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Abstract

The rapid recombination of photogenerated electron-hole pairs is one of the main rea-
sons for limiting the photocatalytic efficiency of semiconductor photocatalysts. This paper
investigates and analyzes two methods to improve the separation and lifetimes of electron-
hole pairs: semiconductor heterojunction and metal electron sink. As a specific example,
an Au-TiO,-ZnO composite film with a sandwich structure is prepared. The energy level
gradient formed at the TiO,/ZnO heterojunction separates the electron-hole pairs effec-
tively, and the AuNPs promote the photo-induced charge transfer. Moreover, a synergistic
effect of TiO,/ZnO heterojunction and AuNPs, which can further improve the photocat-
alytic performance, has been found by the photoelectric performance measurement. The
experimental results demonstrate that the UV photocurrent density of the Au-TiO,-ZnO
composite film is almost 22 times that of the pure TiO, film. And a similar result has been
observed in the UV light degradation of methylene blue. Such Au-TiO,-ZnO compos-
ite film combining semiconductor heterojunctions and metal electron sink has a potential
prospect in the photo-degradation of organic pollutants.

gram of Shanxi Province, Grant/Award Number:
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1 | INTRODUCTION

Nowadays, the increasing recalcitrant organic pollutants in air
and wastewater have caused setious consequences to people’s
daily lives and have become a significant global challenge [1-3].
Semiconductor photocatalysts, which can convert light energy
into chemical energy with a highly efficient energy conversion
coefficient, have been widely utilized in the fields of organic
pollutant degradation and harmful gas purification [4—7]. How-
ever, the competition between charge recombination and inter-
facial charge transfer between semiconductors and adsorbates
appears to restrict the upper limit of the photocatalytic reaction
efficiency of semiconductor photocatalysts [8, 9]. Effective elec-
trons and holes separation and fast charge carrier transport ate
effective ways to enhance the photocatalytic efficiency of the
semiconductor.

The heterojunction structure, composed of two or more
different semiconductors, is one of the effective methods to
restrain the recombination of photogenerated electron-hole

pairs [10, 11]. Due to the difference in energy bandgap positions
of semiconductors, an energy gradient can be formed at the
interface across the heterojunction, and the driving force pro-
duced by the built-in potential effectively accelerates the spatial
separation of electrons and holes, and therefore enhances the
efficiency of the photocatalytic process [12, 13]. Based on
this principle, several sets of combinations of semiconductors,
such as SnO,/Zn0O [14], ZnO/TiO, [15], WO;3/TiO, [8],
SnO,/ZnO/TiO, [12], have received widespread attention and
are intensively investigated.

On the other hand, the combination of semiconductors with
noble metal nanoparticles (NPs) (e.g. Au, Pt, Ag, Pd) can lead
to interfacial charge transfer and separation, thus decreasing
charge recombination rates and extending the lifetime of the
photogenerated electron-hole pairs [15, 16]. During the initial
stage of UV illumination, more photogenerated electrons are
excited into the conduction band (CB) of the semiconductor,
and the Fermi level of the semiconductor lifts. Due to the
difference in Fermi level, the photo-excited electrons in the
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FIGURE 1 (a) The schematic structure of the Au-TiO,-ZnO composite

film; (b) schematic representation of the mechanism of photogenerated charge
separation of the Au-TiO,-ZnO composite film with their corresponding
energy band diagrams

semiconductor are driven into the metal particles, which raises
the Fermi level of the metal towards the semiconductor CB. The
Fermi levels of semiconductor and metal re-equilibrate finally
[17, 18]. Except for the electron transfer mechanism, another
physical mechanism, intensive far-field light scattering [19], is
also beneficial for photocatalytic activity [20, 21].

The above-mentioned two methods of improving the pho-
tocatalytic efficiency of semiconductors have been reported
in many works. However, for the two methods, their com-
binational effects and quantitative analysis have been seldom
explored. Therefore, in this paper, a composite sandwich-
structured Au-TiO,-ZnO film is proposed of which the
schematic structure graph is shown in Figure 1a. The AuNPs,
the TiO, film, and the ZnO film were sequentially deposited
on the fluorine doped tin oxide (FTO) substrate. And the blank
area left on the FTO glass around the deposited composite film
is designed to migrate electrons to the reaction solution and
then participate in reduction reactions.

