CHAPTER 3
APPLICATION OF PURE ZnO AND WO;-DOPED ZnO

FOR USE AS PHOTOCATALYSTS

31 Introduction

ZnO is an n-type semiconductor that has attracted much attention with respect
to the degradation of various pollutants due to its high photosensitivity and stability
[1-3]. The photocatalysts is a catalyst which is activated by light irradiation. It adsorbs
the energy of the light and transfer the energy to the substances, causing
photochemical reaction. While TiO, is widely employed as a photocatalyst [4-12],
ZnO is a suitable alternative to TiO, as it has a similar band gap energy (Eg, 3.2 €V)
[13-14], and higher photocatalytic efficiencies was reported [15-20].

3.1.1 Electronic properties of semiconductor [21-24]

ZnO is able to degrade a wide range of stubborn organics and inorganic
pollutants due to its ability to generate highly oxidizing and reducing species. This is
because as a semiconductor (Sc), it could be “photoexcited” by absorbing light of
suitable wavelength to generate two types of electronic carriers, the electrons (") (the
reducing species) and holes (h") (the oxidizing species) according to equation 3.1

hv>E, _ i .
§¢ —=—> ¢+h (3.1)

where A is the Planck’s constant, v is the frequency of light and Av is the photon
energy. To achieve photoexcitation, #v must be greater than E,, which is known as the
optical bandgap of the semiconductor. E; is defined as the region devoid of energy
levels as illustrated in Figure 3.1. For many compounds, as the number N of

monomeric units in a particle increases, the energy necessary to photoexcite the
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particle decreases. When N is much greater than 2000, a particle which exhibits the
band electronic structure of a semiconductor could form. Such a particle would
consist of a highest occupied energy band, the valence band (Eyg), and the lowest
unoccupied energy band, the conduction band (Ecg), separated by E, Photoexcitation
invoﬂves the promotion of an e” from the valence band (Evg) to the conduction band
(Ecg) upon adsorption of a photon of energy exceeding the band-gap (that is v > E,)
by the semiconduétor, simultaneously generating a hole, h, in the valence band. A
hole can be rationalised as a vacancy devoid of an electron. In general, ZnO has

relatively large band gap energy of 3.2 eV as shown in Figure 3.2.
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Figure 3.1  The effect of the increase in the number N of monomeric units

from unity to cluster of more than 2000 on the electronic structure of a semiconductor

compound [22]
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Figure 3.2 Energy structures of various photosemiconductors [23]

3.1.2 Mechanistic of ZnO Semiconductor Photocatalysis [21-26]

The photoelectrochemistry of the n-type ZnO semiconductor in contact with
an electrolyte is depicted in Figure 3.3. When the ZnO particles are brought into
contact with an electrolyte, the excess charge carriers (e°) are transferred from the
ZnO surface to the electrolyte in order to equilibrate the Fermi levels of the ZnO and
the electrolyte. This leads to band-bending and the formation of a thin-layer of space
charge region, normally a few Angstroms in width on the surface of the ZnO. For
ZnO particles of sizes greater than 10 nm, the space charge layer formed on the planar
electrodes must be formed in the surface region of the particles. This layer is called
the depletion layer as the majority charge carriers are depleted into the electrolyte.
This region is positively charged as the excess electrons on the surface are being
transferred to the electrolyte, hence resulting in an electric field directed from the ZnO

surface (positively-charged) to the electrolyte.
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Figure 3.3 Illustrations of electrochemistry of ZnO particles in contact with an
electrolyte and after irradiation. (a) Fermi level near the conduction band in ZnO prior
to contact with an electrolyte. (b) Band-bending and the presence of an electric field
after contact with electrolyte. (c) Transfer of the photogenerated electrons and holes
upon irradiation. Eyg: Valence band, Ecg: Conduction band [21].

