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ABSTRACT: The multilaminated ZnO/TiO2 heterojunction films were success-
fully deposited on conductive substrates including fluorine-doped tin oxide (FTO)
glass and flexible indium tin oxide coated poly(ethylene terephthalate) via the layer-
by-layer (LBL) self assembly method from the oxide colloids without using any
polyelectrolytes. The positively charged ZnO nanoparticles and the negatively
charged TiO2 nanoparticles were directly used as the components in the consecutive
deposition process to prepare the heterojunction thin films by varying the
thicknesses. Moreover, the crystal growth of both oxides could be efficiently
inhibited by the good connection between ZnO and TiO2 nanoparticles even after
calcination at 500 °C, especially for ZnO which was able to keep the crystallite size under 25 nm. The as-prepared films were
used as the working electrodes in the three-electrode photoelectrochemical cells. Because the well-contacted nanoscale
heterojunctions were formed during the LBL self-assembling process, the ZnO/TiO2 all-nanoparticle films deposited on both
substrates showed remarkably enhanced photoelectrochemical properties compared to that of the well-established TiO2 LBL thin
films with similar thicknesses. The photocurrent response collected from the ZnO/TiO2 electrode on the FTO glass substrate
was about five times higher than that collected from the TiO2 electrode. Owing to the absence of the insulating layer of dried
polyelectrolytes, the ZnO/TiO2 all-nanoparticle heterojunction films were expected to be used in the photoelectrochemical
device before calcination.
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1. INTRODUCTION

Photocatalytic semiconducting materials have been demon-
strated to be quite effective in the applications of solar power,1,2

water treatment,3−5 and self-cleaning surfaces.6−9 Among them,
TiO2 and ZnO have been extensively investigated due to their
high chemical stability, absence of toxicity, and capability of
photooxidative destruction of most organic pollutants.
However, the recombination of photogenerated electron/hole
pairs always causes a reduction in the photocatalytic efficiency
of photocatalysts. In the past years, some methods related to
the improvement in photocatalytic activity of TiO2 or ZnO
were reported, such as doping, metal deposition, surface
sensitization, and coupling of semiconductors.10−12 Combining
some semiconductors with different band gaps to form
heterojunctions is thought to be the most promising
technology for increasing the electron/hole pair separation
efficiency and extending the energy range of photoexcita-
tion.13−15 Among the semiconductor couples, the integration of
ZnO with TiO2 is one of the candidates with the biggest
concern.15−18 Contrary to the powder form, ZnO/TiO2 films
have more advantages for practical applications; for instance,
they easily connect to an external electrical source and can be
recovered and recycled after reactions. Moreover, the ZnO/
TiO2 heterojunction films also have been reported to show

much higher photocatalytic and photoelectrocatalytic proper-
ties than that of the bare TiO2 or ZnO films.19−21 However, in
most studies, it was found that the connection of different oxide
nanoparticles in the heterojunctions was not ample enough,
and the present methods for preparing heterojunction films
were not suitable for the flexible polymeric substrates.
Therefore, how to obtain the nanoscale heterojunction films
with the enhanced performance on flexible polymeric substrates
is still a challenge.
Layer-by-layer (LBL) self assembly, as a versatile bottom-up

