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H I G H L I G H T S

• 1D TNA films with ideal morphology were prepared by the two-step process.

• The optical performance of 1D TNA films was enhanced by narrowing the bandgap.

• The 1D TNA films achieved efficient charge separation with higher photocurrent density.
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A B S T R A C T

One-dimensional TiO2 nanorod array films (1D TNA films) were prepared by the two-step process. The results
show that the density of 1D TNA films is significantly improved with the presence of TiO2 compact layer (TCL)
and the hydrothermal reaction time of 15 h. The TiO2 crystallinity is improved. The utilization efficiency of the
visible light is increased with the lower concentration of crystal defects. The charge recombination center caused
by the defects decreased, while the electrons and holes were effectively separated, thus the charge re-
combination rate was lowered, and better charge transport performance caused the transient photocurrent to
increase significantly.

1. Introduction

Nano-scale ultra-fine TiO2 has become one of the international re-
search hotspots because of its unique semiconductor properties and
broad application prospects [1,2]. As a semiconductor material, nano-
TiO2 not only has high refractive index, high visible light transmittance,
large dielectric constant and stable chemical properties, but it also has
excellent photoelectricity [3], gas sensitivity [4], photocatalysis [5] and
electrochromism [6], along with other properties. It is widely used in
new solar cells [7,8], gas sensors [9], as photocatalytic material [10],
and in other fields. Among them, one-dimensional nano-TiO2 is a ty-
pical representative TiO2 material, which has been studied a lot. At
present, the ways to prepare one-dimensional TiO2 nanomaterials in-
clude hydrothermal [11,12], anodizing [13,14], and template [15]
methods. Among them, the hydrothermal method is the most com-
monly used. On the one hand, the hydrothermal method can directly
grow one-dimensional TiO2 nanostructured materials on a conductive
substrate, eliminating the complicated preparation process of other

methods, and obtaining nano-array films with good orientation.
Moreover, the one-dimensional TiO2 nanomaterial is firmly bonded to
the substrate, which is better for later processing and use. On the other
hand, the hydrothermal method has low cost, short cycle, is simple, and
can be easily realized and controlled in terms of the reaction conditions.

As electron transport layer material, one-dimensional TiO2 nanorod
films are widely used in photoanodes of new solar cells [16,17]. This
structure can reduce the band edge, surface state and crystal defects in
films, and can effectively enhance the light scattering effects of the
photoanode [18] since the one-dimensional nanomaterial provides a
nearly straight transmission path for the electrons. The electron trans-
port distance is shortened, the electrons lifetime is prolonged, the
charge recombination is reduced, and the carrier quantum yield is
improved, which all lay a foundation for the good photoelectric per-
formance of the solar cells [19]. The premise for achieving this goal is
to prepare a one-dimensional TiO2 nanorod film with perfect structure,
morphology, excellent orientation and suitable thickness, which are
closely related to the reaction parameters of the hydrothermal reaction.
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In this paper, stable rutile phase 1D TNA films were successfully
prepared on the FTO substrates. Specifically, TiCl4 and Ti(OC4H9)4
were used as the titanium sources of TCL and 1D TNA films, respec-
tively, which were different from the previous studies where a single
titanium source was often used as the raw material. In addition, the
two-step process was adopted to utilize good coordination of the two
different titanium sources and successfully prepare the ideal TiO2 na-
nomaterials. First, a layer of TCL was deposited as a seed layer on the
FTO substrate by thermal deposition using titanium tetrachloride as the
titanium source, called FTOTCL. Then, a layer of 1D TNA films as the
electron transport layers (ETLs) with perfect crystallization was grown
on FTOTCL using a hydrothermal method with tetrabutyl titanate as the
titanium source. The materials were characterized by field emission
scanning electron microscopy (FESEM), X-ray diffraction (XRD), UV-vis
spectroscopy, photoluminescence (PL) spectra experiments, electro-
chemical impedance spectroscopy (EIS) and transient photocurrent.
The effects of TCL and hydrothermal reaction time on the morphology,
structure and photoelectric properties of 1D TNA films were studied in
detail. The best experimental parameters were determined to provide a
reference for the preparation of photovoltaic devices with excellent
properties in the future.

2. Experimental section

2.1. Materials

Tetrabutyl titanate [Ti(OC4H9)4, ≥98% pure], titanium tetra-
chloride (TiCl4, ≥98% pure), hydrochloric acid (HCl, 36–38wt%),
anhydrous ethanol (CH3CH2OH, ≥99.7%), acetone (CH3COCH,
≥99.5%) and isopropanol [(CH3)2CHOH, ≥99.7%] were purchased
from the Sinopharm Chemical Reagent Co., Ltd. Deionized water
(homemade), F-doped SnO2 transparent conductive glass (FTO,
30×30×2.2mm3, square resistance≤ 14Ω/□, transmit-
tance≥ 90%) was purchased from the South China Science &
Technology Co., Ltd. and used as a substrate. The FTO was washed with
acetone, isopropanol, and deionized water before use.

