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Abstract

A new plasmonic Ag hybridized CuWO4/WO3 heterostructured nanocomposite was successfully
synthesized via ligand-assisted sol gel method. The as-prepared plasmonic nanohybrid was
thoroughly characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), UV-
visible optical absorption, photoluminescence (PL) spectrometer, Raman spectroscopy and
electrochemical impedance spectroscopy (EIS). Moreover, the photocatalytic activity was
evaluated by photo-degradation of methylene blue (MB) under visible light irradiation. The results
indicated that the as-prepared plasmonic Ag-CuWO4/WO3 nanohybrid (compared to pure WO3)
exhibits significant enhancement in photocatalytic behavior (70% degradation) in the visible
spectrum which can be ascribed to combined effects, including the more effective absorption of
visible light, lower bulk resistance, effective separation/transfer of photo-generated charge carriers
and reduced the electron/hole recombination which results from contribution of hetero-junction
and plasmonic Ag incorporation. In addition, a possible mechanism for the photo-degradation
process of hetero-structured Ag nanohybrid is proposed. Finally, the metal/semiconductor
nanohybrid displayed sufficient recyclability with respect to photocatalytic activity, making it a

promising candidate for pollutant degradation and energy conversion applications.

Keywords: Visible Light Photocatalysis, Nanohybrid, Surface Plasmon Resonance (SPR),
Heterostructure, Ag Nanostructures, Electronic Band Structure



1. Introduction

Semiconductor-based photocatalysis, as an efficient and environment-friendly technique, has
received considerable attention due to its several technological applications such as pollutant
degradation and solar energy conversion/storage to overcome environmental pollution and global
energy crisis [1-5]. In recent years, tungstate oxide materials, particularly WOz and CuWOs, have
been considered with extensive scientific research due to their suitable photo-physical properties,
sufficient chemical and thermal stability, relatively low cost and less toxicity. Although WO3
presents good electron transport properties, a relatively high resistance against photo-corrosion
and moderate hole diffusion length compared to other oxides such as Fe;Os and TiOg, its
photocatalytic efficiency is greatly hindered because of high recombination ratio of photo-induced
electron-hole pairs, very poor response to visible light and relatively low chemical stability under
neutral or basic conditions. CuWQ4 as compared to WOs3 is more stable against photo-corrosion in
aqueous solution, and this semiconductor can more effectively harvest visible light and shows high
chemical stability due to hybridized Cu-3d and O-2p orbitals. However, relatively slow charge
carrier separation/mobility and rapid charge recombination of CuWQ4 contribute a poor overall
photocatalytic efficiency [6-9]. Therefore, such limitations must be overcome to utilize these
materials as ideal photocatalysts for different commercial applications. A variety of strategies have
been reported to modify charge separation, carrier transport and visible absorption properties of
semiconductors for tangible enhancement of photocatalytic performance [10-15]. Among these
techniques, creating hetero-structured systems and incorporation of plasmonic nanostructures, as
potential approaches, have been considered to overcome the different drawbacks of pure
photocatalysts. In this regard, heterostructured composites not only could expand the spectral

range of light absorption but also promote charge separation and chemical stability, thus quenching



the drawbacks of separate semiconductors. Moreover, noble metals, such as silver (Ag)
nanostructures with surface plasmon resonance (SPR) effect, could broaden the absorption of
semiconductor to the visible light region and promote the charge transfer/separation efficiency of
photo-generated e/h pairs [16-22]. Therefore, in this work, we attempt to explore spontaneous
formation of CuUWO4/WOs3 hetero-structured photocatalyst via PVP-assisted sol-gel approach and
the visible enhanced photocatalytic performance of CuWO4/WQO3 composite by incorporation of
plasmonic silver nanostructures is comprehensively investigated. Our work provides a helpful
insight to design highly efficient plasmonic metal/heterostructured nanohybrids for potential

applications.



2. Experimental Procedure
2.1. Materials

Chemically high purity grade (99%, Sigma-Aldrich) ammonium metatungstate hydrate (AMT),
Cu(NO3)2.3H20, Polyvinyl pyrrolidone (PVP, My = 29000 and 40000), silver nitrate (AgNO:3), ,

Iron(111) chloride (FeCls) and ethylene glycol (EG) were used as raw materials.