nanofabrication method to prepare multilayered films, is mainly
based on the alternate adsorption of oppositely charged species
on solid surfaces.22 The components of the multilayered
assemblies in this method usually include polyelectrolytes and
inorganic nanoparticles.23−25 As shown in Figure 1a, to obtain a
semiconductive oxide thin film with high activities, the heat
post-treatment at a high temperature (usually at 500 °C) is
necessary to remove the insulating polyelectrolytes. However,
some of the polyelectrolytes still remain after calcination, which
causes a detrimental effect on the performance of the films.
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Kumar and coworkers prepared nanocrystalline TiO2 electrodes
for dye-sensitized solar cell through the LBL self assembly
technique. After calcination, it was observed that the more
residual polyelectrolyte inside the final TiO2 electrodes, the
poorer the performance of the cell.26 These problems may be
solved if the polyelectrolytes can be replaced by some
oppositely charged inorganic nanoparticles, and this all-
nanoparticle self-assembly was pioneered by Rubner and
coworkers.27 It also evidently shows the interest in low-
temperature ways to fabricate crystalline thin films, since the
polyelectrolytes are not used and calcination is avoided. The all-
nanoparticle self-assembly nanoparticles are allowed to be
deposited on low thermally resistant material substrates,
particularly the one with flexible polymeric transparent
conductive oxide (as shown in Figure 1b). Meanwhile, the
production yield of the film thickness will be doubled compared
to that obtained in conventional LBL self assembling. The LBL
thin films derived from oppositely charged semiconductor
nanoparticles without any polyelectrolytes have not been well
known except Rubner’s pioneering reports about the all-
nanoparticle-based coatings via the layer-by-layer deposition of
semiconducting TiO2 and insulating SiO2 nanoparticles.27−29

The obtained TiO2/SiO2 films exhibited good antireflectance,
antifogging (superhydrophilicity), and self-cleaning properties,
but SiO2 is insulating, which limits the application of the films
in semiconductor device fields, especially in photoelectrochem-
istry. In this work, the heterojunction films through the layer-
by-layer self assembling of the positively charged ZnO
nanoparticles and the negatively charged TiO2 nanoparticles
were successfully deposited both on fluorine-doped tin oxide
(FTO) conductive glass substrates and on indium tin oxide
coated poly(ethylene terephthalate) (ITO-PET) conductive
film substrates at room temperature. The photoelectrochemical
property of the ZnO/TiO2 films was remarkably enhanced due
to the well-connected nanoscale heterostructure.

2. EXPERIMENTAL SECTION
2.1. Preparation of ZnO Sol and TiO2 Sol. The ZnO sol was

prepared using same route as follows.30 A 0.025 mol portion of
Zn(CH3OO)2·2H2O was put into a reflux apparatus filled with 300 mL
anhydrous ethanol and kept at 80 °C until a transparent solution I was
obtained. A 0.024 mol portion of LiOH·H2O was dissolved in 200 mL

anhydrous ethanol to get solution II. The key procedure was to make
solution II drop into solution I slowly, and then, sonicate the mixture
for about 1 h to get the ZnO sol.

TiO2 sol was obtained from titanium(IV) bis(ammonium lactate)
dihydroxide (TALH, 50 wt % in H2O, Aldrich) through a
homogeneous hydrolysis and subsequently hydrothermal process. A
12.2 mL portion of TALH was diluted in 400 mL of the distilled water,
and then, 13.8 g urea was added and vigorously stirred for 1 h under
room temperature. The mixture was subjected to oil bath at 95 °C for
24 h under magnetic stirring and reflux. After cooling to room
temperature, a gel-like precipitate was collected by centrifugation and
washed twice with distilled water. The well-washed gel was dispersed
in distilled water at a concentration of 10 g·L−1 and sealed in a Teflon-
lined autoclave (80 mL capacity) at 150 °C for a duration of 24 h to
improve the crystallinity of the TiO2 nanoparticles.

Both the ZnO sol and the TiO2 sol were obtained under mild
conditions, and the pH values of these two colloids were close to 7.
Therefore, in this work, the ZnO nanoparticles (the isoelectric point is
about pH = 9) were positively charged;31,32 whereas the anatase TiO2
nanoparticles (the isoelectric point is about pH = 6) were negatively
charged.33,34

2.2. Preparation of ZnO/TiO2 Multilayered Films. The as-
prepared ZnO with positive charges and TiO2 with negative charges
were used to fabricate the all-nanoparticle multilayered films, which
were deposited onto fluorine-doped tin oxide conductive glass
substrates (14 Ω·□−1, Nippon Sheet Glass, Hyogo, Japan) and
indium tin oxide coated poly(ethylene terephthalate) substrates (20
Ω·□−1, Solutia, St. Louis, Missouri, USA) via the layer-by-layer self
assembly technique. It could be produced through the following
process; both FTO glasses and ITO-PET substrates were ultrasonically
cleaned in water and ethanol for 10 min each. The cleaned substrates
were immersed alternately for 15 min in a 0.05 wt % diluting ZnO sol
and in a 0.045 wt % diluting TiO2 sol. After each immersion, the films
were washed by distilled water for 60 s. This procedure was repeated
for the desired number of cycles to form ZnO/TiO2 multilayered
films.