When the € and h" are generated following irradiation, they can take part in
processes as illustrated in Figure 3.4. The e-h" recombination can occur in the bulk
(reaction 1a) and/or on the surface (reaction 1b). When the h* and e are successfully
transferred to the ZnO surface, the h* can oxidize an electron donor D such as H,O
(reaction 2a) while the € can reduce an electron acceptor (O,, reaction 2b). The redox
reactions 2a and 2b are desirable as they lead to the destruction of organics and
inorganic pollutants via oxidation and reduction processes respectively. These
processes are believed to occur mainly on the ZnO surface. The presence of the

species H,O and O, on the ZnO surface is hence imperative to the capture of h* and e’
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respectively. Species D could be a surface hydroxyl group or an adsorbed organic

molecule.
hv
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Figure 3.4  The possible pathways of the main charge carriers occurring in
a ZnO particle following photoexcitation. Eyg: Valence band, Ecg: Conduction band
[21].

To summarize the reactions depicted in Figure 3.4, the major processes in ZnO
photocatalysis can be generalized by the following set of simplified equations
(Equation 3.2-3.9). Because it was established that the photocatalysed degradation of
organic matter in solution was initiated by photoexcitation of the semiconductor,
followed by the formation of an electron—hole pair on the surface of catalyst
(Equation 3.2). The high oxidative potential of the hole (4'vg) in the catalyst permits
the direct oxidation of organic matter (methanol, glucose and sucrose) to reactive
intermediates (Equation 3.3). Very reactive hydroxyl radicals can also be formed
either by the decomposition of water (Equation 3.4) or by the reaction of the hole with

OH (Equation 3.5). The hydroxyl radical is an extremely strong, non-selective
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oxidant which leads to the partial or complete mineralization of several organic

chemicals [27].
700y — B0 o T 3.2)
'y + organic — organic™ — oxidation of the organic (3.3)
h*vg + H,0 — H' + OH (3.4)
K'vs + OH — OH' 3.5)

Electron in the conduction band (e cg) on the catalyst surface can reduce molecular
oxygen to superoxide anion (Equation 3.6). This radical, in the presence of organic

scavengers, may form organic peroxides (Equation 3.7) or hydrogen peroxide

(Equation 3.8).
ecgt0;— 0% (3.6)
0'; + organic — organic — 00’ 3.7
0% +HOy +H = H;0: + 0, (3.8)

Electrons in the conduction band are also responsible for the production of hydroxyl
radicals, species which have been indicated as the primary cause of organic matter
degradation (Equation 3.9).

OH’ + organic — degradation of organic 3.9
The overall degradation organic compound process in the presence of oxygen can be
summarized by the following Equation 3.10 [21].

C.H.OX +(m+ T 00 Xyoll ol mC02+n;sz-20+sz++zXO;" (3.10)

RS 2 4 2
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3.1.3 Photocatalytic oxidation

The photooxidation of organic compounds has been interested for many
environmental applications such as waste water pollutant treatments. Many kinds of
organic compounds have been reported to be degraded by photocatalytic process.
The photooxidation of organic compounds proceeds via hydroxyl radical or directly
by the photogenerated holes. Evidence that the hydroxyl radical is the main reactive
oxidant in the photocatalytic degradatibn has been obtained by observing the
intermediates of the photooxidation of halogenated aromatic compounds which are
the same as those when these compounds were reacted with a known source of
hydroxyl radicals [28].

3.1.4 Photocatalytic reduction

Photogenerated electrons at the conduction band of ZnO are relatively weaker
reductants. However, the presence added electron donor as organic hole scavenger is
important in photocatalytic reduction process because it can be enhanced the reaction.
In addition, hole scavengers, or some organic compounds could form reducing
intermediates upon reacting with the hydroxyl radicals which could enhance the
reduction reactions [29].

3.1.5 Modified photocatalysts: enhancement of photocatalytic activity

Interfacial charge transfer in the reactions when occurs could enhance the
photoactivity.  Improved charge separation and inhibition of charge -carrier
recombination is essential in improving the overall quantum efficiency for interfacial
charge transfer. This can be achieved by modifying the properties of the particles by

a selective surface treatment.
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3.1.5.1 Doping with transition metal ions [25-26]