2.2. Ag Nanostructured Synthesis

The procedure was briefly described as follows: 10 mL of EG as reducing agent and solvent was
refluxed in a three-necked round-bottom flask at 155 °C (equipped with magnetic stirring bar). 5
mL of FeCls solution (0.1 mM, in EG) was added to the refluxing solution and reacted for 10 min
to be formed heterogeneous nucleation seeds. Silver nitrate solution measuring 5 mL (0.1 M, in
EG) and PVP solution were simultaneously injected dropwise into the hot solution. The reaction
mixture was heated for 70 min at 155°C. And then, obtained gray suspension was cooled to room
temperature, diluted with acetone and ethanol, and centrifuged several times at 4000 rpm for 10

min.

2.3. CuUWO4/WO3 Synthesis

In this PVP-assisted sol-gel procedure, the final product was produced by dissolving 0.242 g
Cu(NO3)2.3H20 in 15 mL of ethylene glycol. Next, 0.296 gr of tungsten was added as AMT, along
with 1 mL of water and PVP. This mixture was then stirred, allowing the solid AMT and PVP to
dissolve. The solution was then heated at 95°C in an oil bath for approximately 6 hours until it
became green suspension. After centrifugation and washing, obtained powder were calcined at

525°C for 90 min in air atmosphere. For preparation of Ag nanohybrid, 5 (%w) of derived Ag



solution added to sol-gel derived product in EG under stirring for 5 hours followed by sonication

for 30 min and finally heated at 160 °C for 3 hours.

2.4. Materials Characterization
In order to characterize the products, X-ray diffraction (XRD, Inel, EQuniox 3000), UV-Vis

spectrophotometer (Perkin Elmer Lambda 40), scanning electron microscopy (SEM, Seron
Technologies AIS2100), Raman Spectroscopy (Bruker, Senterra), Photoluminescence (PL)
spectrophotometer (Perkin-Elmer LS-55) and N2 adsorption/desorption apparatus (ASAP 2010)

were all used.

2.5. Photocatalytic and Electrochemical Characterizations

The photocatalytic ability of products was evaluated by degradation of MB under a 200 W Xenon
lamp irradiation with a UV cut-off filter. 40 mg the as-prepared powder was dispersed in MB
solution (100 mL, 10 mg L) in a beaker. After 30 min stirring in dark to establish adsorption-
desorption equilibrium, a series of aqueous samples were collected and centrifuged at 8000 rpm
for 10 min to remove essentially all of the catalyst. Then, the photo-degradation efficiency was
quantified by monitoring the MB concentration of supernatant at its maximum of absorption (A =
665 nm) by a UV-Vis spectrophotometer. The electrochemical impedance spectroscopy (EIS)
analysis of the as-prepared samples were conducted by a typical three-electrode Autolab
electrochemical system (PGSTAT302N) at an amplitude of 10 mV and over frequency range of

0.1 Hz to 100 kHz.



3. Results and discussion
3.1. Materials Characterization
SEM image and XRD pattern of the as-synthesized silver nanostructures are depicted in Fig. 1

which show the formation of face centered cubic (FCC) phase (a = 4.086 A, JCPDS file number
04-0783) of silver nanostructures (nanowires and nanoparticles). PVP molecules, as capping
ligand and shape-directing agent, plays a key role in the anisotropic confinements during growth
process of Ag nanowires. Furthermore, the plasmonic properties of the as-prepared Ag
nanostructures are confirmed by UV-Visible spectra (Fig. 1c) displaying a dual peak line shape
absorption ascribed to the transverse dipole resonance (longer wavelength, A=420 nm) and the

transverse quadrupole resonance (shorter wavelength, A=380 nm).
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Figure 1. SEM image (a) XRD pattern (b) UV-Vis spectrum (c) of the as-synthesized Ag

nanostructures (d)