Although typical powder photocatalysts can fully contact the
reactants and have high photocatalytic efficiency, they also suf-
fer from the drawbacks of uneven illumination and difficulty in
separating from the reactants [22, 23]. Although the separation
issue can be solved by magnetic composite catalysts [24, 25],
their complicated preparation process increases cost and hin-
ders their further commercial applications. On the other hand,
thin-film, fabricated by the simple spin-coating process, is one
of the effective solutions for the separation and recycling of
nanomaterials[23]. In addition, rapid reaction speed, low reagent
consumption, easy control of flow rates, as well as uniform illu-
mination of light are the unique advantages of the combined

application of thin-film photocatalysts and microfluidic reactors
[26-29].

The proposed photocatalytic reaction mechanism of the Au-
TiO,-ZnO composite film is shown in Figure 1b. As the CB
of ZnO is slightly higher than that of TiO, (see Section 3.1
for details) [12, 15, 30], an energy level gradient formed at the
interface of ZnO and TiO, will separate the photogenerated
electron-hole pairs [13, 15]. When the composite film is exposed
to the UV light irradiation, the photogenerated electrons in the
ZnO will enter the CB of TiO,, owing to the driving force pro-
duced by the built-in potential originating from the heterojunc-
tion between TiO, and ZnO. Since the Fermi level of AuNPs
is much lower than that of TiO,, the photogenerated electrons
in TiO, will enter AuNPs along with the electrons that flow
from ZnO to TiO,. Finally, the flowed electrons in AuNPs are
transferred into the blank area of the FT'O substrate for the
reduction reaction. On the other hand, the holes will converge
to ZnO for the oxidation reaction [31-33]. AuNPs serve as
an electron sink for CB electrons generated in semiconductors,
thereby enhancing electron-hole pairs’ separation and lifetimes.
Such metal electron sink mechanisms, together with the scatter-
ing effect, are all beneficial for the catalytic activity.

2 | EXPERIMENTAL SECTION

2.1 | Reagents

Ethanolamine (HOCH,CH,NH,, 99%), tetrabutyl titanate
(Ci16H3604Ti, Tetra-butyl ortho-titanate (TBOT), 98%),
Tween 20, diethanolamine (HN(CH,CH,OH),, 99%), 1-
Butanol (CH3(CH,),CH,OH, 99.5%), zinc acetate dihy-
drate ((CH3;COO), Zn-2H,0, 99%), cthyl alcohol absolute
(C,HsOH, 99.7%), and deionized water were used for all the
experiments.

2.2 | Preparation of ZnO sol-gel solutions

In this paper, the ZnO and TiO, nanofilms were prepared via
the sol-gel process. The ZnO sol-gel solutions were prepared as
follows. First, 2.1951 g of zinc acetate dihydrate was dissolved in
50 ml of ethanol and stirred for 1 hat 50°C in a water bath to get
a precursor solution. Subsequently, 0.6 ml of ethanolamine was
added to the precursor at a speed of one drop per second under
vigorous stirring. After that, the solution was continuously son-
icated for 30 min to achieve a transparent alkaline ZnO sol.
Finally, the sol was aged for 24 h for further application [34—30].

2.3 | Preparation of TiO, sol-gel solutions

The TBOT was used as a precursor and the TiO, sol-gel solu-
tions were prepared at room temperature as follows. First, 24 ml
of 1-Butanol, 8.5 ml of TBOT, and 2.4 ml of diethanolamine
were mixed and stirred for an hout to get a precursor solution. A
mixture of 0.9 ml of deionized water, 12.5 ml of 1-Butanol, and
2 ml of Tween 20 was subsequently dropped into the precursor
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FIGURE 2 TFabrication process of the Au-TiO,-ZnO composite film

at a speed of one drop per second under vigorous stirring, After
that, the solution was continuously stirred for 2 h and achieved
a yellow transparent sol. Finally, the sol was aged for 24 h to get
an alkaline TiO, sol for further application [34-30].