2.2. TiO2 compact layer synthesis

Under ice water bath conditions, 2.2mL of TiCl4 were slowly added
to 100mL of cold deionized water (< 3 °C) while stirring, and a small
amount of pale-yellow solid was generated in the solution, and a large
amount of white smoke appeared. As the stirring progressed, the above
phenomena gradually disappeared. After the solution was completely
clear and transparent, a 0.2 M aqueous solution of TiCl4 was obtained
[12]. After placing the cleaned FTO substrate into the beaker with the
conductive surface up, the appropriate amount of aqueous solution of
TiCl4 was slowly poured into the beaker to completely immerse the FTO
substrate. Then the beaker was sealed and placed in a constant tem-
perature drying oven for 30min at 70 °C. In the end, the FTO substrate
was taken out and rinsed with anhydrous ethanol and deionized water
several times, and then the dried FTO substrate was placed in a muffle
furnace and annealed at 550 °C for 1 h. A compact layer of TiO2 (TCL)
was obtained on the FTO substrate.

2.3. One-dimensional TiO2 nanorod array films synthesis

A mixed solution of concentrated hydrochloric acid and deionized
water (HCl:H2O=2:1, 60mL) and 1mL of tetrabutyl titanate were
mixed, and then tetrabutyl titanate was slowly added to the aqueous
hydrochloric acid solution at a rate of about 1 drop per 3 s. Continued
vigorous stirring was required to avoid hydrolysis of tetrabutyl titanate
until the solution was clear and transparent. The prepared FTOTCL was
placed in a Teflon liner (50mL) and the FTOTCL was maintained at an
angle of 45–60° to the vertical wall. The prepared solution was then
poured into the reactor lining and sealed, and the reactor was placed in

a constant temperature drying oven at 150 °C for the hydrothermal
reaction [20]. After that, the FTOTCL was taken out and washed several
times with absolute ethanol and deionized water, and then the dried
FTOTCL was annealed in a muffle furnace at 450 °C for 30min, and then
on the FTOTCL. Thus, one-dimensional TiO2 nanorod array films (1D
TNA films) were prepared.

In addition, in order to investigate the effect of the presence or
absence of TCL on the performance of 1D TNA films, the same hydro-
thermal reaction was carried out using bare FTO substrates, and 1D
TNA films were also obtained.

2.4. Characterization

The surface morphology and cross-sectional images of the samples
were examined by the field-emission scanning electron microscopy
(FESEM, JSM-7800 F, JEOL). The X-ray diffraction data were acquired
using a Bruker D8 Advance powder X-ray diffractometer (Bruker,
Germany), the X-ray tube produced Cu Kα radiation (λ=1.5406 Å),
and the generator was set to 40 kV and 40mA during the data collec-
tion. Data was collected in the 20–80° 2θ angle range. A UV–visible
spectrophotometer (UV-2600, Shimadzu) was utilized to obtain the
transmittance spectra and absorption spectra of the 1D TNA films. The
photoluminescence (PL) spectra experiments were performed using a
WFY-28 fluorescence spectrophotometer (Tianjin Tuo Pu Instrument
Co., Ltd). EIS measurements were carried out by an electrochemical
workstation (CHI660D, Beijing Join Technology Co., Ltd) under the
dark condition and at a bias of 0.48 V with the frequency sweeping from
1Hz to 1MHz. The spectra were fitted using the ZSimpWin software.
The transient photocurrent characteristics were recorded at a cycle of
40 s by using the same electrochemical workstation under simulated
AM 1.5G sunlight at 100 mW cm−2 irradiation generated by a solar
simulator (Solar IV, Beijing Zolix Instruments Co., Ltd), which was
calibrated by the 91150-KG5 reference cell (Newport, USA). All sam-
ples were measured in the air at 25 °C.

3. Results and discussion

3.1. Morphology and structure

Fig. 1a–e present the FESEM images of 1D TNA films on FTOTCL, and
the corresponding hydrothermal reaction time was 6 h, 9 h, 12 h, 15 h,
and 18 h, respectively. Fig. 1f is the FESEM image of the 1D TNA film
obtained by the hydrothermal reaction on the bare FTO substrate for
15 h. Among them, the main images are the side views of 1D TNA films,
and the insert images are the top views of the 1D TNA films. Compared
with the 1D TNA film (2.4 μm, Fig. 1f) grown on bare FTO, the 1D TNA
film grown on FTOTCL is thicker (3.1 μm in Fig. 1d), and the larger
diameter of the TiO2 nanorods will significantly increase the specific
surface area of the film, which can effectively enhance the scattering
rate of the film, promote the absorption of light by the photosensitive
material in the photoanode, and thereby improve the utilization of
sunlight, especially visible light [14]. In addition, the 1D TNA film
grown on FTOTCL exhibits better directional growth and perpendicu-
larity, which will help reduce the concentration of crystal defects, re-
duce the charge recombination center formed by defects, and thus in-
crease the quantum yield of photogenerated carriers. At the same time,
the adjacent TiO2 nanorods are arranged more closely. The dense 1D
TNA film and the TCL on the FTO substrate can effectively prevent the
direct contact between the FTO conductive layer and the redox elec-
trolyte, thereby reducing the dark current in the solar cells [12]. The
factors causing the above differences can be attributed to the difference
in nucleation types. The nucleation type of TiO2 nanorods formed on
the bare FTO substrate was the primary nucleation, during which the
system contains no substances to be crystallized. Since there was a
certain lattice mismatch rate between the TiO2 crystals and the SnO2