The performance of photocatalysts can be changed by doping the transition
metal ions into ZnO particles. The dynamics of electron-hole recombination and
interfacial charge transfer will be affected. While some studies have shown that
doping with transition metal ion into ZnO semiconductors can be effective in
lengthening the lifetime of the generated charge carriers. Several reasons in the
research papers explained the effects of the dopaht on ZnO. One reason is that the
location and co-ordination of the dopant within the semiconductor.  This depends
critically on the sample preparation techniques, pretreatment, and the concentration of
the dopant. The dopant may be adsorbed on the surface, or incorporated into the
interior of the particle upon firing, or they may form separate oxide phases. The
dopant can function as both hole and electron trap or they can mediate interfacial
charge transfer. Once incorporated into the interior of ZnO, the dopant may occupy
either lattice substitutional or interstitial sites. Their ability to function as trap site
and/or to mediate interfacial charge transfer will depend on these factors. Finally, the
site where the electron gets trap greatly influences the redox chemistry of the doped
semiconductor. However, if an electron is trapped in a deep trapping site, it will have
a longer lifetime, but it may also have a lower redox potential. This might result in a
decrease in the photoreactivity.

3.1.5.2 Metal ion deposition [21, 25-26]

The ability of a metal that is deposited on semiconductor surface to mediate
the photogenerated electrons away from the semiconductor may give rise to a
Schottky barrier. A Schottky barrier is created at a metal-semiconductor interface.

The potential barrier formed at the interface depends on the work functions of the two
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materials. The work function (®) is defined as the energy difference between the
vacuum level (Ey,c) and the Fermi level (Ef). The Ey, is defined as the energy of an
electron at rest (and hence with zero kinetic energy) just outside the crystal surface
and not interacting with the crystal. When the metal and semiconductor are brought
into intimate contact, electron flow from the semiconductor to the metal until the
Fermi level on both side are equalized. The transfer of electrons could be
rationalized as follows: the energy barrier for the elecﬁon transfer from a region of
higher work function (metal ions) to one of lower work function semiconductor (ZnO)
is greater than that from a lower work function to one the higher work function.

3.1.5.3 Semiconductor compound deposition [21, 25-26]

Semiconductor compound deposition on the surface of the photocatalyst is
also utilized enhance the separation of electron-hole pairs. When semiconductor
compound deposition on photocatalyst, it can change the photocatalyst surface
properties. Figure 3.5 illustrates the WO; in contact with surface of semiconductor.
Upon excitation, electron can migrate to the WO; deposit where they can be trapped
or captured by an oxidant (O,-electron acceptor). The hole is then free to migrate to
the surface where oxidation can be occur (H;O — OH).

In a coupled semiconductor system the two particles are in contact
with each other and both holes and electrons are accessible on the surface for selective
oxidation and reduction processes. The possessing different energy levels for their
corresponding conduction and valence bands, provides an approach to achieve a more
efficient charge separation, an increased lifetime of the charge carriers and an
enhanced interfacial charge transfer to adsorbed substrates. An interesting approach

to prevent electron-hole recombination is the coupling of two semiconductor catalyst
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to improve charge separation. This strategy accomplishes vector displacement of
charges on the semiconductors and reduces electron-hole recombination. Thus,
coupled semiconductor systems offer potential advantages for solar energy utilization

because of the possibilities presented by inter-particle electron transfer.

Figure 3.5  Electron mediation by WOj3 in contact with ZnO surface [21]

3.1.6 Literature review

The photocatalytic decolorization of Reactive Blue 19 (RB-19) in aqueous
solutions containing TiO; or ZnO as the catalysts was reported by Lizama et al. [15].
Titania P-25 (surface area 50 m® g ') was obtained from Degussa and ZnO (surface
area 5 m”> g ') from Merck. It was noticed that ZnO was a more efficient catalyst than

TiO; in the color removal of RB-19.
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The degradation of acid 14, commonly used as a textile dye, using ZnO as
photocatalyst was reported by Daneshvar et al. [16]. It was found that ZnO was a
suitable alternative to TiO, for the degradation of this dye, since its photodegradation
mechanism was proven to be similar to that of TiO,.

