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Article history: Since the photogenerated holes play a much more important role than electrons in gas-phase photo-
Received 23 June 2011 catalysis, it is better to enrich the holes in the surface of a material system. Here, a novel [interdigital
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The HEL system consists of interdigital electrode, WO3 layer and TiO; layer, and they are orderly printed
onto the alumina substrate from bottom to top using the technology of screen printing. It is surprise that
the synergistic effect of layered heterojunction and external low bias can strengthen the separation of
electron-hole pairs in both TiO, and WOs, and enrich the TiO; surface layer with photogenerated holes
to degrade the gaseous pollutants. In comparison with the pure TiO film, a 6-fold enhancement in pho-
tocatalytic activity was observed using the HEL system by applying a very low bias of 0.2 V. Furthermore,
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Synergistic effect the results also showed that the remarkable improvement could not be obtained when either the WO3
Thermodynamics layer or the low external bias was absent.
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1. Introduction

Photocatalytic technology is an effective pathway for solving
the problems of energy crisis and environmental pollution [1,2].
TiO, semiconductor has been frequently investigated owing to
its high oxidation ability, inexpensive, nontoxicity, and chemical
stability. However, as a photocatalyst, the relatively high rate of
electron-hole recombination often results in a low quantum yield
and poor efficiency of photocatalytic reactions [3-6].

Among the ways of enhancing the separation of photogener-
ated charge carriers, constructing heterojunction structures [7-9]
and applying external biases [10-12] are both effective methods
to improve the photocatalytic activity of TiO,. However, the two
methods suffer severe constraints when they are applied in the
gas-phase photocatalysis, respectively.

With regard to the heterojunction structure, it is generally pre-
pared by the simple physical mixing, such as ball milling and sol-gel
method, which produces a random mixture of different nanopar-
ticles [6,13]. Thus far, WO3 coupling has been widely studied to
improve the photocatalytic performances of TiO,, since WO3 has
the suitable matching band potential to serve as electron accepting
species. However, in the confirmation of degradation of gaseous
volatile organic chemicals (VOCs), the photocatalytic activity of
TiO,/WO3 composite is not obviously enhanced than that of pure
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TiO,, and it is even weakened with the increased amount of WO3
[14-16]. Recently, both theoretical and experimental studies indi-
cate that the reduction reactions initiated by the electrons are much
less effective than the oxidation reactions conducted by the holes
which can induce complete decomposition of gaseous pollutants
at room temperature [17-21]. Therefore, in the mixed WO3/TiO,
composite, WO3 as an electron accepting species not only poorly
contributes to the gaseous photocatalysis, but also reduces the sur-
face area between TiO, and the gaseous pollutants. Hence, the
presence of WO3 can only be accounted for enhancing the pho-
tocatalytic activity, when its content is significantly less than TiO,
[13,16]. As a result, the interface of the heterojunction for charge
separation cannot be sufficiently utilized in the mixed form. It
can be seen that the layered structure with the hole accepting
species facing the VOCs may be more promising than the mixed
form.

With regard to the application of an external bias voltage, the
applied bias on the catalyst can draw the photogenerated electrons
away via the external circuit, leaving holes for mineralization of
organic pollutants by their oxidation, which is the main charac-
teristic of photoelectrocatalytic (PEC) process [22,23]. Until now,
the PEC degradation researches are mainly carried out in aque-
ous solution, but rarely in gas phase. This is because that catalyst
efficiency of traditional TiO, was improved with very high bias
(~100V), which needed special potentiostat or voltage booster and
consumed more electric energy [24,25]. In the view of low car-
bon economy, it is obviously more worthwhile to deal with the
improvement by applying a relative low bias (<0.5V).
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Fig. 1. Schematic diagram of the [interdigital electrode/WOs/TiO,] HEL system
(Al;03 substrate, Au interdigital electrode layer, WO; layer and TiO, layer from
bottom to top).