24 |
film

Preparation of Au-TiO,-ZnO composite

The Au-TiO,-ZnO composite films were prepared by sequen-
tially depositing the AuNPs, the TiO, sol, and the ZnO sol.
The procedures are illustrated in Figure 2. Before fabrication,
FTO glasses (20 X 20 X 2.2 mm) were cleaned with acetone,
ethanol, and deionized water, successively, in an ultrasonic bath
for 10 mins. Before each step in the process of preparation of
the composite film, apply a thin tape around the conductive sur-
face of the FTO glass to leave a blank area, and tear it off before
calcination to avoid contamination of the film. The dried sub-
strates were transferred to a magnetron sputtering system (TRP-
450; Sky Technology Development) to deposit a 3nm thick Au
layer onto the surface of the FTO glass. Then the samples were
annealed at 480°C for 1.5 h to form the AuNPs on the FTO sur-
face. Subsequently, the prepared TiO, and ZnO sol wete suc-
cessively coated onto the AuNPs surface via the spin-coating
method at a speed of 4000 tr/s. After annealing at 360°C for
30 min, the coating operation was carried out once again. The
coated samples wete then annealed at 500°C for 2 h (Please refer
to the appendix Figure S1 for the selection of annealing temper-
ature). The temperature increase during this process was kept at
a speed of 2°C/min. After anneal processing, the samples were
naturally cooled.

2.5 | Photocatalytic degradation experiment

The photocatalytic degradation performance of Au-TiO,-ZnO
composite film was used with Methylene blue (MB, concentra-
tion 1 mM) as a simulated organic pollutant and investigated
under a xenon lamp (HSX-F/UV 300, 300< 4 <1100 nm) fixed
with an ultraviolet reflector (UVREE, 200-400 nm) as a simu-
lated UV light [22, 37]. Before photodegradation, the compos-
ite film was placed for 3 h in a dark environment to establish
an adsorption-desorption equilibrium. And the circulating water
cooling system was utilized to maintain the temperature stability
of the catalytic system during the catalytic process. During the
experiment, the concentration of the MB solution was recorded
with a UV-vis spectrophotometer every 1.5 h. The degradation
rate of MB can be measured by monitoring the concentration
change of MB at a wavelength of 662 nm using a UV—vis spec-
trophotometer (U-3900; HITACHI).

2.6 | Characterization

The morphology of the synthesized sample was investigated
using a scanning electron microscope (SEM, GeminiSEM 300;
ZEISS), energy dispersive spectroscopy (EDS) and atomic force
microscopy (AFM, Park systems NX10). The phase purity of
the samples was recorded by X-ray diffraction (XRD, SmartlLab
9 kW Rigaku) within a 28 range from 20° to 80° by using a
Cu Ka radiation. The X-ray photoelectron spectroscopy (XPS,
EscalLab 250Xi; Thermo Fisher Scientific) was performed to
determine the chemical status of the as-prepared Au-TiO,-
ZnO composite film. The ultraviolet photoelectron spectrom-
eter (UPS, EscalLab 250Xi; Thermo Fisher Scientific) was per-
formed to determine the position of the valence band of the
prepared TiO, and ZnO films. The UV-vis absorption spectra
of the samples were retrieved from a UV-vis spectrophotome-
ter (UV-2600; Shimadzu) in the range of 300 to 800 nm. Time-
resolved photoluminescence spectra (TRPL) were recorded on
a fluorescence spectrometer (FLS 980-STM; Edinburgh instru-
ments). The photocurrent experiments were carried out in an
electrochemical station (CS2350H; Corrtest) under the irradia-
tion of a Xenon lamp (UV light illumination, 300 mW/cm?),
and the three-electrode system was immersed in 0.5 M Na,SOy,
in which the sample was prepared on an FTO glass as a working
electrode, a platinum plate as a counter electrode, and a satu-
rated calomel electrode as a reference electrode to evaluate pho-
toelectric properties.