Fig. 2a shows the XRD patterns of the as-obtained pure WO3, CuWO4/WOs3 hetero-structure and
Ag nanohybrid. The X-ray diffraction peaks have been indexed to the both monoclinic structure
of WO3 (JCPDS data card No. 43-1035) and the triclinic structure of CuWOQO4 (JCPDS data card
No. 72-0616). The Ag nanohybrid pattern showed some new peaks that were not present in that of
pure hetero-structure product. The peaks at 38.1, 44.8 and 64.2 were assigned to the (111), (200),
(220) and (311) planes of face-centered cubic (FCC) Ag (JCPDS card no. 04-0783), respectively,
which confirmed silver phase was introduced into the hybrid structures successfully. With the full
width at half-maximum (FWHM) of the main diffraction peaks, the average crystallite size was
determined to be 24-30 nm using Scherrer formula [23,24] which demonstrates that sample
obtained via PSG route have low mean crystallite size which can correspond to effective role of

PVP on controlling the growth process.
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Figure 2. XRD patterns (a) and SEM images (b) of the as prepared nanocomposite and nanohybrid



Fig. 2 depicts the representative SEM micrographs of nanocomposite and nanohybrid. As shown
in Fig. 2b, the composite particles obtained via PSG approach seem to have uniform spherical
shaped morphology with particle sizes ranging from 100 nm (WOs3 phase) to 500 nm (CuWO4
phase). The addition of PVP as chelating and surface-passivating ligand with C-O groups, not only
can coordinates metal atoms, causing homogeneity in metal atom distribution in sol and gel, but
also stabilizes particle growth by surrounding the particles with its long polymeric chains, leading
to homogeneity of primary microparticles without significant agglomerations during sintering
process. This in turn leads to high surface area which is consistent with Brunauer-Emmett-Teller
(BET) analysis results with a type IV adsorption classification and 58.2 m?/g BET surface area
(Fig. 3a). The large BET surface area of the nanocomposite is beneficial for its photocatalytic
activity. Moreover, SEM images show that the structure of Ag nanowires in the photocatalyst were

maintained and Ag nanostructures were uniformly distributed in the nanohybrid.
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Figure 3. Nitrogen adsorption-desorption isotherm (a) and Raman spectrum (b) of the as-
prepared nanohybrid



The main Raman bands of the as-prepared nanohybrid (presented in Fig. 3b) are attributed to the
characteristic CuWQO4/WO3 phases, which demonstrates some prominent peaks in the measured
range 100-1100 cm™, attributed to the stretching vibration vi (Ag) of the O-W-O bond (the
strongest band), v2 (Ag) and vs (Eg) vibration of W-O and bending modes of the O-W-O.
Furthermore, the Raman spectra of CuWOQ4 can be interpreted in terms of internal and external
modes of the WOs octahedra. Internal modes correspond to vibrations of O atoms against W inside
the WOs octahedra and external modes imply the movement of WOQOs octahedra as rigid units
against Cu [25, 26]. Although the Raman spectra did not exhibit the significant signals related to
Ag nanocrystals, the presence of Ag nanostructures cause a relative decrease in the intensity and
a slight red shift of the bands relevant to composite due to an interaction between Ag and

semiconductors so as to influence the resonant Raman effect for composite.

3.2. Photo-physical and Electrochemical characterization

The UV-visible spectra of the as-synthesized CuWO4/WO3 composite and Ag-nanohybrid are
depicted in Fig. 4a. There are two overlapped bands below 550 nm, which was assigned to a W
(5d) O(2p) ligand to metal charge transfer (LMCT) band centered about 390 nm and a W (5d) )
Cu (3d) metal to metal charge transfer (MMCT) band centered about 440 nm. Compared to the
WO3 band gap (about 2.61 eV), the band-gap of the as-prepared composite and nanohybrid were
estimated to be about 2.32 and 2.25 eV, respectively, indicating the hetero-structure construction
effectively narrows the bang gap and improves light harvesting in the visible region. The metal
Cu?* d-orbitals are sufficiently low in energy as to effectively hybridize with the O (2p) valence
band, which results in the lower band gap relative to that of pure WO3. Moreover, the more

effective absorption band and extending the visible light response of Ag-PSG nanohybrid at
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approximately 420 nm, was mainly ascribed to the surface plasmon resonance (SPR) originating

from the plasmonic nanostructures in the product.
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Figure 4. UV-Vis spectra (a) and photocatalytic activity (b) of the obtained products