2.3. Characterization. Some of the ZnO sol and TiO2 sol were
dried at 60 °C and ground into a fine powder for further
characterization. The X-ray diffraction (XRD) patterns of these two
dried sol powder phase compositions and the ZnO/TiO2 hetero-
junction films were identified by X-ray diffractometer (Model D/Max-
2550, Rigaku, Tokyo, Japan) using Cu Kα radiation (λ = 1.5406 Å) at
60 kV and 450 mA and that of the films was obtained with an incident
angle of 1°. The morphologies of the ZnO and TiO2 nanoparticles in
colloids and films were observed by transmission electron microscopy
(TEM; Model JEM-2100F, JEOL, Tokyo, Japan). The structural and

Figure 1. Schematic diagrams of (a) the traditional process for preparing the LBL thin films and (b) the process for preparing the all-nanoparticle
ZnO/TiO2 films.
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morphological profiles of the all-nanoparticle multilayered films were
carried out by atomic force microscopy (AFM, NanoScope IV, Veeco
Instrument, USA) and field-emission scanning electron microscopy
(FESEM, Model S-4800, Hitachi, Tokyo, Japan). The UV-vis
absorption spectra of the ZnO/TiO2 multilayered films was recorded
by the spectrophotometer (Model Lambda 950, Perkin Elmer, USA),
and their thicknesses were measured with the surface profilometer
(Wyko NT9100, Veeco Instrument, USA).
2.4. Photoelectrochemical Measurements. The photoelectro-

chemical properties of the all-nanoparticle multilayered films were
studied in three-electrode photoelectrochemical bulk cells at room
temperature (25 °C). The films deposited on various substrates with
ca. 1.2 cm2 were used as working electrodes. The width and length of
the electrode were 20 and 6 mm, respectively. The reference and
counter electrodes were served by a saturated Ag/AgCl electrode and a
platinum wire, respectively. The bending test was carried out by a lab-
developed flexible electrode bending tester,35 and the bending radius
was adjusted to 10, 12, and 14 mm, respectively (see Figure S1a in the
Supporting Information). The measurements of photocurrent
responses and electrochemical impedance spectroscopy (EIS) in this
study were carried out through an electrochemical workstation
(Zennium, ZAHNER-Elektrik, Germany) coupled with a computer.
Illumination was carried out using a 4 W UV lamp (F4T5, Bolitong
Lumination, Shanghai, China) with the intensity of 1.2 mW·cm−2,
which was measured at 365 nm wavelength by a UV irradiance meter
(UV-A, Instruments of Beijing Normal University, China) at the
electrode surface. The EIS was measured at zero anodic bias, and the
frequency was changed from 100 kHz to 0.1 Hz.

3. RESULTS AND DISCUSSION

3.1. Phase Characterization and Morphologies of the
ZnO Sol and TiO2 Sol. Due to the poor stability of ZnO in
water, the ZnO colloid was synthesized according to the
procedure reported by Spanhel and Anderson;36 the as-
obtained colloid was well dispersed in ethanol and was suitable
for the preparation of the LBL films. Figure 2a shows the TEM
micrograph of the ZnO sol, and the inset is the corresponding
XRD pattern. According to the XRD result, the diffraction
peaks coincide exactly with the JCPDS data of ZnO
crystallizing in the hexagonal wurtzite structure, which implies
that the ZnO nanoparticles in the sol were well crystallized by
refluxing at 80 °C. From the TEM image, the well dispersed
nanoparticles of the ZnO sol present a narrow size distribution
of 8−12 nm.