3 | RESULTS AND DISCUSSION

3.1 | Material characterization

A typical scanning electron micrograph of prepared AuNPs
on the FTO substrate is shown in Figure 3a. The SEM image
demonstrates many small AuNPs are distributed on the large
bumps, which are attributable to the rough morphology of the
FTO substrate (a root mean squate roughness (RMS) of about
32 nm, see appendix Figure S2). The statistics of AuNPs size
are mostly in the range of 30-50 nm. Figure 3b is the across
section SEM morphology of the Au-TiO,-ZnO composite film
on the FTO substrate. A composite film can be observed on
the FTO substrate, whose thickness is approximately 650 nm
according to the insert close-up image. And the thickness of the
prepared Au-TiO,-ZnO composite film (around 300 nm) can
be obtained by considering the thickness of the SnO, film of
the FTO substrate (about 350 nm, Figure S2 in the appendix).
Based on Figure 3c, the Au-TiO,-ZnO composite film has a
relatively smooth sutface, and is uniformly distributed on the
surface of the FTO substrate. Additionally, the test results of
the EDS spectra of the Au-TiO,-ZnO composite film demon-
strate the existence of Ti, Zn, Au, O, and Sn elements in the
composite film.

Figure 4 shows the crystal structure of the FTO substrate,
the pure TiO, film, the TiO,-ZnO film and the Au-TiO,-ZnO
film by XRD patterns. From the black curve in Figure 4, it is
very obvious that four diffraction peaks representing the FT'O
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FIGURE 3 (a) Scanning electron micrograph of AuNPs on
FTO substrate and statistics of AuNPs size; (b) the across
section SEM images of the Au-TiO,-ZnO composite film on
FTO substrate; (¢)—(d) the SEM image and the EDS spectrum of
the Au-TiO,-ZnO composite film on the FTO substrate
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FIGURE 4 XRD patterns of the FTO substrate; the pure TiO, film; the
TiO,-ZnO film and the Au-TiO,-ZnO film

substrate are observed. With the introduction of TiO, film
(green curve) and ZnO film (blue curve), seven reflection peaks
for the TiO; can be perfectly indexed as the anatase TiO,, which
have been identified at angles of 25.35°, 37.78°, 48.07°, 53.92°,
55.11°, 62.72° and 68.594° cotresponding to (101), (004), (200),
(105), (211), (204) and (116), respectively (JCPDS no. 04-0477)
[22]; the main diffraction peaks at 26 = 31.77°, 34.42°, 36.25°,
47.54°,56.60°, 62.86°, 69.09° well match the (100), (002), (101),
(102), (110), (103) and (201) planes of the ZnO (JCPDS no. 65—
4311) [38]. The XRD spectrum of the Au-TiO,-ZnO compos-
ite film (red curve) not only has the diffraction peaks of TiO,
and ZnO described above, but also contains the crystal planes
of Au (260 = 38.05°, 44.39°, 64.58°, and 77.56°) [39].

To further investigate the chemical composition of the Au-
TiO,-ZnO composite film, XPS analysis was performed. Due
to the depth limitation of the XPS test, the AuNPs, ZnO, and
TiO, films were tested, respectively. The survey XPS spectrum
of TiO, is shown in Figure 5a. The Ti 2p spectrum exhibits two
peaks, located at 458.5 and 464.2 eV, which can be attributed
to the doublet of Ti 2p 3/2 and Ti 2p 1/2, respectively (result-
ing from the spin-orbit splitting) [33, 40]. Two peaks at 1021.9
and 1045.2 ¢V are presented in Figure 5b, which are consistent

('n'e)sdo

well with the Zn 2p 3/2 and Zn 2p 1/2 corresponding to the
chemical element state of Zn?* (ZnO), respectively [41, 42]. As
observed in Figure 5c, the peak centred at 529.4 eV corresponds
to the Ti-O (lattice O), and another one centred at 531.2 eV
is assigned to ZnO (lattice O) [43]. The clear XPS peaks of
AuNPs also further reveal the existence of plasmatic Au in the
Au-TiO,-ZnO composite film (see in Figure 5d). The peaks at
83.4 and 87.3 eV are in good agreement with the reported data
of Au 4f 7/2 and Au 4f 5/2 [33]. As a result, the above XPS
results confirm the coexistence of TiO,, ZnO, and AuNPs.

As the electric field force for the transfer of electron-hole
pairs is closely related to the band structute of the semiconduc-
tor in the composite film. Therefore, an UPS was performed
to determine the positions of the valence band of the prepared
TiO, film and ZnO film (shown in Figure 6a,b), which can be
calculated by formula VBM = hv — (Ek,,,. — E,,,). The
excitation photon energy v of the He I lamp is 21.22 ¢V,
Ek,,,. is the Fermi edge, and Ek,,, is the SE cutoff edge
[44, 45]. Therefore, the valence band positions of TiO, and
ZnO are 7.41 and 7.39 eV respectively [31]. As the valence band
position of ZnO is higher than that of TiO,, while the bandgap
of ZnO and TiO, are both about 3.2 eV, so the CB energy level
of ZnO is slightly higher than that of TiO,.