The photocatalytic activity of the as-synthesized heterostructured composite, Ag nanohybrid and
pure WO3 was studied for the degradation of MB dye under visible irradiation, as presented in Fig.
4b. As expected, nanohybrid and heterostructured composite exhibit remarkable improvement in
photocatalytic activity in comparison with the pure WO3 [27]. It can be attributed to the formation
of a nanoheterostructure between the CuwOs4 and WOz nanoparticles and the creation of an
internal electric field at the interface region, improving charge transfer/separation between two
phases, suppressing electron-hole recombination. Moreover, the results clearly indicate that the
photo-degradation of the Ag-nanohybrid reaches 51%, more efficient than that of heterostructured
composite after 3 h visible light irradiation, which can be ascribed to SPR effect of Ag
nanostructures on the enhancement of visible absorption and charge carrier transfer/separation

efficiency.
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The PL technique is useful for disclosing the migration, transfer, and recombination processes of
the photo-generated electron-hole pairs in the as synthesized products. According to Fig. 5a, it is
apparent that the pure WOz display highly intense and broad PL band signals in the 400-600 nm
region, which could be corresponded to the radiative recombination of self-trapped excitons.
However, the radiative emission peaks of heterostructured composite and Ag-nanohybrid are
obviously suppressed. The quenching behavior revealed that the hetero-structure and Ag
nanostructures trap or transfer photogenerated charge carriers to suppress electron-hole
recombination. The effective charge carrier separation could extend the reactive electron-hole
pairs lifetimes and enhance the photocatalytic activity of nanohybrid. Additionally, the formation
of Schottky junction in Ag nanohybrid system prohibited photo-induced carrier recombination due
to the SPR effect. It should be noted that both of Ag nanowires and nanocrystals could react as
electron traps, facilitating the photo-generated electrons transfer and charge carrier separation.

Nyquist plots of the EIS spectra for pure WOs, heterostructured composite and Ag nanohybrid are
presented in Fig. 5b which display typical semicircles. The diameter of the semicircles are related
to the charge-transfer resistance at the electrode/electrolyte interface. According to Nyquist plots
in the medium frequency range (10-10° Hz), the Ag nanohybrid shows a lower charge transfer
resistance, which can accelerate the charge separation and inhibit the recombination between

charge carriers.
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Figure 5. (a) PL spectra and (b) Nyquist plots of the as-synthesized products. (c) Different SPR

effects in plasmonic-semiconductor nanohybrids

Ag nanostructures able to absorb visible light due to the existence of a localized surface plasmon
resonance (LSPR). LSPR in Ag nanostructures can contribute a neighboring semiconductor in
light absorption and charge separation for photocatalytic applications through four types of
enhancement mechanisms: light scattering, light concentration, hot electron injection (HEI), and

plasmon-induced resonance energy transfer (PIRET). Light scattering by radiative decay can
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increase the effective optical path length in the semiconductor. This leads to corresponding
enhanced absorption and creation of charge carriers. When the surface plasmon decays by exciting
an electron-hole pair within the nanostructures (non-radiative decay), hot electrons can be
transferred to the conduction band of the semiconductor and carry out the corresponding reactions.
In the third (light concentration) and fourth (PIRET) mechanisms, the highly localized electric
field enhancement (i.e. near-field) around the plasmonic nanostructures induces interband
excitations in a neighboring semiconductor, increasing the electron-hole generation rate in the
semiconductor. Unlike the HEI mechanism, the light scattering, light concentration and PIRET
mechanisms do not transfer the plasmon energy by charge transfer, but radiatively or by a dipole-
dipole interaction, inducing interband excitations in a neighboring semiconductor. Accordingly,
during visible light irradiation, on the one hand, the Ag nanocrystals are photoexcited owing to the
plasmon resonance. Subsequently, the photoexcited electrons are migrated from the surface of the
Ag nanocrystals to the conduction band of semiconductors. Meanwhile, owing to the high
crystallinity and conductivity of the Ag nanostructures, the resistance to electron migration is
relatively low so as to reduce the recombination of e/h pairs [28-29].