Taking the above into consideration, we firstly introduce a new
strategy for sufficiently utilizing the photogenerated holes by com-
bining the two methods in one photocatalytic system for gas-phase
application, which is defined as heterojunctional-electrical layered
(HEL) system. When a very low bias is needed and the holes can be
enriched in the surface layer, this system can well settle the bottle-
necks of the two methods applied in the gas-phase photocatalysis,
respectively. In this study, the system consists of interdigital elec-
trode, WO3 layer and TiO, layer, and the three functional layers
are laminated from bottom to top using the technique of screen
printing (schematically shown in Fig. 1). Based on the experimental
results, the charge transportation in terms of the thermodynamics
in this system is discussed in detail. We expect that the proposed
photocatalytic model for the gas phase application may open a new
avenue for the design of high efficient photocatalyst with a pow-
erful oxidative ability, and give a novel sight in the combination of
heterojunctional photocatalytic and PEC techniques.

2. Experimental
2.1. Materials

TiO, (Degussa P25, average grain size: 30 nm), WO3 (Tianjin Ker-
mel Chemical Reagent Co. Ltd., China, average grain size: 80 nm)
and other chemicals used in the experiment were of analytically
pure grade. All of them were used as received without any pre-
treatment.

2.2. Samples preparation and characterization

There are many methods to prepare semiconductor film, e.g.,
sol-gel, sputter deposition, coprecipitation, etc. However, few
works are reported to investigate the photocatalyst film by
screen printing technique, which is a well-known process in the
ceramic industry [26]. In this study, the preparation of [interdigital
electrode/TiO, /WO | HEL system was based on the screen-printing
technique. The designed sample is schematically shown in Fig. 1.

Firstly, the chemical powder (TiO, or WO3) and a certain amount
of organic carrier (a 55:30:10:4:1 wt% combination of terpineol,
butyl carbitol, di-n-butyl phthalate, span 85, and ethyl-cellulose)
were mixed in a 7:3 wt ratio. All of them were put into the agate
ball milling tank. After ball milling for 4 h at the speed of 300 rpm,
the suitable pastes used for the process of screen printing were
obtained. Additional details of paste preparation are available in
our previous report [27].

Secondly, the WO3 paste was printed onto the Au interdigi-
tal electrode which had been preprinted on the alumina substrate
(Zhuhai Yueke Jinghua Electronic Ceramics CO. LTD., China). After
drying, the TiO, paste was printed onto the WO3 layer. The thick-
ness of each photocatalyst layer was about 10 um, which could be
controlled by the screen printing machine. Then, the samples were
preheated at 200°C for 15min to eliminate the organic carrier.

In the end, the samples were sintered at 550°C for 2 h. Follow-
ing the above procedures, the [interdigital electrode/WO3/TiO,]
HEL system could be successfully obtained, in which the Al,03
substrate, interdigital electrode, WOs3 layer and TiO, layer were
laminated from bottom to top. Furthermore, the [interdigital
electrode/TiO,/WOs], [interdigital electrode/TiO,/TiO,], [interdig-
ital electrode/WO3/WOs3] parallel samples were also prepared by
the same method. The prepared samples were characterized by
field-emission scanning electron microscopy (FSEM, Sirion 200,
FEI), X-ray diffraction (XRD, X'Pert PRO, PANalytical B.V.), UV-vis
DRS spectra (Lambda 35, PerkinElmer) and photoluminescence
spectra (PL, USB2000-FLG Ocean Optics Spectrometer).

2.3. Evaluation of photocatalytic activity

Photocatalytic activities of the prepared samples under UV light
were evaluated by the following method. The samples could be
installed in a gas reactor system. The total volume of this reac-
tor was 825 ml. The whole printed area of the photocatalytic film
was 50 mm x 50 mm, which was irradiated by a flat-type LED-
light (Shenzhen Ti-times Electronics Co. Ltd., China, wavelength:
365+ 5nm). The power of the light irradiated to the surface of
photocatalytic sample was 5 mW/cm?.

In our experiments, the gaseous toluene was used as a model
pollutant, which was a persistent indoor volatile harmful gas. Prior
to a test, 250 ppm toluene gas (dry air and toluene mixture) was
allowed to enter the reactor until the toluene reached adsorp-
tion and desorption equilibrium with the catalyst and the reactor.
The initial concentration of toluene was 250 ppm (&5 ppm). Each
experiment was lasted for 30 min. The analysis of toluene, carbon
dioxide concentration in the reactor was conducted on line with a
Photoacoustic IR Multigas Monitor (Model 1412; INNOVA Air Tech
Instruments).

