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Evolution of ZnO architecture on a nanoporous TiO; film by a hydrothermal method
and the photoelectrochemical performance*
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Abstract: The synthesis of ZnO architecture on a fluorine-doped SnO, (FTO) conducting glass pre-coated with
nanoporous TiO, film has been achieved by a one-step hydrothermal method at a temperature of 70 °C. The ef-
fect of the reaction time on the morphology of the ZnO architecture has been investigated, and a possible growth
mechanism for the formation of the ZnO architecture is discussed in detail. The morphology and phase structures
of the as-obtained composite films have been investigated by field-emission scanning electron microscopy (FE-
SEM) and X-ray diffraction (XRD). The results show that the growth time greatly affects the morphology of the
obtained ZnO architecture. The photoelectrochemical performances of as-prepared composite films are measured
by assembling them into dye sensitized solar cells (DSSCs). The DSSC based on the as-prepared composite film

(2 h) has obtained the best power conversion efficiency of 1.845%.
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1. Introduction

Zn0, a wide band gap semiconductor with a large excita-
tion binding energy, is one of the most promising functional
materials due to its catalytic, electrical, optoelectronic, and
piezo-electric properties. In recent years, ZnO nanoparticles
or nanostructures have been widely used in gas sensors[!], lu-
minescencel?!, piezoelectric transducers and actuators®], pho-
tocatalystsl*l, and solar cells!®). Very recently, aligned ZnO
nanostructures (e.g., nanorods, nanowires, nanoneedles) di-
rectly grown on transparent substrates have become of interest
and are intensively researched for their potential application
in dye-sensitized solar cells (DSSCs) or semiconductor quan-
tum dots sensitized solar cells (QDSSCs). For instance, Law
et al 1) has reported 1.2%—1.5% efficiency for the DSSC based
on ZnO nanowire arrays of high surface area grown on FTO
substrates using a seeded growth process. The direct electrical
pathways provided by the nanowires improve electron trans-
port by avoiding the particle-to-particle hopping that occurs
in the TiO, network!”). Sun et al.18] has assembled a quan-
tum dot sensitized solar cell (QDSSC) with power conversion
efficiency of 0.45% based on the bilayer ZnO nanostructure,
with a nanoflower on the upper layer and a nanorod array on
the bottom layer grown by a chemical bath growth process on
ITO glass. The bilayer ZnO assembled QDSSC has obtained
a three times higher power conversion efficiency value than
the ZnO nanorods array. The shape of the ZnO nanoflower can
increase the adsorption intensity of sensitizers to improve the
overall power conversion efficiency of the solar celll®). TiO,,
as another functional semiconductor, has been extensively in-
vestigated due to its relatively low toxicity, low cost, and re-
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sistance to photocorrosion(*l. It is the most used semiconduc-
tor in dye-sensitized solar cells['®~12]. So using TiO thin film
modified substrate to synthesize morphologically controllable
ZnO architecture may be very significant in improving the per-
formance of dye-sensitized solar cell. In this study, we report
the synthesis of a two-layer ZnO architecture, with a flower-
like microstructure on the top layer and nanorod arrays on
the bottom layer on fluorine-doped SnO, (FTO) conducting
glass pre-coated with a nanoporous TiO, film by a one-step
hydrothermal process. The effects of hydrothermal time on the
morphologies of the resultant products are systematically in-
vestigated. A possible growth mechanism is also proposed for
this ZnO architecture. In addition, extensive DSSC studies are
performed to determine the morphological effect on the pho-
toperformance of the ZnO architecture.

2. Experimental
2.1. Materials

The following reagents were used: zinc nitrate hexahydrate
(Zn(NO3),-6H,0), ammonium hydroxide [NH4OH (28%)],
tetrabutylorthotitanate (C;6H3604Ti), ethyl cellulose, nitric
acid, alcohol and «-terpineol. All reagents were analytic grade
and used without further purification. Distilled water was used
throughout all of the experiments. Fluorine-doped SnO, (FTO,
10 Q/cm?) conducting glass plates were used as substrates and
cleaned by standard procedures prior to use.