The as-prepared TiO2 colloidal solution could be kept at
room temperature in closed vessels for several months without
any stabilizer. Therefore, the TiO2 nanoparticles were used as
starting building blocks with the negative charges in the all-
nanoparticle films preparation. The TEM image and XRD
pattern of the TiO2 colloidal particles are given in Figure 2b.
From the XRD result, it is affirmed that the TiO2 nanoparticles
of the colloid are in the anatase phase. As shown in the TEM
micrograph, the TiO2 nanocrystals are almost in a uniform size
with a highly dispersible ability, and the average size of them
estimated from the TEM image is ca. 7 nm, which is in good
agreement with the value calculated from the (101) diffraction
peak of the XRD pattern by using the Scherrer equation (7.4
nm).

3.2. Morphologies of ZnO/TiO2 Thin Films. The surface
morphologies of the eight-bilayered ZnO/TiO2 LBL films both
on the FTO glass substrate and the PET-ITO substrate were
characterized by field-emission scanning electron microscopy
and tapping mode atomic force microscopy. For comparison,
the surface images of the FTO glass and the PET-ITO substrate
are shown as well. Very similar FESEM images are observed for
multilayered all-nanoparticle films on these two substrates,
which are shown in Figure 3b and d, respectively. The surface
of the films is composed of tiny grains. No obvious void is
observed among the grains, and the roughness of the surface is
estimated to be not much greater than the size of the individual
nanoparticles. This is consistent with the results using the AFM
technique to characterize these films shown in Figure 4. The
values of smoothing surface roughness of the films on the two
substrates are close9.9 and 10.6 nm, respectivelyindicating
their similar roughness and surface areas. All these results
demonstrated that the all-nanoparticle thin films with a quite
fine structure were successfully deposited on these two
substrates and the structure of the films coated on the flexible
substrate was as stabile as that of the films coated on the glass
substrate.

3.3. Optical Properties of ZnO/TiO2 Thin Films. The
UV−vis absorption spectra of the bare quartz slide and the ones
deposited with different layers of ZnO/TiO2 LBL films are
shown in Figure 5. All the self-assembled thin films were proved
to have uniform deposition by the UV−vis measurement. The
results show a small absorption band edge shift for the as-

Figure 2. Morphologies and XRD patterns of the nanoparticles used in the layer-by-layer self assembly process: (a and b) ZnO; (c and d) TiO2.
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prepared ZnO/TiO2 films to 380 nm (3.27 eV) in comparison
to that for bulk ZnO (3.37 eV)37 and anatase TiO2 (3.2 eV).38

Moreover, an obvious increase in absorbance at ca. 360 nm can
be seen as the layer number increasing, which agrees with the
results of the film-thickness obtained from the surface
profilometer (the thicknesses of ZnO/TiO2 thin films were
52.1, 107.2, and 153.8 nm, respectively). The average
deposition thickness of each self assembling cycle was ca.
13.1 nm. Layer-by-layer self assembly technique is always
applied to obtain the films through the electrostatic
interactions, and the adsorbing amount of semiconductor
nanoparticles is close to the same in each deposition cycle.39

Thus, the almost linear increase in film thickness following an
increase in layer numbers is explained, and it is also implied that
the all-nanoparticle ZnO/TiO2 films had a fine and quite
homogeneous structure.
3.4. Photoelectrochemical Properties of ZnO/TiO2

Heterojunction Films. To investigate the photoelectrochem-
ical properties of the all-nanoparticle ZnO/TiO2 films, the
transient photocurrent responses of the ZnO/TiO2 LBL film
electrodes both on FTO glass and on ITO-PET in seven on−
off cycles of UV light irradiation are given in Figure 6, which
were performed in 1 mM NaNO3 solution at +0.4 V vs. Ag/

AgCl. As shown in Figure 6, the dark current is approximately
zero for all the electrodes, which suggests that no electro-
chemical oxidization occurred without UV illumination. In
contrast, all the apparent photoresponses of the electrodes are
obtained after switching on the UV light and then reach a
steady state. The photocurrent extent of an electrode can be
considered as its photocatalytic oxidation capacity. Higher
responsive photocurrent response implies higher oxidation
efficiency. In this work, the photocurrents obtained from the

Figure 3. FESEM micrographs of (a) bare FTO glass, (c) bare ITO-
PET substrate, and the eight-bilayered ZnO/TiO2 LBL thin films
coated on the (b) FTO glass substrate and (d) ITO-PET substrate.