The photocatalytic activity of different samples can be quantita-
tively evaluated by comparing the apparent reaction rate constants.
In a heterogeneous solid-gas reaction, the photocatalytic degra-
dation of toluene is a pseudo-first-order reaction, and its kinetic
equation may be expressed as follows [28,29]:

Co
In o kt
where k is the apparent rate constant, Cy and C; are the initial and
the reaction concentration of toluene, respectively.

2.4. Measurements of photoelectric response

To evaluate the separation ability of photoexcited electron-hole
pairs in the semiconductor materials, photoelectric property
measurement was performed. Photocurrent characterization was
carried out with a flat-type LED-light (365 & 5 nm) as the UV light
source. The light intensity was about 5 mW/cm?. The platform was
developed independently by our laboratory, which had the testing
photocurrent range in 108 to 10~3 A. In this study, the photocur-
rent was measured in the dry air and the amplitude illuminated
for 270s was chosen as a parameter to assess the photoelectric
response of the material. The detailed descriptions of the platform
and the test procedures can refer to our previous work [30,31].

3. Results and discussion
3.1. Film characteristics
The detailed descriptions of the prepared samples are

shown in Table 1. Designations are used in the follow-
ing discussions. [Interdigital electrode/WOs3/TiO,], [interdigital
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Table 1
Designations and structure descriptions of the as-prepared samples.
Sample [IE/WO3/TiO; ] [TIE/TiO,/WO3] [IE/TiO2/TiO,] [TE/WO3/WOs]
Designation S-W/T S-T/W S-T S-w
Substrate Al,03 substrate printed with Au interdigital electrode
Underlayer WO3 TiOy .
Toplayer TiO, WO; TiO2 WO;
Film thickness 20 wm in total (toplayer =underlayer=10 pm) 20 wm 20 pm

IE: interdigital electrode.

electrode/TiO,/WOs], [interdigital electrode/TiO,/TiO, ] and [inter-
digital electrode/W0O3/WO3] samples are called S-W/T, S-T/W, S-T
and S-W, respectively.

The surface morphologies and phase components of the S-W/T
prepared by the screen-printing technique are shown in Fig. 2. The
SEM photograph in Fig. 2a shows the cross-sectional morphology of
the WO3/TiO, layered structure. The printed film is about 20 wm in
thickness, in which the TiO, and WOj5 layers are both about 10 pm.
An apparent interface between two layers is observed, indicating
that it is two-layer type heterojunction and is different from the
mixture type in a composite system. From the insert of Fig. 2a, we
can see that the film has lots of micro-holes, which are formed due
to volatilization of organic component during the heat-treatment
process and originated from agglomerated structures in the screen
printing paste. These micro-holes let the film to have a good absorp-
tion property for the light and gaseous chemicals [12]. Moreover,

3.3 1: Rutile

2: Anatase

3: Tungsten Oxide
4: Aluminum Oxide

Relative intensity

20 ' 30 ' 40 ' 50 ' 60
2 Theta (degree)

Fig. 2. (a) A typical cross-sectional view SEM image of the as-prepared S-W/T sam-
ple, the inset in showing the top surface SEM image of it; (b) X-ray diffraction
patterns of the as-prepared S-W/T sample.

I: Rutile 2: Anatase 3: Tungsten Oxide 4: Aluminum Oxide
4

Relative intensity (a.u.)
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Fig. 3. X-ray diffraction patterns of as-prepared (a) S-T, (b) S-W and (c) S-T/W
parallel samples.

sintering neck as an important structure for composite photocata-
lystis formed between two contacted grains. It is considered as the
chemically bounded interface caused by ionic thermal diffusion to
allow the smooth charge transfer [9,14,32].

The XRD patterns in Fig. 2b illustrate that the phase components
of the S-W/T sample are not changed after the heat-treatment at
550°C. No other phases are found in the sample, suggesting that
there is no appreciable chemical reaction between TiO, and WOs5.
The S-T/W, S-T, S-W samples have the similar results, as shown in
Fig. 3.