Nanoporous TiO, film on fluorine-doped SnO, (FTO)
conducting glass was prepared by a screen-printing method.
Screen printing TiO, paste was prepared by the following pro-
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cedure. 12.5 mL tetrabutylorthotitanate was added dropwise
into 150 mL distilled water with a pH of 1.5. The pH of the
distilled water was adjusted by nitric acid under vigorous stir-
ring. The solution was continually stirred at room temperature
for more than 10 h. Then, the solution was heated in an oil bath
at 75 °C for 8 h under vigorous stirring. Sol samples obtained by
hydrolysis reaction were transferred into a Teflon lined stain-
less steel autoclave. Hydrothermal reactions were conducted at
200 °C for 24 h. After hydrothermal reaction, the ivory-yellow
gels were centrifuged, and then washed with distilled water and
alcohol several times. The washed TiO, gels were added to
the mixture solution of ethyl cellulose and «-terpineol with a
weight ratio of TiO, : ethyl cellulose : «-terpineol of 73 : 9 :
18, then the mixture was continually stirred overnight until a
homogeneous paste was obtained. Via a screen printing tech-
nique the paste was spread onto fluorine-doped SnO; conduct-
ing glass and was dried in air at 80 °C for 1 h. Then the substrate
was sintered at 450 °C for 30 min and finally cooled to room
temperature. A thin nanoporous TiO, film (1 wm) on fluorine-
doped SnO, (FTO) conducting glass was prepared.

2.2. Composite film preparations

A ZnO coating layer was grown using a simple one-
step hydrothermal process. In a typical experiment, 0.6 g
Zn(NO3),-6H,0O was added to 100 mL distilled water un-
der magnetic stirring. Then ammonium hydroxide was added
dropwise to the above solution under vigorous stirring un-
til the pH of the solution was 10.8. The as-prepared solution
was transferred into a Teflon-lined stainless steel autoclave,
and fluorine-doped SnO, (FTO) conducting glasses pre-coated
with nanoporous TiO, film were placed in the autoclave and
kept level during the hydrothermal process. The tank was con-
ducted in an electric oven at 70 °C for different reaction times.
After the reaction, the obtained products were washed with dis-
tilled water and dried. A series of experiments showed that the
growth time was a main factor in influencing the structural
shapes of the ZnO structure grown on the nanoporous TiO,
film.

2.3. Characterization

The morphology and structure of the products were char-
acterized with field-emission scanning electron microscopy
(FE-SEM, Philips FEI XL30) and X-ray diffraction (XRD,
Rigaku D-max 2200, CuKa). To measure the photoelectro-
chemical property, the as-prepared ZnO-based film electrode
was heated at 100 °C for 1 h, and then immersed into a 0.3
mM ruthenium (II) cis-di (thiocyano) bis (2,2’-bypyridyl-4,4’-
dicarboxylic acid) (N3) dye/ethanol solution for 3 h. A simple
sandwich cell was assembled by using a N3-sensitized ZnO-
based film electrode with an active area of 0.5 cm? as the
working electrode and a Pt-coated FTO was used as a counter
electrode. A thin layer of electrolyte was introduced into the
interelectrode space. The electrolyte was composed of 0.5M
Lil, 0.05M I, and 0.5M 4-tertbutylpyridine (TBP) in a propy-
lene carbonate. The photocurrent—photovoltage characteristics
of the solar cells were measured by a Keithley model 2400 dig-
ital source meter using an Oriel 91192 solar simulator equipped
with an AM 1.5 filter and an intensity of 100 mW/cm?2.