Figure 4. AFM images of the eight-bilayered ZnO/TiO2 LBL thin film coated on the FTO glass substrate (a) and on the ITO-PET substrate (b).

Figure 5. UV−vis absorption spectra of the ZnO/TiO2 LBL films on
quartz slides with different bilayers: (a) bare quartz slide, (b) 4
bilayers, (c) 8 bilayers, and (d) 12 bilayers.

Figure 6. Photocurrent density−time curves of ZnO/TiO2 LBL thin
film electrodes both on glass FTO substrates (solid line) and ITO-
PET substrates (dash line) towards 1 mM NaNO3 aqueous solution
under UV light irradiation. Applied potential: +0.4 V vs Ag/AgCl.
Light intensity: 1.2 mW·cm−2.
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electrodes on these two substrates rose with the increasing
layers of the films and both 12-bilayered ZnO/TiO2 LBL film
electrodes showed enhanced photocurrent responses.
In addition, the photoelectrochemical properties of the

ZnO/TiO2 LBL film electrodes on ITO-PET under bending
state were also investigated. Figure S1b in the Supporting
Information shows the transient photocurrent responses of the
flexible eight-bilayered ZnO/TiO2 film electrode measured
under the bending state with various bending radii. In Figure
S1b, it can be found that the photocurrent densities decrease by
reducing the bending radius. However, when the bending
radius is larger than 12 mm, the photocurrent responses are not
significantly influenced, indicating the fair mechanical stability
of the ZnO/TiO2 films prepared by the layer-by-layer self
assembly. Due to the remarkably enhanced efficiency as well as
the substrates ranged from the polymer to glass, ZnO/TiO2
films derived from the room-temperature all-nanoparticle LBL
self assembly is expected to be applied to both chemical sensors
and dye-sensitized solar cells.
3.5. Heterojunction Structure of the All-Nanoparticle

ZnO/TiO2 Films. To further study the heterojunction structure
of the ZnO/TiO2 LBL films, the eight-bilayered all-nanoparticle
film electrode coated on FTO glass substrate was calcined at
500 °C for 4 h. Figure 7 presents the morphologies and XRD

pattern of the calcined eight-bilayered ZnO/TiO2 LBL films. As
shown in Figure 7a, ZnO/TiO2 nanoparticles formed a dense
film after calcination, and a partial coarsening occurred during
the heating treatment. However, the crystallite size of both
oxides did not increase apparently. It is found in the TEM
images that the crystalline size of the ZnO/TiO2 LBL films is in
the range of 10−25 nm, and the TiO2 and ZnO nanoparticles
tightly contacted with each other (shown in Figure 7b). From
the corresponding high-resolution TEM image of the films
shown in the inset in Figure 7b, the clear and identical
crystallographic orientations of the TiO2 and ZnO can be
observed. The lattice fringes of 0.35 and 0.26 nm concur well
with interplanar spacing of (101) and (002) crystallographic
planes of anatase TiO2 and hexagonal ZnO, respectively. In our
previous work, it was demonstrated that the growth of ZnO
nanoparticles was very remarkable in the absence of flaky
layered double hydroxides, and the as-prepared bare ZnO
nanoparticles in a crystallite size of 15.0 nm grew to 74.7 nm
after calcination at 500 °C.40 As shown in the inset in Figure
7b, TiO2 has a crystallite size of 8 nm while ZnO has a
crystallite size of 11 nm. In this study, due to the laminated
layer-by-layer film structure, the further growth of both ZnO
and TiO2 nanocrystals was inhibited during the heat treatment
since the mass transport was hindered by the another oxide
composition. The result of the XRD pattern shown in the inset
in Figure 7a also supports it. The broadened diffraction peaks
of hexagonal ZnO and anatase TiO2 can be observed in the
XRD pattern of the ZnO/TiO2 LBL films coated on FTO glass
which was collected at an incident angle of 1°. The intense
diffraction peaks at 31.6°, 34.3°, 36.1°, and 56.3° correspond to
the (100), (002), (101), and (110) planes of ZnO, and the
ones at 48.1° and 53.8° are assigned to the (200) and (105)
planes of anatase TiO2. All the results implied that the ZnO and
TiO2 nanoparticles kept a good connection during the layer-by-
layer self assembling process, which ensured that the all-
nanoparticle films were in a good heterojunction structure.
The transient photocurrent responses and the Nyquist plots