Absorbance (a.u.)

T M T T ) M L T T v 1 T
300 350 400 450 500 550 600
Wavelength (nm)

Fig. 4. UV-vis diffuses reflectance spectra of the as-prepared S-T, S-W, S-W/T and
S-T/W samples.
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Fig. 5. The comparisons of degradation rate among the samples without bias under
UV-light (365 nm) irradiation.

Fig. 4 indicates the UV-vis diffuse reflectance spectral of the four
samples. The S-T and S-W samples exhibit absorption below 390
and 450 nm, which correspond to their absorption edges (Eg = 3.2 eV
for TiO, and Eg =2.8 eV for WO3), respectively. Furthermore, the S-
W sample has higher absorption intensity than S-T sample in both
UV and visible regions. For coupled films, the S-W/T and S-T/W
samples show the similar absorption profiles as their toplayers. In
addition, S-W/T sample has higher absorption intensity than S-T
sample in the visible region. This suggested that the visible light
could penetrate the TiO, toplayer to excite the WO3 underlayer
because of a lot of micro-holes in the film. To simplify the following
discussion about the charge separation, the UV (365 nm) light is
used for the photocatalytic activity and photocurrent tests, since
the S-W/T and S-T samples have the same absorption intensity at
this wavelength.

3.2. Photocatalytic activity without bias

The photocatalytic activity of the as-prepared samples is eval-
uated by the photocatalytic degradation of toluene in air. Blank
experiments indicate that the photocatalytic reactions do not take
place in the absence of either photocatalysts or UV light. Fig. 5
shows the photocatalytic removal of toluene versus irradiation
time and the apparent rate constants are 3.03, 7.39, 13.57 and
20.04 x 103 min~! for the S-W, S-T/W, S-T and S-W/T, respectively.

Based on Fig. 5, the order of photocatalytic activity is S-
W<S-T/W<S-T<S-W|T. The S-W sample has a much lower
photocatalytic activity than S-T sample, although it has higher
absorption intensity. The possible reason for the low rate constant
of S-W sample is associated with the poor photocatalytic activity
of W0O3. The WOj3 has a narrow band of 2.8 eV and a low poten-
tial of the conduction band (CB) bottom (—5.24 eV versus Vacuum)
[33]. So that the photo-generated electrons do not have enough
reducibility to react with the molecule oxygen at room tempera-
ture, expressed as the following equation [34]:

0y(g)+e” — 03(ad), —4.216eVversusVacuum (1)

It is generally considered that the CB level of a semiconductor
should be more negative than the potential for the single-electron
reduction of oxygen in order to allow efficient consumption of
photoexcited electrons and subsequent oxidative decomposition
of organic compounds by holes to proceed in air [34]. Otherwise,
photoexcited electrons probably recombine with photogenerated
holes, resulting in the high probability of the fast recombination of

the photogenerated electron-hole pairs in the WO3 film. In a word,
the photoexcited electrons of WO3 cannot be used for one-electron
chemical reaction effectively at room temperature. In addition, the
recombination of the photogenerated electron-hole pairs is fur-
ther enhanced. This fact lets us to believe that WOj3 is unsuitable
for achieving the efficient oxidative decomposition of organic com-
pounds in air.

Fig. 6 shows the PL spectra of S-W and S-T samples under exci-
tation at 300 nm. The PL signals of semiconductor materials result
from the recombination of photoinduced charge carriers. In gen-
eral, the lower PL intensity indicates the lower recombination rate
of photoinduced electron-hole pairs and the higher photocatalytic
activity of semiconductors. As can be seen in Fig. 6, TiO, shows
the lower and narrower PL intensity than WO;. Therefore, the PL
results in Fig. 6 are consistent with the photocatalytic activity of
the samples in Fig. 5. It is concluded that the rapid recombination
of photogenerated electron-hole pairs is directly harmful to the
photocatalytic efficiency.