After obtaining the valence band positions of the prepared
TiO, and ZnO, in order to better determine the band struc-
ture of the Au-TiO,-ZnO composite film, it is also necessary to
determine the bandgap width of the prepared TiO, and ZnO.
According to the absorption spectra of the pure TiO, and ZnO
films (Figure 6¢) (see appendix Figure S3 for the absorption
of other composite films), the bandgap energy of TiO, and
ZnO can be derived from the relationship between light energy
(ahv)? and photon energy hv (Figure 6d). The band gap ener-
gies of the prepared TiO, and ZnO are calculated to be 3.66 and
3.74 eV, respectively, and the difference between them is 0.08 V.
Based on the UPS test results (the valence band positions of
TiO, and ZnO are 7.41 and 7.39 eV, respectively), the band
structure of the Au-TiO,-ZnO composite film can be obtained
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as shown in Figure 1b [15, 31]. The energy gradient formed at
the TiO,/ZnO interface facilitates the electrons generated in
ZnO to enter the CB of TiO;. On the contrary, the holes of
TiO, are driven to enter the VB of ZnO, thereby the separa-
tion and lifetime of electron-hole pairs are enhanced effectively
[12,15].

3.2 | Electrochemical characterization

To verify the improved photoelectric properties of the Au-
ZnO-TiO, film, the photoelectrochemical properties of differ-
ent composite films were investigated. Under ultraviolet irradi-
ation, the linear sweep voltammogtrams curves and photocut-

rent response curves of the bare TiO, film, the Au-TiO,,
the TiO,-ZnO film and the Au-TiO,-ZnO film, are repre-
sented in Figure 7ab. It should be noted that, in order to
ensure the measurements are taken under the same experimen-
tal condition, all the films involved in the measurement share
the same thickness in the following experiments. As shown in
Figure 7a, compared with the current density measured under
dark scanning (0.013 mA/cm?, at a bias voltage of 0.5V,
as the background current) (the current density of all films
was roughly consistent under dark scanning, thereby, taking
the scanning results of the Au-TiO,-ZnO film as an exam-
ple), the current densities of all the composite films show pro-
nounced values under UV light irradiation. Comparing with the
current difference between the light and dark environments

85U90| SUOLUIOD BAERID Bedldde aup Aq pauseo aJe e YO ‘3SN JO S3INJ 10} AReiq i 8U1jUO 8|1 UO (SUORIPUOD-PUR-SLURILLIOD" AD 1M Ae1q 1)BUIUO//:SARY) SUORIPUOD PUe SIS L 8Y) 885 *[£202/60/€0] U0 ARIqIT BUIIUO AB|1IM BUIDRURIUO0D AQ 880ZT ZeUL/6Y0T OT/I0P/LLI0Y" A3|IM"AeIq Ul UO"Y0essa.18 //:SdNY WOy papeoumod ‘ZT ‘TZ0Z ‘Evr00S.LT



606 | JIAN ET AL.
(a) (b) FIGURE 7 Under UV light, the bare TiO, film, the
& & Au-TiO, film, the TiO,-ZnO film and the Au-TiO,-ZnO film,
E E, 061 :g:zno . ::;'::ho all are on the FTO substrate. (a) LSV curves; (b) photocurrent
g E 05 —  — - — response curves; (c) photocurrent response curves of the
= > o | | . || \ ZnO-TiO, film and the Au-TiO,-ZnO film; (d) Photocurtent
2 @ ’ ‘ ‘ ‘ ‘ ‘ ‘ \ response curves of the Au-ZnO-TiO, film and the
8 g 931 | | | \ f | Au-TiO,-ZnO film
€ £ 021 ’ [ |
: | |
5 S 011
o o | = = =
02 00 02 04 06 08 0.0 . - e 5
Potential(V vs.SCE )
) ( ) () Times(s)
& 021 <
E ZnO-TiO, —— Ti0,-ZnO g 0.6 AuTIOpZNO  —— AuZnO-TIO,
2 o 2 0.5 - - p— f—
E 0.8 _E, ‘77 1‘ 'r* ‘. ‘, v‘ [ v\
2 2 04 ’
g 012 @ ‘ | \ \ \
@ 03
=IA
§ 0.06 ‘ e
™ |
5 003 5 047
a 0.00 o 0.0
0 50 100 150 0 50 100 150
Times(s) Times(s)

at the same voltage, this experiment selected a bias voltage
of 0.5 V as the photoanode bias voltage for the following
experiments.