The photocatalytic degradation of Methyl Orange (MO) and Rhodamine 6G
(R6G) in various photocatalyst suspensions (TiO;, ZnO, SnO,, ZnS and CdS) was
investigated by Kansal et al. [20]. It was found that the most active photocatalyst for
decolorization of MO and R6G was ZnO. The initial rate of photodecolorization
increased with increase in catalyst dose up to an optimum loading. Further increase in
catalyst dose showed no effect. Moreover, photocatalytic activity of ZnO is greater in
the presence of solar light as compared to UV light.

Metal and metal oxide such as Ag, Pd, Fe, Cd and W had been shown to have
a beneficial influence on the photoactivity of nanocrystalline semiconductor
photocatalysts. The photocatalytic degradation of phenol solution using ZnO
nanoparticles that were modified by depositing different amount of noble metal Ag or
Pd on their surfaces with a photoreduction method was reported by Ligiang et al. [30].
The results show that the photocatalytic activity of ZnO nanoparticles was greatly
improved by these noble metals. Moreover, the effects of Pd modification on
photocatalytic activity are greater than that of Ag.

The photocatalytic activities of a-Fe;O3, WO3 and CdS deposited on ZnO on
dichloro acetic acid (DCA) in aqueous solution were investigated by Sakthivel et al.
[31]. The results reveal that the mixtures of ZnO with a-Fe;03 (0.5 wt.%), WO; (0.02
wt.%) and CdS (0.2 wt.%) exhibit higher photocatalytic activity than pure ZnO when
the experiments were carried out using all the three conditions such as (1) under

continuous purging with molecular oxygen, (2) in the presence of naturally dissolved
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oxygen and (3) in the absence of oxygen. Moreover, it can be concluded that the main
role of a-Fe;03, WO;3 and CdS as heterojunctions, is the improved separation of
photoproduced electron/hole pairs and, consequently, results in the observed higher
photocatalytic activity.

The size of photocatalyst is one of the most important factors. Hariharan [2]
compared the photocatalytic activity between bunk ZnO and ZnO nanoparticles, the
results indicated that ZnO nanoparticles exhibited higher activity than bunk ZnO.
Moreover, the photocatalyst preparation process is another important factor. Wang et
al. [32] compared photocatalytic activity of ZnO powder with various size scales
(mean diameter size: 10, 50, 200 and 1000 nm) preparing by two different preparation
processes as thermal evaporation process and chemical deposition process. ZnO
nanoparticles with diameter size 50 nm prepared by thermal evaporation process
showed the highest photocatalytic activity. However, the smaller 10 nm ZnO
nanoparticles prepared by chemical deposition process showed the lower efficiency
contrast to 200 nm ZnO powders prepared by thermal evaporation process, indicating
that preparation process was the decisive factor rather than size and morphology.

The photocatalytic degradation of 10 ppm methylene blue (MB) solution that
was used to evaluate the performance of FSP-made Ag-ZnO and compared to wet-
made Ag-ZnO was reported by Height et al. [33]. The results showed that the
photocatalytic activity of FSP-made Ag-ZnO was much better than that of wet-made
Ag-ZnO. Moreover, FSP-made 3 at% Ag-loaded ZnO exhibited the best
photocatalytic performance. This result could be confirmed that the preparation

process is very important factor for photocatalysts.
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32 Experimental
3.2.1 Apparatus
- Spiral photoreactor (Nanoscience Research Laboratory, Faculty of
Science, Chiang Mai University (CMU), Thailand)

- UV-lamp (NEC 20 watt T10 black light blue)

- Peristaltic pump (Masterflex Model 7553-79)

- Conductivity meter (EUTECH PC 5500)

In this work, pure ZnO and WOs3-doped ZnO nanoparticles prepared by FSP
method were tested for photocatalytic activity by using the setup of spiral
photoreactor at Nanoscience Research Laboratory, Faculty of Science, Chiang Mai
University (CMU), Thailand. A schematic diagram of the spiral photoreactor was
given in Figure 3.6. The spiral photoreactor consisted of (I) 70 cm long spiral reactor.
The spiral reactor was made out of borosilicate glass tube with an outside diameter of
5 mm and the wall thickness of 1 mm. Photocatalytic reaction was initiated by
illuminating the suspension which suspended inside the tube with (II) UV-lamp (NEC
20 watt T10 black light blue). The glass spiral filtered with the lamp was covered with
aluminum foil to prevent both the intrusions of ambient light and the emission of the
harmful UV from the lamp. The attachment to the photoreactor were (III) a peristaltic
pump (Masterflex Model 7553-79) (IV) a conductivity meter EUTECH PC 5500 and
(V) a gas-liquid separator. All components were connected together using masterflex

flexible tubing which was resistant to leaching of any organics.
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3.2.2 Preparation of photocatalyst suspension and operation