3. Results and discussion

3.1. Effect of growth time on the morphology of the ZnO
coating layer

The hydrothermal growth time greatly influences the mor-
phology of the ZnO coating layer grown on TiO; film, so syn-
thetic experiments at different reaction time were carried out
at 70 °C with a pH of 10.8. Figure 1 shows the FE-SEM im-
ages of the ZnO architecture grown for different reaction times.
Figures 1(a) and 1(b) present low- and high-magnified FE-
SEM images of the products with a reaction time of 30 min.
From these FE-SEM images, ZnO structures can not be obvi-
ously found on the surface of the nanoporous TiO, film. How-
ever, the energy dispersive spectroscopy (EDS) of this product
(Fig. 2) shows the presence of Zn and O, which indicates
that the surface of the TiO, film is covered with ZnO nuclei
nanoparticles after reaction for 30 min.

When the reaction is performed for 1 h, a small amount
of white precipitate begins to form. As shown in Figs. 1(c)
and 1(d), ZnO crystals have grown to small spindle-like ZnO
nanorods with one side randomly oriented on the TiO, surface.
The size of the spindle-like ZnO nanorod is in the range of
100-170 nm and the surface seems very rough. Meanwhile,
new ZnO crystals are continuously formed as the reaction pro-
ceeds. After 1.5 h, from the low magnified FE-SEM image of
the product (Fig. 1(e)), it can be observed that a dense ZnO
nanorod array has formed on the surface of the TiO, film, but
no flower-like ZnO structure can be found. The high-magnified
FE-SEM image of the product (Fig. 1(f)) shows that the bot-
tom part of the spindle-like nanorod has evolved into hexag-
onal pyramids with a smooth surface, but the top part still
seems very rough. The typical diameters of these individual
ZnO nanorods are in the range of 30—70 nm with a length of
400-700 nm.

When the reaction time is increased to 2 h, as shown in
Fig. 1(g), a two-layer structure of ZnO architecture begins to
form, with several flower-like ZnO microstructures dispersed
on the top layer and a dense ZnO nanorod array grown on
the bottom layer. Figure 1(g) clearly shows that an individual
flower-like structure comprises three to ten hexagonal-pyramid
nanopetals with smooth surfaces. The diameter of the petals
varies from the base to the tips, showing that the petals have
sharpened tips with the wider bases that are connected to each
other through their wider bases. The diameters of these petals
at their tips and bases are between 30-100 and 300—650 nm,
respectively, and the lengths of these petals are 500 nm—2 pm.
The full arrays of one flower-shaped structure are in the range
of 3-5.5 um. The FE-SEM image of nanorods grown on the
bottom layer shows that nanorods have grown to large sizes
in all orientations and covered the entire surface of the TiO,
film (Fig. 1(h)). The typical diameters of these individual ZnO
nanorods are in the range of 110-180 nm with a length of
500-1.2 pm. Additionally, the surface of the ZnO hexagonal
nanorod is very smooth and well faceted. According to the evo-
lution process of the surface of the ZnO, it is indicated that
the crystallization of ZnO increases when the reaction time
is increased. When the reaction time is further increased, the
size and quantity of the flower-like ZnO structures obviously
increase, and the density of the nanorod array also becomes
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Fig. 1. (a, c, e, g, 1) Low-magnified and (b, d, f, h, j) high-magnified FE-SEM images of architectures for the different growth times (top view).

(a,b) 30 min. (c,d) 1 h. (e, f) 1.5h. (g, h) 2 h. (i,]) 6 h.

Fig. 2. Energy-dispersive X-ray spectrometer (EDS) analysis of the
ZnO architecture for a growth time of 30 min.