In Figure 7b, the bare TiO, film has the lowest photocur-
rent density values (0.022 mA/cm?) among all the samples.
The Au-TiO, film presents an increased photocurrent density
(0.034 mA/cm?, about 1.5 times compared with TiO, films),
which indicates that AuNPs serve as an electron sink for CB
electrons generated in TiO, and thus promote the separation of
electron-hole pairs. Besides, the TiO,-ZnO film shows a higher
photocurrent density of 0.14 mA/cm?, about 6.5 times com-
pared with the bare TiO, film, which can be attributed to the
TiO,/ZnO heterojunction that effectively enhances the sepa-
ration and lifetime of electron-hole paits. It can be found that
the enhancement in photocurrent density of TiO,-ZnO film is
much higher than that of Au-TiO, film, which indicates that
the heterojunction has a stronger effect on electron-hole pair
separation in comparison with the AuNPs. Moreover, the Au-
TiO,-ZnO composite films exhibit the strongest photocurrent
response under UV illumination, which is 22, 15 and 3.5 times
as large as that of the bare TiO, film, the Au-TiO, and the
ZnO-TiO, film, respectively.

Based on the above experimental results, if the influence of
the AuNPs on the photoelectric performance of thin films is
analyzed in-depth, the four sets of data can be divided into
two comparative groups. That is, compared with TiO, and
Au-TiO, (1.5 times difference), the difference in photocurrent
density between TiO,-ZnO and Au-TiO,-ZnO is 3.5 times.
The change between these two groups lies in the presence
of TiO,/Zn0O heterojunction. It is found that the compari-
son of TiO,-ZnO and Au-TiO,-ZnO, which both have the
TiO,/ZnO heterojunction, exhibits more significant improve-
ment (3.5 times vs. 1.5 times). This amazing result indicates
that a synergistic effect between the TiO,/ZnO heterojunction
and the AuNPs has been generated. It can be concluded that,
under ultraviolet light irradiation, the photogenerated electrons

in ZnO and TiO, are converged in the CB of TiO, under the
driving force produced by the built-in potential based on the
TiO,/ZnO heterojunction. As an electron collector, the AuNPs
transport the flowing electrons in the CB of TiO,, which pre-
vents the built-in electric field from entering into an equilibrium
state, thus the transfer of more electrons can be achieved.

Figure 7c,d present the measured photocurrent curves of the
four composite films with shifted ZnO and TiO, deposition
sequences (ZnO-TiO, and TiO,-ZnO films, Au-ZnO-TiO,
and Au-TiO,-ZnO films). It can be seen that the photocurrent
density of the TiO,-ZnO film (blue curve) is 2.2 times that of
the ZnO-TiO, film (orange curve) (0.145 vs. 0.065 mA/cm?),
and the photocurrent density of the Au-TiO,-ZnO film (red
curve) is about 3.2 times that of the Au-ZnO-TiO, film (black
curve) (0.5 vs. 0.155 mA /cm?). These experimental results are
consistent well with the theoretical analysis of the TiO,/ZnO
heterojunction. According to the energy level positions of ZnO
and TiO,, the composite film, which takes the ZnO film as the
outermost layer (TiO,-ZnO and Au-TiO,-ZnO films), can con-
duct more electrons to the FTO substrate by TiO,/ZnO het-
erojunction. Taking the control experiment in Figure 7d as an
example, the electrons in the Au-TiO,-ZnO film are collected
in AuNPs with the same movement direction. Howevet, for Au-
ZnO-TiO, film, part of the electrons in ZnO will transfer to
TiO,, where the heterojunction has a negative effect. Therefore,
the photocurrent density of the former is much higher than that
of the latter.