A 50 mL suspension of pure ZnO and WOs-doped ZnO nanoparticles having a
loading of 1 g/l was prepared and its pH was about 7.0. The suspension was
dispersed in an ultrasonic bath for 20 min before it was discharged into the spiral
photoreactor. The suspension was circulated through out the spiral photoreactor. The
suspension was subjected to a “carbon burn off” period, when it was illuminated to
remove any contaminants adsorbed on the photocatalyst surface. The carbon dioxide
generation was monitored using the conductivity meter (IV) in unit uS/cm. During
carbon burn off, the conductivity reading increased to a constant value which was an
indicating or that all inlpuﬁties were removed. The system was then slowed to
equilibrate at ambient atmospheric conditions by opening a valve at an exit port of a

gas liquid separator (V).

spiral borosilicate
glass tube

U T e

) gas-liquid separator (V)

lamp (1)

pump pump controller

Figure 3.6  Scheme of spiral photoreactor
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Various organic carbon load (500 pg of carbon (500 pg C)), as glucose,
sucrose and methanol were injected into photocatalyst suspension through the inlet
port (V). The catalyst-organic substrate mixture was circulated for 5 min without
light illumination to ensure dispersion of the organic compound throughout the slurry.
The lamp was then switched on. Subsequently, the increase in conductivity value was
recorded every 1 second until the reaction ended. At the end of the photoreaction, the
lamp was switched off and the system was flushed several times with Milli-Q water.
All experiments were repeated at least twice.

3.2.2.1 Calibration curve measurement

The spiral photoreactor was calibrated to obtain a relationship between the
conductivity value and the amount of degraded organics. A suspension of pure ZnO
as a catalyst loading (1 g/L) was used during the calibration. The photocatalyst was
circulated through the reactor and subjected to carbon burn off. After carbon burn-
off, a known amount of carbon was added as sucrose (100-2000 pg of carbon) to the
system and the lamp switched on. The conductivity value increased and the final
conductivity reading was recorded as in the previous section which, corresponding to
the known amount of carbon added. Calibration was relied on the establishing of the
relation between carbon mass in the sample and the conductivity measurement values.

For calculation, at the end of each run the recorded data which consisted of the
increased in conductivity value was converted to the amount of carbon interpolated

from the expression obtained from the calibration curve.
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33 Results and discussion

3.3.1 The methanol degradation curve

The percent of degradation of methanol as a function of time using pure and
WO;3-doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0
mol% WO; were shown in Figure 3.7. All curves of methanol degradation with
different concentrations of WO; in ZnO photocatalyst looked similar to “S” character.
Each curve could be divided to 4 periods. The first period was in the range of 0-15
min and 0-25 min when WOs-doped ZnO and pure ZnO were used as photocatalysts,
respectively. The methanol was slowly degraded and the slope was quite low. The
second period was in the range of 15-20 min and 25-35 min when WOs-doped ZnO
and pure ZnO were used as photocatalysts, respectively. The percent of methanol
degradation greatly increased and the slope was very high. The third period was in the
range of 20-30 min and 35-45 min when WO;-doped ZnO and pure ZnO were used as
photocatalysts, respectively. The methanol degradation was slightly processed and the
slope was quite low again. The forth period was after 46, 32, 28, 35 and 35 min for
pure and WO3-doped ZnO nanoparticle photocatalysts containing 0.25, 0.50, 0.75 and
1.0 mol% WO, respectively when the curve changed a little in this period then the

methanol degradation process was completed.
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Figure 3.7  The percent of degradation of methanol using pure and WO;-

doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0 mol%WO;