greater, as shown in Figs. 1(i) and 1(j). From Fig. 1(i), it can
be seen that the ZnO architecture grown on the nanoporous
TiO, film has a two-layer structure, with flower-like ZnO mi-
crostructures on the top layer and ZnO nanorod arrays on the
bottom layer. The flower-like ZnO microstructure with approx-
imately uniform morphology is randomly dispersed on the top
of the ZnO nanorod. The flower-shaped structures are consti-
tuted by the accumulation of several hundreds of plane-tipped

hexagonal ZnO nanorods. The typical diameters of these indi-
vidual nanorods are in the range of 100—700 nm with a length
of 1.5-4 um. The size of the full array of a flower-shaped struc-
ture is in the range of 6-9 um. All of the nanorods radiate
through the center to form 3D flower-like structures. In ad-
dition, the rod tip appeared plane with wide hexagonal-bases
and the surfaces of the ZnO rods are very smooth. Figure 1(j)
shows FE-SEM images of ZnO nanorods grown on the bot-
tom layer at high magnification. It can be clearly seen that the
ZnO nanorods are aligned in a high-density array over the en-
tire surface of the TiO, film. Such a nanorod array is similar to
the one described by Vayssieres!!3], who has reported that ZnO
nanorods preferred to grow along the c-axis direction. The typi-
cal diameters of these individual ZnO nanorods are in the range
of 50-200 nm with a length of 600 nm—1.3 pm. The surface of
the ZnO hexagonal nanorod is very smooth and well faceted.
From the high-magnified FE-SEM image (Fig. 1(f)), it can be
seen that ZnO nanorods grown on the TiO, film are not so ver-
tical, which may be due to the morphology of the substrate. The
nanoporous surface of the TiO, film makes the ZnO nanorods
grow at various angles to form an interlaced array.

From the series of experiments, we can conclude that the
growth time greatly influences the structural shapes of the ZnO
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Fig. 3. Schematic growth diagram of the ZnO nano/micro structures on nanoporous TiO, films.

grown on the nanoporous TiO, film. When the reaction time is
less than 1.5 h, only ZnO nanorod arrays grown on the TiO,
film can be obtained. Two-layer ZnO architectures grown on
the TiO, film need a reaction time more than 1.5 h.

3.2. Growth mechanism of ZnO architectures on TiO, film

Based on the experimental results, the possible forma-
tion mechanism of the ZnO architectures on TiO, film is pro-
posed. The schematic illustration for the growth mechanism
is shown in Fig. 3. Here, at the initial stage of the reaction
the growth units ([Zn(NH3)4]?)[!4 are electrostatically ad-
sorbed onto the surface of the TiO, film (Fig. 3(a)), result-
ing in a decrease in the surface energy and the generation of
active sites. Heterogeneous nucleation will take place prefer-
entially at these absorbed sites. With elevated temperature, a
large amount of zinc oxide nuclei have formed via the de-
hydration of abundant component [Zn(NH3)4]2+ ions react-
ing with hydroxyl OH™ (Fig. 3(b))[3]. Due to the large quan-
tity of growth units [Zn(NH3)4]?>" in the solution, anisotropic
growth of ZnO is favored and many hexagonal ZnO nanorods
growing with ¢ axis are formed on the TiO, surface in the
subsequent stage of growth (Fig. 3(c))!'*!. Then, as the ZnO
nanorods grow long enough, some of them may contact with
each other at the top place due to the different growth angles
of the ZnO nanorods. So nanoparticles deposited on these top
facets of the ZnO nanorods may serve as the growing nucleus
for the second layer. Finally, with the depletion of the precursor
and the decrease in growth rate as the reaction time increases,
several ZnO nanorods are formed from this nucleation plane
in directions of diversity to form the flower-like morphology

(Fig. 3(d)).
3.3. X-ray diffraction analysis

The nanoporous TiO, film coated on the FTO sub-
strate by the screen-printing method and as-prepared ZnO
nano/microstructure hydrothermally grown on the FTO sub-
strate pre-coated with TiO, film at different times are charac-
terized by X-ray diffraction. Typical XRD patterns are shown
in Fig. 4. As shown in Fig. 4(a), peaks appearing at 25.36°,
37.80°, 48.16°, and 54.06° correspond to (101), (004), (200)
and (211) crystal planes of anatase TiO, (JCPDS card No 21-
1272). No other phases of TiO,, such as rutile or brookite, can
be detected via XRD, indicating that nanoporous TiO, film