Moreover, comparing the two groups of experiments in
Figure 7c,d, it can be found that the difference between the
two comparative experiments is whether the prepared thin film
contained AuNPs, and the comparison contained AuNPs (Au-
ZnO-TiO, film vs. Au-TiO,-ZnO film) shows greater improve-
ment (2.2 times vs. 3.2 times). This result once again proves
that there is a synergistic effect between the TiO,/ZnO het-
erojunction and the AuNPs, which makes the positive effect of
the TiO,/Zn0O heterojunction amplified.
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FIGURE 8 Time-resolved fluorescence spectra of the bare TiO, film, the
Au-TiO; film, the TiO,-ZnO film, the Au-TiO,-ZnO film and the
Au-ZnO-TiO, film, all are on the FTO substrate

TABLE 1 Fitting results of time-resolved fluorescence spectra

Sample T@s) A T@s) Ay () Tae (09)
TiO, 0.62 81.48 3.35 18.52 1.13
Au-TiO, 0.62 84.46 4.14 15.54 1.16
TiO,-ZnO 0.65 83.52 4.33 16.48 1.26
Au-TiO,-ZnO 0.8 73.55 4.37 26.45 1.74
Au-ZnO-TiO, 0.69 83.99 5.98 16.01 1.53

In order to further verify the conclusions drawn from the
photocurrent response, TRPL measurements are concluded at
room temperature, as shown in Figure 8 and Table 1. After
curve-fitting all the measurement results with an exponential
model, the pure TiO, film and the Au-TiO, film have the short-
est decay time ( 7y = 0.62 ns). With the introduction of ZnO
thin film, the enhanced decay time can be attributed to the inten-
sified separation of photo-generated electron-hole pairs, which
originates from the heterojunction between ZnO and TiO,. In
addition, the Au-TiO,-ZnO composite film showed the longest
decay time (7 = 0.8 ns) in all samples, which can be attributed
to the ZnO/TiO, heterojunction and the Schottky heterojunc-
tion between Au/TiO,. The energy gradient formed between

the ZnO/TiO, heterojunctions can effectively sepatrate the
photogenerated electron-hole pairs, and Au nanoparticles accel-
erate the transfer of electrons. The test results of TRPL are com-
pletely consistent with the photocurrent response experiment
petformed above.

3.3 | Photodegradation performance

The MB solution (methylene blue, concentration 1 mM) was
degraded under the UV light irradiation to evaluate the photo-
catalytic performance of the prepared samples: the bare TiO,,
the Au-TiO,, TiO,-ZnO and Au-TiO,-ZnO films, the FTO
substrate (no catalysts) as the contrast. As shown in Figure 9a,
among these four composite films, Au-TiO,-ZnO composite
film has the highest photocatalytic activity with a degradation
rate of 96.0% after 10.5 h. Its degradation efficiency at 10.5 h
is 3.8 times, 2.7 times and 1.6 times as those of the bare TiO,,
the Au-TiO,, and the TiO,-ZnO films, respectively. It is clear
that the experimental results of UV degradation of MB solution
are similar to electrochemical test results. The photogenerated
electrons, separated by TiO,-ZnO heterojunctions and AuNPs,
assembled on the blank area of the FT'O glass substrate to pat-
ticipate in the reduction reaction.

To investigate the reusability and stability of the composite
film, the MB photocatalytic degradation experiment of the Au-
TiO,-ZnO composite film was repeated 5 times (as shown in
Figure 9b). The degradation efficiency remains stable after five
consecutive recycles, and almost achieves high degradation of
85%, confirming the strong stability of the Au-TiO,-ZnO com-
posite film.

4 | CONCLUSION

In summary, the Au-TiO,-ZnO composite film was successfully
prepared by the magnetron sputtering and spin coating method.
The structure and chemical state of the composite photocatalyst
are confirmed by various characterizations. Two main mech-
anisms for enhancing photocatalytic performance are experi-
mentally demonstrated by photoelectric performance charac-
terization: TiO,/ZnO heterojunction facilitates the separation
of electrons and holes, and AuNDPs serve as an electron sink
to improve the electron conduction properties, and the syner-
gism between TiO,/ZnO heterojunction and AuNPs has been