Importantly, it is noted that the S-W/T sample exhibits the best
photocatalytic activity, though the S-W/T sample has the same
absorption of UV light as the S-T sample. Therefore, the increase
in the photocatalytic activity can be attributed to the charge sepa-
ration between TiO, and WOs3. A mechanistic scheme of the charge
separation for the S-W/T system is shown in Fig. 7. Both TiO, and
WO3 are n-type semiconductor with suitable bandgap energies,
strongly absorbing UV light. Upon photon-excitation, electron-hole
pairs are generated in each semiconductor film, expressed as the
process 1 and process 2, respectively:

TiO + hv—>erio, ™ + hrio, * 2)

WOs + hv—2>ewo, ™ + hwo, ™ (3)

The valence band (VB) edges of TiO, and WOs3 are situated at
—7.41 and —7.94 eV versus Vacuum level, respectively. The CB edge
of WO3 (—5.24eV) is much lower than that of TiO, (—4.21eV) [33].
In terms of the thermodynamics, electrons can flow into the W03
underlayer, while holes oppositely diffuse into the TiO, toplayer,
expressed as the process 3 and process 4, respectively:

_ 3 _
eTio, —>ewos (4)

4
hwo, "—>hrio, " (5)

So far, variety of the TiO,/WO3 coupled systems have been
widely reported. As shown in Fig. 7a, only the above four processes

Intensity (a.u.)

T T T T T T T T T T T T
400 500 600 700 800 900 1000
Wavelength (nm)

Fig. 6. Excitation dependent PL of S-W and S-T samples.
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Fig.7. Schematic diagram for energy band matching and flow of electrons and holes
in the S-W/T system. (a) The recombination processes are generally ignored in pre-
vious reports. (b) No bias is supplied. (c) A low bias of 0.2V is supplied. Note that
the process is drawn as a dotted line when it is inhibited.

were considered to discuss the charge transfer in the correlative
references. Nevertheless, the process of electron-hole recombi-
nation that is directly related to the photocatalytic ability was
not carefully concerned. The recombination of the photogenerated
electron-hole pairs in the TiO, layer and WOj5 layer is expressed as
the process 5 and process 6, respectively:

_ 5
erio, + hrio, " —>energy (6)

_ 6
ewo; -+ hwo, " —>energy (7)

As is well known, in n-type semiconductor, the mobility of the
electrons is much higher than that of the holes [35,36]. When the
TiO,/WO3 coupled system is illuminated by the UV-light, the pho-
togenerated electrons in the CB of TiO, would be very rapidly
and easily transferred to the CB of WOs3 (process 3). However,
the process 4, that the holes move in the opposite direction from
the electrons and are trapped in the TiO,, should be slow and
inefficient. That is to say, the WO3; would be accumulated with
more electrons, but the holes of WO3 are not efficiently separated,

Table 2
The apparent rate constants and the amount of evolved CO, when the S-T and S-W/|T
samples are unbiased and 0.2 V biased.

Samples Rate constant (103 min~1) Evolved CO, (ppm)
Unbiased 0.2V biased Unbiased 0.2V biased

S-T 13.57 13.88 458 469

S-W|T 20.04 84.73 609 1186

resulting in the large recombination probability (process 6). Then,
the transportation of the holes from the valance of WOj3 to that of
TiO, is further suppressed (process 4). As a result, the higher pho-
tocatalytic activity of the TiO,/WO3 coupled films is just due to the
lower recombination rate in the TiO, toplayer (process 5). Thus,
the above discussions can deeply explain the higher photocatalytic
activity of the WO3/TiO, layered film. The detailed production,
recombination and transportation processes of charge carriers are
schematically illustrated in Fig. 7b.

For the reverse coupled TiO, /WOs5 film (S-T/W sample), the WO4
toplayer accumulated with electrons gets in touch with the gaseous
toluene. As noticed in Fig. 5, the photocatalytic activity of the S-
T/W sample is higher than S-W sample but lower than S-T sample.
This proves that the contribution of the electrons to the photocat-
alytic activity does not have so much as the holes. It should be also
mentioned that the film prepared by the screen-printing method,
as indicated in the insert of Fig. 2a, is micro-porous. Therefore, a
portion of gaseous toluene may penetrate the WO3 toplayer to
contact with the TiO, layer. In this case, both WO3; and TiO, are
attributed to the photocatalytic reaction, resulting in a little higher
photocatalytic activity than single WOs film.