Fig. 4. XRD patterns of (a) TiO3 film on FTO substrate and ZnO
architectures synthesized on TiO3 film for (b) 1.5 h, (¢) 2 h and (d)
6 h. The filled circles denote peaks attributed to the FTO substrate.

coated on the FTO substrate is composed of pure anatase-phase
TiO,. Other peaks in Fig. 4(a) correspond to the FTO substrate
(filled circles). Figures 4(b)—4(d) show XRD patterns of ZnO
structures hydrothermally grown on nanoporous TiO, film at
1.5 h, 2 h and 6 h, respectively. Here, except for the peaks of
the TiO, and FTO substrate, the peaks corresponding to ZnO
can be obviously detected. The crystalline peaks with 26 val-
ues of 31.72°, 34.4°, 36.22°, 47.52°, 56.56°, 62.86°, 66.32°,
67.94° and 69.06° in Figs. 4(b)—4(d ) are indexed to the hexag-
onal wurtzite structured ZnO, which is in good agreement with
the values in the standard card (JCPDS 36-1451). It is indicated
that ZnO structures grown on the TiO, film for different times
all exhibited the hexagonal wurtzite ZnO.

Moreover, the intensities of the ZnO diffraction peaks in-
crease with the decrease in the intensities of the TiO, and
FTO peaks as the growth time increases. From the spectrum,
it can easily be found that the intensity of the (002) peak in-
creased higher than those of the (100) and (101) peaks. The
relative intensity ratio between the (002) and (101) diffraction
peaks is usually used to characterize the orientation of the ZnO
nanorods!'®). When the growth time increases from 1.5hto 2 h,
the relative intensity ratio has increased from 0.65 to 0.83, in-
dicating that more c-textured ZnO nanostructures are formed.
However, the relative intensity ratio decreases with the growth
time further increasing to 6 h, which may be due to the forma-
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Fig. 5. Photocurrent density—voltage characteristics of the dye-
sensitized solar cells with ZnO architecture photoelectrodes grown at
0, 1.5, 2 and 6 h, respectively.

Table 1. Performances of DSSCs with ZnO architecture photoelec-
trodes grown at 0, 1.5, 2 and 6 h, respectively.

Growth time (h) Ve (V) Jse (mA/cm?) FF n (%)
0 0.697 4.135 0.523  1.508
1.5 0.616 4.778 0.526 1.549
2 0.574 6.341 0.506 1.845
6 0.542 5.888 0.461 1.469

tion of many flower-like ZnO structures.

3.4. Current-voltage characteristics

In order to study the photoelectrochemical properties
of as-grown ZnO nano/microstructures on the nanoporous
TiO, film, the photovoltaic parameters of DSSCs contain-
ing the synthesized films are tested, in which the ZnO
nano/microstructures grown at four different periods of time,
i.e., for 0, 1.5, 2 and 6 h. The photocurrent—voltage curves
of DSSCs are shown in Fig. 5. The short-circuit photocur-
rent density (Js), open-circuit photovoltage (V,), fill factor
(FF) and power conversion efficiency (1) of the DSSCs for
ZnO microstructure electrodes of different growth times at 100
mW/cm? illumination are presented in Table 1. Ji is defined
as the photocurrent density at zero voltage and V. is defined as
the photovoltage at which the photocurrent becomes zero. The
fill factor (FF) of the solar cell can be calculated using the equa-
tion FF = Jinax Vinax/ Jsc Voc based on the J—V curve, where
Jmax and Vi.x are the photocurrent density and photovoltage
for maximum power output. The power conversion efficiency
(n) is calculated from the equation n = 100 (Jmax Vinax)/ Pin,
where Pj, is the power of the incident light.

