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Photoreduction deposition preparation of UV-light-driven
Pd nanoparticles/ZnWQ4 nanorods photocatalyst
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UV-light-driven Pd nanoparticles’ZnWO, nanorods photocatalyst was prepared by
photoreduction deposition method. Effects of phase, morphology and photocatalytic
properties on different weight contents of Pd loaded on ZnWO4 nanorods were analyzed by
XRD, SEM, TEM and XPS instruments and discussed in this research. They showed that
the metallic Pd nanoparticles were uniformly decorated on the high crystalline wolframite
ZnWOj4 nanorods. The 5% Pd/ZnWO4 nanocomposites exhibited the highest rhodamine B
(RhB) degradation of 92.89% within 240 min under UV light irradiation.
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1. Introduction

Organic dyes released from textile, plastic and paper industries are the great impact on
human health and ecological security because these organic pollutants are high stable, non-
biodegradable, and likely to change genetic structure and cause cancer [1-4]. In recent years,
wastewater treatment by photocatalysis has attracted very much attention and can play the role in
complete transforming toxic organic compounds into CO, and H>O under sun light irradiation
because of the high efficiency, energy conservation, environmentally friendly and low cost process
[1,2,5,6].

Zinc tungsten oxide (ZnWOs), an n-type semiconductor with monoclinic wolframite
structure, shows excellent physicochemical properties and potential applications such as scintillating
and laser host material, photocatalysis, gas detector and fiber optic device [1, 4, 7-10]. UV-light-
driven ZnWOs has excellent chemical and physical stability, and good optical properties. It is low
cost, environmentally friendly and nontoxic [1, 4, 11-13]. However, the UV-light-driven
photocatalytic ZnWOj4 has low performance and high recombination rate of carrier charge pairs [1,
11-15]. One strategy for improving the UV-light-driven ZnWOQO4 is by being loaded with noble
metals because the loaded noble metals act as an electron acceptor to enhance separation of carrier
charge pairs [11, 12, 16, 17]. For example, Lia et al. claimed that Ag nanocrystallites decorated on
different sizes of ZnWQ, nanocrystals were able to improve photodegradation of methyl orange
(MO) under UV irradiation [11]. According to Zhu et al., they reported that ZnWO4/Ag yolk-shell
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microspheres have outstanding photodegradation for methylene blue (MB) due to the hybridized Ag
nanoparticles and ZnWO, nanorods [17].

In this research, Pd nanoparticles supported on surface of ZnWO,; nanorods by
photoreduction deposition method were reported. Weight effect of Pd nanoparticles loaded on
ZnWO4 nanorods used for rhodamine B (RhB) dye degradation was investigated.

2. Experiment

To prepare ZnWO, nanorods, 0.005 mole of zinc nitrate hexahydrate (Zn(NOs),-6H,0) and
0.005 mole of sodium tungstate dihydrate (Na;WOQO4:2H>0) were separately dissolved in 50 ml
distilled water. Following the dissolving process, the tungstate solution was slowly added to the Zn**
solution to obtain white suspension. 3 M sodium hydroxide (NaOH) solution was slowly dropped to
the white suspension until the suspension pH was 8. The white suspension was put in 200 ml
hydrothermal reactor, tightly closed and heated at 180 °C for 24 h. The as-prepared white precipitate
was separated by filtering, washed and dried for further characterization and procession.

To prepare Pd/ZnWO, nanocomposites, 2.5 g ZnWO4 nanorods were added in 100 ml
ethylene glycol (EG) under stirring. A certain amount of palladium (II) chloride (PdCl:) was
dissolved in 10 ml of EG which was slowly dropped in the ZnWOQ, suspension. Then, it was
irradiated by UV light with stirring at 500 rpm for 3 h. The Pd/ZnWO, composites were filtered,
rinsed and dried for further characterization.

To investigate UV-light-driven photocatalyst, 2.5 g photocatalyst containing in 200 ml of
1x10~° M RhB solution as dye pollution was continuously stirred at 500 rpm for 30 min in the dark
condition. Subsequently, the photocatalytic suspension was irradiated by UV light and sampled for
5 ml every 30 min interval. It was centrifuged and measured the initial and final contents of RhB at
Amax 0f 554 nm by UV-visible spectroscopy.