3.3. Photocatalytic activity with a low bias

The application of an external bias voltage on the catalyst can
draw the photo-generated electrons away via the external cir-
cuit, leaving the holes for mineralization of organic pollutants by
their oxidation [37,38]. Therefore, compared to the unbiased pho-
tocatalytic process, the probability of the rapid recombination of
electron-hole pairs in the PEC process can be reduced, and the
photo-degradation ability can be enhanced. The processes that the
electrons in the printed catalyst are driven to the external circuit by
the biased interdigital electrode, has been reported in our previous
work [25].

The observations in Section 3.2 indicate that the holes generated
in the W03 are not sufficiently utilized for degrading the pollutants
because of the suppression of the process 4. We believe that, when
the electrons in the WO3 could be further migrated to the external
circuit (process 7), the recombination rate in the WO3 layer would
be reduced, and process 6 would be inhibited (as shown in Fig. 7¢).
Then, the process 4 can be smoothly operated, and the TiO, layer
could obtain much more holes from the WOs3 layer. As a result,
the photocatalytic activity of the S-W/T system could be further
enhanced. To prove this hypothesis, a very low bias voltage of 0.2V
was applied on the interdigital electrode to draw the accumulated
electrons of the WO3 away via the external circuit.

Fig. 8 illustrates the dependence of C;/Cy with irradiation time
over the S-Tand S-W/T samples when 0.2 V bias is supplied. Surpris-
ingly, the photocatalytic activity of S-W/T sample was enhanced
markedly by applying a low bias voltage of 0.2V. At this condi-
tion, the rate constant of S-W/T sample with 0.2V bias was 5.2
times larger than that of S-T sample in the initial stage, and the
evolved CO, was improved by 2.6 times (as shown in Table 2). It is
also found that the reduced toluene is completely decomposed into
CO,, when the activity is obviously improved. As well, the results
are consistent with the explanations in Fig. 7c.
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Fig. 8. Comparison of photocatalytic decomposition rates of toluene between S-T
and S-W/T with no bias and 0.2V bias.

Note that the S-T sample within pure TiO, film was not enhanced
by applying a low bias voltage of 0.2 V (as shown in Table 2). Lately,
Ye et al. found that the TiO, was applied with 82.5V bias voltage,
and the degradation rate constant could be raised as 1.26 times as
TiO, without bias [24]. As can be seen, TiO, needs much higher bias
than WO3/TiO5 coupled film to force the electrons away via external
circuit. To explain this phenomenon, the photoelectric response
of the S-T and S-W was measured (Fig. 9). Under the same bias
voltage of 0.2V, the photoelectric response of WO3 is two to three
orders of magnitude larger than that of TiO,. In addition, we have
noticed that the photoelectric response of TiO, rises abruptly to
a maximum and then falls down to a steady state. However, the
photoelectric response of WO3 increases slowly, and the saturation
of photocurrent is not attained in the testing process.

The effect of lower photoconductivity of TiO, is attributed to
removal of conduction electrons by adsorbed O,. It is well known
that TiO; has a high potential of CB bottom (—4.21 eV versus Vac-
uum), so the free electrons have powerful reducibility. Oxygen
molecules adsorbed on the TiO, surface could react with free
electrons, creating negatively charged O, ions [39]. Thereby, a
depletion layer of electrons is created with low conductivity near
the grain boundary. The energy supplied by the external bias volt-
age should be high enough to force the electrons to cross the
electrons potential barrier. It can be concluded that the higher
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Fig.9. Photocurrent-time testing curves of S-T and S-W samples during the UV-light
illumination process adding 0.2V bias in dry air.

Table 3
The photocurrent responses of different samples by application a bias voltage of 0.2,
0.5, 1, 2V, respectively.

