced defect sites of semi-
conductors act as nucleation for metal growth. In the view of per-
formance, metal nanoparticles (i) provide active sites for reaction
and (ii) act as electron acceptors which tune the band gap of the
semiconductor. Furthermore, in optical applications, metal nano-
particles also have the important role of providing a surface plas-
mon resonance effect; however, this mainly depends on the size of
the metal nanoparticles. The number of decorated metal nano-
particles can affect the performance of nanocomposites, since
overloaded metal nanoparticles can include electron scattering
sites or block the light which decreases the performance. For
further applications based on nanocomposite materials, the pho-
todeposition method has the potential for synthesis of nano-
composites. However, challenges remain in defining and
optimizing the parameters of the photodeposition method.
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