3. Results and discussion

Fig. la shows X-ray diffraction (XRD) patterns of the UV-light-driven Pd
nanoparticles/ZnWO4 nanorods photocatalyst. The XRD pattern of pure ZnWO4 sample without the
loaded Pd can be indexed to pure monoclinic ZnWOQj4 phase according to JCPDS No. 15-0774 [18].
Strong and sharp diffraction peaks of the XRD pattern demonstrated that the sample was good
crystal synthesized by hydrothermal method. The as-prepared Pd/ZnWO, heterostructure samples
can be indexed to the monoclinic phase of ZnWO, as well. There was no detection the diffraction
peaks of face center cubic (FCC) metallic Pd phase according to JCPDS No. 46-1043 [18] in the as-
prepared Pd/ZnWO, nanocomposites because of the good dispersed crystallite of Pd nanoparticles.
Fig. 1b is the Fourier transform infrared (FTIR) spectra of the as-prepared UV-light-driven Pd
nanoparticles/ZnWO; nanorods photocatalyst. The stretching vibration and the asymmetric
deformation of Zn—0 in ZnOg octahedral units were detected at 431 and 472 cm™!, respectively [1,
4,5,8, 11, 12, 16]. The FTIR bands in as-prepared samples at 888 and 821 cm™! were ascribed to
the Zn—O—W bending and stretching vibrations, respectively [1, 4, 8, 12, 16]. The symmetric W—O
stretching in WOs octahedrons was detected at 728 and 573 cm™' [4, 11, 12, 16]. The FTIR bands at
3200-3400 cm™' of ZnWO, and Pd/ZnWO4 were ascribed to the vibration of OH bond of moisture
in the samples [1, 3, 5, 12, 16].
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Fig. 1. (a) XRD patterns and (b) FTIR spectra of the UV-light-driven Pd nanoparticles/ZnWO, nanorods
photocatalyst.

| 00-11 m | 00-11 m

100 nm , :
(c) (d)
Fig. 2 High magnification SEM images of ZnWOy containing (a) 0%, (b) 1%, (c) 5% and (d) 10% by weight
of the loaded Pd.

The morphologies of as-obtained ZnWO,4 samples with and without the loaded Pd were
studied by scanning electron microscopy (SEM). The pure ZnWO,4 sample without the loaded Pd
(Fig. 2a) was composed of uniform nanorods with the approximately aspect ratio of 100—150. The
surface of ZnWOQ4 nanorods was smooth. The as-obtained Pd/ZnWO, heterostructure samples are
shown in Fig. 2b-d, and spherical Pd nanoparticles with <15 nm were covered on the ZnWO4 surface.
They certify the formation of Pd nanoparticles/ZnWOQO4 nanorods composites.
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Fig. 3. TEM and HRTEM images and SAED and FFT patterns of (a, b) ZnWO, nanorods without the loaded
Pd and (c, d) Pd/ZnWO, nanocomposites with 5% Pd.

Transmission electron microscopic (TEM) image of as-obtained ZnWO, sample (Fig. 3a)
shows uniform nanorods with smooth surface. The SAED pattern of a single ZnWOQO4 nanorod (inset
of Fig. 3a) was indexed to the (021), (121) and (100) crystal plane of monoclinic wolframite ZnWO4
structure (JCPDS No. 15-0774 [18]) with zone axis of [01-2]. HRTEM image and FFT pattern of a
ZnWO4 nanorod (Fig. 3b) appear as a perfect single crystal with the distinct detection of the
interplanar of the (100) and (010) crystallographic planes of monoclinic ZnWOj structure (JCPDS
No. 15-0774 [18]). The straight monoclinic ZnWO4 nanorods preferentially grew along the [001]
direction. TEM image of the as-prepared 5% Pd/ZnWO4 nanocomposites (Fig. 3¢) shows uniform
and good distribution of spherical Pd nanoparticles on top of ZnWOQO4 nanorods. A HRTEM image
of the as-prepared 5% Pd/ZnWO4 nanocomposites (Fig. 3d) shows the heterojunction of a spherical
Pd nanoparticle and a ZnWO4 nanorod, indicating that the heterostructure contains excellent
interface. It contains the distinct interplanar of the (110) and (111) crystallographic plane of
monoclinic ZnWOy structure and FCC Pd structure, confirming the formation of Pd nanoparticle—
ZnWO4 nanorod heterojunction by photoreduction deposition method.
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Fig. 4. (a) Survey scan XPS spectrum at 0-1200 eV and high resolution XPS binding energies peaks of (b)
Pd 3d, (c) Zn 2p, (d) W 4f and (e) O Is core levels in 5% Pd/ZnWO, nanocomposites, respectively.