As seen from Fig. 5 and Table 1, as compared with the
DSSC based on TiO, substrate film, the Ji. values of DSSC
based ZnO structures on TiO, film have greatly improved.
However, the V. values of DSSCs are lower than that of the
TiO; cell. The increase in J; shown by the ZnO-based cell may
be due to the increased amount of dye-loading on the ZnO/TiO,
film. Firstly, ZnO nano/microstructures grown on the TiO,
substrate result in an increase in the thickness of the electrode,
which can effectively increase the dye-absorbed amount. Sec-
ondly, the increase in dye-loading amount may also be caused
by its novel structure. Although for ZnO electrode the acidic
dye-loading solution may dissolve the surface of ZnO, generat-

ing Zn?"/dye aggregates, this problem can be greatly released
by using a novel structure ZnO electrode. Fujiharal'”! has re-
ported that macropores present in the microstructure-controlled
ZnO electrodes are effective to release such Zn?*/dye aggre-
gates and increase the amount of dye-loading. In our study, the
nanoporous surface of TiO, film makes ZnO nanorods grow at
various angles to form an interlaced array. An interlaced array
or flower-like ZnO microstructure can absorb the significant
amount of dye molecules in contrast to the planar structure of
ZnO4l, So, increased dye-loading amounts of electrodes have
resulted in an increase in J.. Moreover, in this novel ZnO mi-
crostructure, a ZnO nanorod grown on the bottom layer is a sin-
gle crystal that can provide an efficient electron transportation
channel to the nanoporous TiO, film on the conducting sub-
stratel!8]. Effective electron transportation ensures a high J
value of the DSSCs. The decreased V. values of the DSSCs
may be due to the thickness of the ZnO nano/microstructures
on the TiO, film. From FE-SEM images, it can be seen that
ZnO nano/microstructures completely cover the surface of the
TiO; film when the growth time is more than 1.5 h. Moreover,
with the increase in growth time, the ZnO nano/microstructures
become thicker and thicker, and the influence of the TiO, sub-
strate on the V,.value of the DSSC is reduced, which decreases
the V,. value. From Table 1, it can be seen that the fill factors of
the DSSCs calculated from the J—V curves have changed very
little. As a result of the changes in J and V., the power con-
version efficiency (1) of the corresponding DSSC is increased
firstly and then decreased with the increase in growth time. The
DSSC based on the composite film grown at 2 h shows better
performance (V. = 0.574V, J;. = 6.341 mA/cm?, FF = 0.506
and n = 1.845%) than other DSSCs.

From Fig. 5 and Table 1, it can be seen that the perfor-
mances of the DSSCs based on ZnO structures on TiO, film
are greatly influenced by the growth time. The performance of
DSSC (2 h) is better than that of DSSC (1.5 h) due to its novel
two-layer structure. However, the performance of DSSC (6 h)
is worse than that of DSSC (2 h). The reason may be related
to the amount and size of ZnO architectures. The increased
amount and size of ZnO architectures obviously decreases the
surface area of the electrode and increases the charge recombi-
nation during electron transportation.

4. Conclusions

In summary, a ZnO two-layer architecture, with flower-
like microstructure on the top layer and nanorod arrays
on the bottom layer, has been successfully synthesized on
fluorine-doped SnO, (FTO) conducting glass pre-coated with
nanoporous TiO, film by a one-step hydrothermal process at
the very low temperature of 70 °C. The shape evolution with
reaction time is investigated, and a possible growth mechanism
is discussed. The results show that the growth time greatly af-
fects the morphology of the obtained ZnO architecture. And
a ZnO two-layer architecture only can be formed at a growth
time of more than 1.5 h under the present experimental con-
ditions. The dye-sensitized solar cells (DSSCs) are assembled
with as-prepared composite film electrodes sensitized by N3
dye, Lil/I, electrolyte and a platinum flake counter electrode.
It is found that the DSSC based on the composite film grown
at 2 h shows better performance than other DSSCs. The rea-
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son may be that flower-like ZnO microstructures on the top
layer with a proper amount and size could absorb the signifi-
cant amount of dye molecules in contrast to its planar structure.
And ZnO nanorods grown on the bottom layer can provide ef-
ficient electron transportation channels to the nanoporous TiO,
film on the conducting substrate.
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