(a) 1.0 UV Light (b) 1.04« 1 - B . 4
> . \. st 2nd \\Srd \Mh \ 5th
0.8 0.8 \ \ \ \ \
° E i ne 8
wRERNATATE
o = :
0.4 JEEE rate O o4l '\ .\ \ \
FIGURE 9 (a) Photocatalytic degradation of MB in the 024 :M‘na 02 \_ '\ \ '\ \
presence of different film: the bare TiO,, Au-TiO,, TiO,-ZnO —+— Ti0,Zn0 \\ ' \ \.\ X \-\
and Au-TiO,-ZnO films, all are on the FTO substrate, and the 0.0 S A0 0.0 N \ ; :
00 15 3 45 60 75 9.0 105 00 105 210 315 420 525

FTO substrate (no catalysts) as a compatison, under UV light;
(b) performance of repeated test of the Au-TiO,-ZnO film
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found surprisingly. The photocurrent density of the Au-TiO,-
ZnO composite film is almost 22 times that of the pure TiO,
film with the same thickness. Such Au-TiO,-ZnO sandwich-
structured composite film has the advantages of improved pho-
tocatalytic efficiency and strong stability, and brings a new solu-
tion for photocatalytic degradation of pollutants.
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APPENDIX

Under UV irradiation, the photocurrent response test results
of the TiO, and ZnO films with different annealing temper-
atures (450°C, 500°C and 550°C) ate shown in Figure Sla,b.
The results show that the TiO, and ZnO films annealed at
500°C have the highest photocuttent response, which is con-
sistent with the results of some previous studies [46—48]. For
the composite films, on the basis of calcining the inner layer at
the optimal temperature, the effect of calcining the outer layer at
different temperatures on the overall photocurrent response of
the composite film have been tested (Figure Slc, d). In the case

of Au-ZnO-TiO, film, the ZnO film was calcined at 500°C,
while the TiO, film was calcined at 450°C, 500°C and 550°C,
respectively. The results show that the outer layer TiO, calcined
at 500°C has the highest photocutrent density. Furthermore, the
results show that 500°C is still the best annealing temperature
for the Au-TiO,-ZnO film.

The absorption spectra of the bare TiO,, the Au-TiO,, the
TiO,-ZnO, the Au-TiO,-ZnO and the AuNPs films are pre-
sented in Figure S3. All the samples except for the AuNPs film
have strong absorption in the ultraviolet region, which is mainly
due to the absorption of TiO, and ZnO. It can be observed
from the Figure S3 that the TiO,and TiO,-ZnO films only have
absorption in the ultraviolet light band. With the introduction of
AuNPs, each group of samples has an obvious absorption peak
in the visible light band, which can be attributed to the LSPR
effect of the AuNPs.

The energy band structure of the FTO/Au/ZnO/TiO,
structure is shown in Figure S4a. Under ultraviolet light irradia-
tion, both ZnO and TiO, are excited to generate electron-hole
pairs. On the one hand, due to the existence of ZnO/TiO, het-
erojunction, some electrons in ZnO will enter the CB of TiO,
along the energy gradient; on the other hand, due to the exis-
tence of AuNPs, more electrons generated in ZnO enter Au
nanoparticles. In combination with the photocurrent response
test results (as shown in Figure S4b), the photocurrent den-
sity of the pure ZnO film is 0.078 mA/ cm?, and the increas-
ing photocurrent density (0.095 mA/cm?) of Au-ZnO can be
attributed to the electron conduction of AuNPs. It is not sur-
prising that ZnO-TiO, exhibits the smallest photocurrent den-
sity (0.065 mA /cm?), because the heterojunction here has a neg-
ative effect on the direction of electron flow.

It has been noted that the Au-ZnO-TiO, film has the highest
photocurrent density (0.155 mA/cm?), and the specific analysis
is as follows: normally, there is a bending of the energy band
at the junction of the semiconductor and the electrolyte sur-
face, although the ZnO/TiO, heterojunction makes the elec-
tron flow direction is opposite to the overall electron transfer
direction, because of the bending of the energy band between
the TiO, and the electrolyte surface, the electrons cannot be
easily introduced into the solution. When the electrons in the
TiO, accumulate to a certain amount, some electrons will enter
the ZnO, so it will lead to an increase in the overall photocur-
rent density. However, such enhancement is much lower than
the synergistic effect of the FTO/Au/Zn0O/TiO, structure.
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