The full XPS survey spectrum of as-obtained 5% Pd/ZnWO4 nanocomposites (Fig. 4a)
presents the only binding energies of C, Pd, Zn, W and O. The adventitious carbon element was
mainly used for calibration. The high resolution XPS core levels of Pd 3dss; at 335.19 eV and Pd
3ds at 340.44 eV were detected. They were assigned to metallic Pd° to which Pt** ions were reduced
by photoreduction deposition method [19-21]. The energy difference of Pd 3d core levels at
336.19/337.28 and 341.52/342.67 €V for Pd 3ds; and Pd 3ds, is ascribed to Pd*" of PdO and Pd** of
PdO; containing in the as-obtained 5% Pd/ZnWOQO4 nanocomposites [19, 21, 22]. They correspond
with two peaks of palladium oxide at 338.47 and 343.82 eV [22, 23]. Zn 2p core levels of Zn*" ions
show two binding energies at 1021.98 and 1045.09 eV for Zn 2p3,, and Zn 2p12 [12, 15, 16]. The W
4f;, and W 4fs;, core levels of W® were detected at 35.83 and 37.98 ¢V in as-obtained 5%
Pd/ZnWOQO4 nanocomposites [12, 15, 16, 24]. The asymmetric binging energy of O 1s of as-obtained
5% Pd/ZnWO4 nanocomposites was disintegrated into four symmetric binding energy peaks of O
Is at 530.71 and 531.92 eV for oxygen coordination of Zn—O bond and W—O bond of ZnWO4 lattice
and 532.95 and 534.06 eV for chemisorbed oxygen, including H>O and CO, on the sample surface,
respectively [12, 15, 16, 24]. These results show the successful formation of metallic Pd nanoparticle
— ZnWOj4 nanorod interface.
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Fig. 5. (a) UV-light-driven photocatalytic efficiencies and (b) linear correlation plotted graph between the
In(Co/Cy) versus UV light irradiation time for degrading RhB over Pd nanoparticles/Zn WO, nanorods
photocatalyst.

Fig. 5a shows the photocatalytic performance for RhB degradation in the presence of pure
ZnWO,4 nanorods and heterostructure Pd/ZnWOQO4 nanocomposites under UV light irradiation.
Among them, the heterostructure 5% Pd/ZnWO,4 nanocomposites as UV-light-driven photocatalyst
have the highest degradation because of the surface plasmon resonance (SPR) effect and electron
acceptor of metallic spherical Pd nanoparticles. Fig. 5b shows the pseudo-first-order plots for
photodegradation of RhB in the presence of ZnWO4 nanorods and heterostructure Pd/ZnWO4
nanocomposites under UV light irradiation [1, 4, 11, 12, 26, 27]. The plots of In(C./C;) versus UV
light irradiation time for degrading RhB in the presence of ZnWO4 nanorods and heterostructure
Pd/ZnWOQO4 nanocomposites under UV light irradiation correspond with linear correlation [1, 4, 12,
27, 28]. The kinetic rate constant values for RhB degradation were 2.59x1073, 9.88x107%, 0.0112 and

8.16x1073 min™! for ZnWO, with weight contents of metallic spherical Pd nanoparticles of 0%, 1%,
5% and 10%, respectively.
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Fig. 6. (a) UV-light-driven photocatalytic efficiencies of 5% Pd/ZnWQO, nanocomposites for RhB
degradation with and without BQ, EDTA-2Na and IPA and (b) stability test of 5% Pd/ZnWOq
nanocomposites used for photocatalysis of RhB within five recycles.

The photocatalytic performance of heterostructure 5% Pd/ZnWO, nanocomposites was 4.32
times that of ZnWQ4 nanorods due to the synergistic effect of Pd nanoparticles on ZnWO, nanorods.
The Pd nanoparticles played the role in SPR effect to produce more photo-induced charge pairs and
extend the lifetime of photo-induced charge pairs of the composites [2, 5, 11, 12, 17].
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Fig. 6a shows the photodegradation efficacies of RhB over heterostructure 5% Pd/ZnWO4
nanocomposites under UV light irradiation with and without different scavenger reagents. The
photocatalytic efficiencies for RhB degradation were decreased from 92.98% to 63.78% for
benzoquinone (BQ) for trapping of *O,", 41.25% for isopropanol (IPA) for trapping of *OH and
27.68% for ethylenediamine tetraacetic acid disodium salt (EDTA-2Na) for trapping of h* [3, 13,
15, 27, 29, 30]. Thus, the active species including *OH and h* were very important for RhB
degradation under UV light irradiation. The photo-induced charge pairs were created in valence
band (VB) and conduction band (CB) on ZnWO4 under UV light irradiation [2, 9, 11, 16]. Pd
nanoparticles on top of ZnWO4 nanorods acted as the electron acceptor at the Schottky barrier. The
electrons reacted with adsorbed O» to generate *O, radicals, and the separation of induced charge
pairs was improved [5, 9, 11, 12, 16, 17, 25]. Holes in valance band migrated to the surface of
nanorods and reacted with adsorbed H,O/OH™ to generate *OH radicals [2, 9, 11, 16, 17]. The RhB
dye was transformed into CO, and H,O by active radicals. In addition, the stability of 5% Pd/ZnWO4
nanocomposites was investigated for five cycles (Fig. 6b). The photocatalytic efficiency for RhB
degradation over reused 5% Pd/ZnWO, nanocomposites was slightly decreased from 92.98% to
89.75% at the end of the 5" recycle. This result certifies that the heterostructure 5% Pd/ZnWO4
nanocomposites are very stable for photocatalysis of dye degradation.

4. Conclusions

In this research, metallic Pd nanoparticles were successfully supported on the surface of
ZnWO4 nanorods by photoreduction deposition method. 5% Pd/ZnWO4 nanocomposites have the
highest photocatalytic efficiency for RhB degradation under UV light irradiation and are very stable
in practical application for wastewater treatment.
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