3.3.2 The glucose degradation curve

The pércent of degradation of glucose as a function of time using pure and
WOs-doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0
mol% WO; were shown in Figure 3.8. All curves of glucose degradation with
different concentrations of WO; in ZnO photocatalyst looked similar to “S” character.
Each curve could be divided to 4 periods. The first period was in the range of 0-20
min when the glucose degradation was slightly processed and the slope was low. The
second period was in the range of 20-35 min when the percent of glucose degradation
greatly increased and the slope was very high. The third period was in the range of
35-45 min when the glucose degradation was slightly processed, the slope was low
again. The forth period was after 58, 46.5, 46, 58 and 60 min for pure and WO;-doped

ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0 mol% WO;,
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respectively when the curve changed a little in this period then the glucose

degradation process was completed.
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Figure3.8  The percent of degradation of glucose using pure and WO;-

doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0 mol%WO;

3.3.3 The sucrose degradation curve

The percent of degradation of sucrose as a function of time using pure and
WO;-doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0
mol% WO; were shown in Figure 3.9. All curves of sucrose degradation with
different concentrations of WO; in ZnO photocatalyst looked similar to “S” character.
Each curve could be divided to 4 periods. The first period was in the range of 0-20
min when the sucrose degradation was slightly processed and the slope was quite low.
The second period was in the range of 20-32 min when the percent of sucrose

degradation greatly increased and the slope was very high. The third period was in the
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range of 32-45 min when the sucrose degradation was slightly processed and the slope
was low again. The forth period was after 56, 48, 47, 50 and 55 min for pure and
WO;3-doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0
mol% WOs;, respectively when the curve changed a little in this period then the

sucrose degradation process was completed.
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Figure 3.9  The percent of degradation of sucrose using pure and WO;-

doped ZnO nanoparticles photocatalyst containing 0.25, 0.50, 0.75 and 1.0 mol%WO;

3.3.4 Photocatalytic activity of pure ZnO and WO3-doped ZnO with
methanol, glucose and sucrose under UV irradiation
The activity of ZnO samples can be evaluated by the photocatalytic oxidation
reaction of methanol, glucose and sucrose under UV irradiation. It is well known that
good photocatalyst takes short time to complete the degradation process. The results

from Figure 3.7 show that, 46, 32, 28, 35 and 36 min were spent by the pure and
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WOs-doped ZnO nanoparticles containing 0.25, 0.50, 0.75 and 1.0 mol% WOs;,
respectively, as photocatalysts to complete methanol degradation process.
The results from Figure 3.8 show that, 58, 46.5, 46, 58 and 60 min were spent
by the pure and WO;-doped ZnO nanoparticles containing 0.25, 0.50, 0.75 and 1.0
mol% WO, respectively, as photocatalysts to complete glucose degradation process.
The results from Figure 3.9 show that, 56, 48, 47, 50 and 55 min were spent by the
pure and WO3-doped ZnO nanoparticles containing 0.25, 0.50, 0.75 and 1.0 mol%
WOs;, respectively, as photocatalysts to complete sucrose degradation process. The
times for completing the degradation process of methanol, glucose and sucrose with
different types of photocatalyst could be concluded in Table 3.1.
Table 3.1

The comparison of time for completing the degradation process of

methanol, glucose and sucrose with different types of photocatalyst

_ Completed Completed Completed
I _ methanol glucose sucrose
Bt ySLiyps degradation time | degradation time | degradation time
(min) (min) (min)
None 60 70 70
Pure ZnO 46 58 56
0.25 mol%
32 46.5 48
WO;3-doped ZnO
0.50 mol%
mo 28 46 47
WOs-doped ZnO
0.75 mol%
" g 35 58 50
WO;-doped ZnO
1.0 mol%
B 36 60 55
WOs-doped ZnO




18 %)

Moreover, it was found that 60, 70 and 70 min were spent by the methanol,
glucose and sucrose in the absence of the photocatalyst to finish the degradation
process under UV irradiation, indicating that the direct photolysis of methanol,
glucose and sucrose could occur in experimental condition but took a longer period of
time.