of the calcined eight-bilayered ZnO/TiO2 LBL film and the
calcined TiO2 LBL film deposited on FTO glass substrates are
shown in Figure 8. TiO2 LBL film in a thickness as similar as
that of eight-bilayered ZnO/TiO2 film, was prepared via the
well-established LBL self assembly from an aqueous anatase
TiO2 sol and the poly(styrene sulfonic acid) sodium solution.41

In Figure 8a, the photocurrent response of the ZnO/TiO2 film
electrode is about five times higher than that of the TiO2 film
electrode. The photocurrent result indicated that the
remarkably enhanced photocatalytic performance of all-nano-
particle film could be ascribed to the coupling of ZnO and TiO2
nanocrystallites to form the heterojunction structure, which
achieved a more efficient charge separation, an increased
lifetime of the charge carriers, and an enhanced interfacial
charge transfer to adsorbed substrates.42 Moreover, it is noticed
that the photocurrent response of the eight-bilayered ZnO/
TiO2 film electrode on the ITO-PET substrate is also high: it is
about four times higher than that of the TiO2 film electrode.
This fact suggested that the well-contacted nanoscale
heterojunctions had formed during the layer-by-layer self
assembling process and implied that the heat treatment was
not a necessary step in preparation of the all-nanoparticle LBL
films. On the other hand, in order to reveal the interfacial
characteristics of the ZnO/TiO2 heterojunction film electrode,
the electrochemical impedance spectroscopy (EIS) spectra of
these two samples were studied by applying a small ac

Figure 7. (a) FESEM micrograph and XRD pattern and (b) TEM
images of the eight-bilayered ZnO/TiO2 LBL films on FTO glass
substrate after calcination.
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perturbation (10 mv) under UV illumination. Figure 8b shows
the Nyquist plots of these two calcined LBL thin film
electrodes. Both plots display a single semicircle at the high-
frequency region which indicates the charge transfer process.43

In Figure 8b, it is found that the charge transfer resistance of
the ZnO/TiO2 film electrode is smaller than that of TiO2 film
electrode, which is consistent with the result of the photo-
catalytic performance. According to the work reported by
Boschloo et al.,44 ZnO nanocrystals had the reduced
recombination rate compared to that of TiO2, thus ZnO/
TiO2 heterojunction films composed from the series con-
nection of TiO2 with a better electron transport material ZnO
were favorable for the electron transfer at the interface and for
the charge separation.45

■ CONCLUSIONS
The positively charged ZnO nanoparticles and the negatively
charged TiO2 nanoparticles were used as the components to
prepare well-contacted nanoscale heterojunctions through the
layer-by-layer self assembly technique. The all-nanoparticle
films were directly deposited on the flexible transparent
conductive oxide substrates since no polyelectrolyte was used
in the self assembling process and the heat treatment was
avoided. The photoelectrochemical properties of the films were
investigated in three-electrode photoelectrochemical cells. Due
to the well-connected heterojunction structure, the improved
separation efficiency of photoexcited charge carriers was
achieved and the photocurrent densities of the ZnO/TiO2
thin films on the FTO glass substrate showed a five times

enhanced intensity compared to that of the TiO2 LBL film with
similar thickness. This study demonstrated that the all-
nanoparticle layer-by-layer self assembly technique could
provide a novel and efficient way to prepare heterojunction
films. By this route, the all-nanoparticle films from different
semiconductors of functional nanoparticles are expected to be
fabricated, and they may exhibit remarkably enhanced perform-
ance due to the good connection within nanoscale hetero-
junctions.
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