The capability of a photocatalyst to function in photocatalytic applications can be photo-physically
evaluated via the band edge positions. Regarding the redox potentials of MB, the positions of
electronic band edges of a semiconductor identify its ability to undergo photo-induced electron
transfer to the species adsorbed on the surface of photocatalyst. We predicted band edge position
of photocatalysts according to a semi-empirical technique proposed by Butler and Ginley [30, 31].
According to the method, the band edge positions of a semiconductor at the point of zero charge
can be expressed empirically by:

Ev=y-Ee+05E, (1)
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Ec=Ev-Eq (2)

x ~ (Mer 207 3

Where Ee = 4.50 eV is the scale factor relating the reference electrode redox level to the vacuum
level and Eg is the band gap. The absolute electronegativity of a semiconductor, y, defined as the
geometric mean of the electronegativity of the constituent atoms. Based on the above
characterization results, the enhanced photocatalytic performance of the Ag nanohybrid can be
explained by a possible proposed energy band structure and photochemical reactions illustrated in

Fig. 6a.
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Figure 6. Photocatalysis and charge separation mechanism (a) and Reusability of the as-prepared
Ag-nanohybrid (b)

Under visible light excitation, the hetero-structured composite surface generates e-h pairs,
followed by rapid transfer of photo-generated electrons to Ag nanostructures and the carrier

transfer between WO3 and CuWO4. Next, the negatively charged Ag nanostructures activate

composite to produce *O; and holes reacts with H20 to produce *OH. Subsequently, the excited
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SPR electrons in Ag NWs and nanoparticles could react with dissolved oxygen to form active

oxygen species (*Oz ), while the holes (h+) on the composite surface could easily react with water

to generate *OH radicals. The holes, *O, radicals and *OH radicals played a direct or indirect role

on MB degradation. Besides of the main reactions, other reactions may occur. The Ag nanohybrid
could absorb visible light and then excite MB to MB*, which reacted with dissolved oxygen to
produce OH-. It could further transfer to OH, which could lead to the decomposition of MB.
Moreover, the excited MB can also transfer electrons to composite and Ag due to its lower work
function than Ag and lying above the conduction band of composite. At the same time, the Ag*
(h*) ions were also reactive radical species, they were able to directly oxidize MB and reduced to
metallic silver again, so the Ag could be rapidly regenerated and the composites remained stable.
Meantime, the electrons generated by the LSPR effect in Ag nanostructures can overcome the
energy barrier at the interface and can be injected into the CB of semiconductors. The composite

function as an electron reservoir by capturing the electrons transferred from Ag to further increase

the degradation efficiency of MB. Accordingly, the holes, *O, and *OH oxidize the MB molecules

adsorbed on the active sites of the hetero-structured photocatalyst and Ag nanostructures. But in

the case of pure hetero-structured composites, due to the fact that the CB of CuWwO4 and WO3 are

more positive than 02/°0;, *O, is not the main active species in the photocatalytic reaction
process.

Finally, the stability and reusability of the photocatalyst are very important for its practical
applications. Therefore, recycling experiments on the degradation of MB by the as-synthesized Ag

nanohybrid were conducted and the results are shown in Fig. 6b. It revealed that the degradation

16



efficiency of Ag nanohybrid decreased slightly with the recycling runs which might be attributed
to insignificant photo-corrosion of nanocomposite, and the photo-degradation efficiency still kept
with a slight decrease of 5.5% after 4 recycling times, indicating that the stability of the as-
fabricated photocatalysts sustains its photoactivity after recycling.

Consequently, such visible enhanced photocatalytic activity of the as-prepared nanohybrid
(compared to pure WO3) is ascribed to the formation of nanoheterostructure between CuWO4 and
WO3 and the SPR effects of plasmonic Ag nanostructures which improve the charge carrier pair
separation efficiency. At the same time, the large surface area and more effective visible light
absorption capability also contribute to the enhanced photo-catalytic activity which makes this

kind of nanohybrid promising for solar energy conversion applications.
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4. Conclusions

In summary, a new plasmonic Ag-CuWO4/WOs nanohybrid, with enhanced visible light
photocatalytic activity, was successfully synthesized and the photo-physical properties of the as-
prepared nanohybrids were carefully investigated. The results indicated that Ag nanostructures and
formation of hetero-structure are responsible for the enhancement of photocatalytic degradation
performance by extending the response of nanocomposite to visible light and improving the photo-
generated electrons/holes separation as well as charge migration, allowing charge carriers to
partake in the overall photocatalytic reactions. Moreover, the photocatalyst reusability proved that
the Ag-nanohybrid has a good stability, addressing its potential applications in pollutants removal

and energy conversion.
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