In addition, all WOj3-doped ZnO nanoparticles took shorter time than the pure
ZnO to complete methanol, glucose and sucrose degradation process. The 0.50 mol%
WO;-doped ZnO nanoparticles took the shortest time to complete the process. These
results could be assumed that the photocatalytic activity of ZnO nanoparticles could
be greatly improved by doping an appropriate amount of WO;. The optimal amount of
WO3 doping into ZnO nanoparticles was 0.50 mol% in methanol, glucose and
sucrose. A limiting factor of the photocatalytic reaction should be the recombination
of the electron and hole prior to the superoxide activation step.

Figure 3.10 shows the effect of WO; loading on the photocatalytic activity of
ZnO nanoparticles. It can be seen that the optimized amount of WO; loading is 0.50
mol% for methanol, glucose and sucrose degradation. This is consistent with WO3
particles acting to trap photo-induced electrons, retarding the electron-hole
recombination process, and thereby, promoting the photocatalytic activity. If the
amount of WO; loading is larger than its optimized value, the activity of ZnO
nanoparticles begins to go down inversely. One explanation is that an appropriate
amount of WO3 load may become the center for trapping photoelectrons, while an
excess amount of WO3 load may become the center for recombining photoinduced

electron and hole pairs [25, 30].
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Figure 3.10 Photocatalytic degradation rate of methanol, glucose and sucrose

as a function of WQj3 loading on ZnO photocatalyst

Figure 3.11 shows the electronic energy level of O, (gas), conduction band
(CB) of WO3 molecular clusters ([WOj3]n), CB of ZnO, O, adsorbed on ZnO surfaces
(O4), WOs (bulk) and valence band (VB) of ZnO. The electronic energy level of
[WOs]n can change to a certain degree with changing WO; amount due to the
quantum size effect, namely, the lower the WO; amount, the higher the electronic
energy level. Thus, the direction of the electrons easily transferring to could be
determined according to Figure 3.11. The arrowheads of solid line indicated that the
electrons could transfer to the direction, while that of dashed line indicated that the

electrons could not move to that direction.
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Vacuum level

ZnO WO;

Figure 3.11 Simplified diagram of electronic energy level of conduction (CB)
and valance (VB) band of ZnO, electronic energy level of WOj3 clusters ([WOs]n),

WO; (bulk) and O, adsorbed on ZnO surfaces (O4) [25, 26, 30].

There were main three results as following: (i) the photoinduced electrons
could not transfer directly from the CB of ZnO to O, (gas) or indirectly from the CB
of ZnO to O, (gas) via the CB of WO; (bulk); (ii) if the electronic energy level of CB
of [WO;]n was lower than that of the CB of ZnO and higher than that of O because
of the appropriate content of deposited WOs;, the Oa can easily capture the
photoinduced electrons to produce O,  via CB of [WO;s]n. This is favorable for
photocatalytic reactions and the activity of semiconductor photocatalyst was

improved by increasing the separation efficiency of photoinduced electron-hole pairs
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and by promoting the formation of Oax. (iii) if too much amount of WOj; is deposited,
the electronic energy level of [WO;]n will decline to or even lower than that of the
Oa. Thus, it is difficult for O4 to capture the photoinduced electrons via bulk WO;,
and the photoinduced electron and hole pairs on deposited WO; will easily recombine
which make the photocatalytic performance decrease. These discussions can be
confirmed that the appropriate amount of deposited WOs3; can promote the Op
capturing photoinduced electrons. Moreover, it can be suggested that the separation
rate of photoinduced electron and hole pairs and photocatalytic performance of ZnO

photocatalyst can be improved by the appropriate amount of deposited WO;.

34  Conclusions

The photocatalytic activity of WO;-doped ZnO nanoparticles containing 0.25,
0.50, 0.75 and 1.0 mol% were investigated by UV-induced degradation of methanol,
glucose and sucrose in aqueous solution in the photocatalytic reactor. The results
showed that the appropriate amount of WO; loading could greatly enhance the
photocatalytic activity of ZnO nanoparticles for degrading methanol, glucose and
sucrose. The optimized amount of WO; loading was 0.50 mol% in methanol, glucose
and sucrose. This is consistent with WO; particles acting to trap photoinduced

electrons, retarding the electron-hole recombination process, and thereby, promoting

the photocatalytic activity.
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