U(v) S-T S-wW S-T/W S-W|T
1(A) I(A) 1(A) 1(A)

0.2 4.0x 108 1.6x10°© 1.1x10°7 2.0x 1076

0.5 1.1x1077 4.0x10°¢ 3.6x 1077 54x10°6

1 3.1x1077 7.0x10°6 7.4 %1077 1.2x107°

2 9.2 x 1077 1.3x107° 3.5%x10°6 22x107°

U: bias voltage; I: photocurrent amplitude.

potential barrieris presented, and the higher bias is needed. In addi-
tion, the needed bias has the exponential growth with the height
of potential barrier [40]. Thus the photocurrent of TiO, would fall
down after reaching a maximum value. This is why a high bias is
needed for pure TiO, to drive the electrons away and promote the
degradation activity. Here, for the S-W/T sample, the photogener-
ated electrons in the CB of TiO, could be transferred to the CB of
WOs. Then, the electrons could be much easily driven to the exter-
nal circuit through the WOs3 layer at a low voltage, which is an
unimpeded conduction passageway for carrier transporting.

For this possibility, the photoelectric responses of different sam-
ples were measured by applying a bias voltage of 0.2, 0.5, 1, 2V,
respectively (as shown in Table 3). All the samples had relatively
higher response amplitude by applying a higher bias voltage. Fur-
thermore, the photoelectric response of WO3 is much larger than
that of TiO, at any bias voltage. The application of a larger bias
voltage is mainly to enable the electron within the semiconductor
across the barrier of the grain boundary between two crystals. How-
ever, it would hinder the practical application of the photocatalyst
when the bias is too high. Therefore, the realization of low bias PEC
degradation would promote the rapid development of this tech-
nology in practical application and meet the concept of low carbon
economy.

3.4. Synergistic effect for charge separation combined with
layered heterojunction and external low bias

In this study, it is demonstrated that the [interdigital
electrode/WO3/TiO, ] HEL system applied with a very low bias of
0.2V can achieve remarkable improvement of gaseous pollutant
photocatalysis compared with the single TiO, film. Both the inter-
digital electrode and the WOs3 layer play important roles in the
HEL system. Either of them is indispensable for the multilevel
separation of photoinduced electron-hole pairs as illustrated in
Fig. 7c. Without the external bias, the holes generated in the WO3
cannot be sufficiently utilized by the TiO, toplayer. Without the
WO;3 layer, very high bias is needed for the single TiO, film to
draw the electrons away via external circuit. Therefore, the [inter-
digital electrode/WO3/TiO,] HEL system combined with layered
heterojunction and external low bias can generate a huge syn-
ergistic effect, resulting from strengthening the separation of the
electron-hole pairs and showing a surface layer enriched with holes
to react with the gaseous pollutants.

On the basis of the above experimental results, in order to dis-
tinctly define the HEL system, three functional layers are concluded
as follows:

(1) TiO, as a wide bandgap semiconductor can generate photoin-
duced holes with a powerful oxidative ability. Under UV-light
irradiation, the TiO, toplayer can enrich with holes from itself
and the WOs layer to degrade the gaseous pollutants.

(2) WOs3 as anarrow bandgap semiconductor has an excellent elec-
tric conductivity and its CB and VB both lie under those of the
TiO,. Under UV and visible light irradiation, the WOs3 layer can
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draw the electrons accumulated in its own CB and has potential
to supply holes for the TiO, toplayer.

(3) Interdigital electrode is supplied with a low bias, and it can
further separate the electrons in the WOj3 layer due to its
good conductivity. This process can benefit the TiO, toplayer
to obtain much more holes from the W03 underlayer.

4. Conclusion

In the presented work, the hole enriched in the surface of a
material system was emphasized for photocatalysis in gas-phase.
For this target, an ordered HEL system was proposed to get the
holes sufficiently utilized. Furthermore, it was found that layered
heterojunction and external low bias in our HEL system showed a
huge synergistic effect by the suggested multilevel separation of
photoinduced electron-hole pairs. The photocatalytic activity was
remarkably improved in degrading the persistent toluene. Com-
pared with the researches of mixed heterojuntion and single phase
photoelectrocatalysis with high bias, the HEL system may supply
some interesting enlightenments in gas-phase photocatalysis.
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