crystals in the substrate, in this case, if TiO2 wanted to nucleate and
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crystallize on the FTO substrate, it was necessary to overcome a large
energy barrier caused by lattice mismatch, which will have a certain
impact on the growth process of TiO2 nanorods. In contrast, the nu-
cleation type of TiO2 nanorods formed on the FTOTCL substrate be-
longed to secondary nucleation. During nucleation, substances in the
system that have been waiting for crystallization were contained. Since
there was no lattice mismatch, it was easier for TiO2 to nucleate and
crystallize on the FTOTCL substrate. Therefore, the different nucleation
types of TiO2 on different substrates resulted in different morphology of
TiO2 nanorods.

Fig. 1a–e show that based on FTOTCL, changing the hydrothermal
reaction time has a significant effect on the morphology of 1D TNA
films. From 6 h (1.5 μm in Fig. 1a) to 9 h (2.1 μm in Fig. 1b), both the
thickness of the 1D TNA films and the diameter of the TiO2 nanorods
increased significantly. Compared with the disordered packing ar-
rangement of TiO2 nanorods in Fig. 1a and the lower density of 1D TNA
film in top view, although the tip of TiO2 nanorods in Fig. 1b exhibits a
curved growth phenomenon, the directional growth of TiO2 nanorods
and the verticality, and the density of the 1D TNA film in the top view

have been improved. This result shows that prolonging the hydro-
thermal reaction time can effectively improve the crystallization char-
acteristics of TiO2 and better promote directional crystal growth. It will
be beneficial for the overall performance improvement of the 1D TNA
films.

The above results were further verified by increasing the hydro-
thermal reaction time to 12 h (2.5 μm in Fig. 1c), 15 h (3.1 μm in
Fig. 1d) and 18 h (3.3 μm in Fig. 1e). At this point, the TiO2 nanorods in
Fig. 1c-e have fully achieved vertical orientation growth, which is
greatly improved compared to the verticality of the TiO2 nanorods in
Fig. 1a and b, and the 1D TNA films in the top views are also more
uniform and denser. Compared with Fig. 1d (3.1 μm, 15 h), although
the thickness of the 1D TNA film in Fig. 1e (3.3 μm, 18 h) is 0.2 μm
larger, there is already a small difference between the bottom of the 1D
TNA film and the FTOTCL substrate. The appearance of this difference
will affect the degree of bonding of the 1D TNA film to the FTOTCL

substrate and may even cause the 1D TNA film to fall off the FTOTCL

substrate, thereby weakening or eliminating the performance ad-
vantages of the 1D TNA film. In addition, the tightness of alignment

Fig. 1. FESEM images of various 1D TNA films: (a) 6 h, (b) 9 h, (c) 12 h, (d) 15 h, (e) 18 h, (f) without TCL and (g) various diameters of TiO2 nanorods.
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between adjacent TiO2 nanorods in Fig. 1e is reduced, the quadrangular
prism shape of TiO2 nanorods becomes irregular, and the smoothness
and flatness of the sides of TiO2 nanorods are also reduced. These
changes will ultimately have a negative impact on the performance of
1D TNA films and later fabricated components. Similarly, the effects of
TCL and various hydrothermal reaction times on the diameters of TiO2

nanorods were shown in Fig. 1g. The presence of TCL increased the
diameters of TiO2 nanorods by 3.1 times, from 51.7 nm to 159.3 nm.
With the change of hydrothermal reaction time, the diameters of TiO2

nanorods reached the maximum at 15 h. The increase of the diameters
of TiO2 nanorods greatly increased the specific surface area of 1D TNA
films, and significantly increased the effective adsorption amount of
photosensitive materials, enhancing the light absorption of 1D TNA
films and improving the quantum yield of photogenerated carriers.

Fig. 2a is an XRD pattern of a 1D TNA film grown on a bare FTO
substrate (without TCL) and a 1D TNA film grown on an FTOTCL sub-
strate (with TCL). The diffraction reflections at 2θ=27.54°, 36.22°,
62.93° and 69.97° in the pattern correspond to the (1 1 0), (1 0 1),
(0 0 2) and (1 1 2) crystal planes of the rutile TiO2 crystal, respectively,
and the results are compared with the standard XRD pattern (JCPDS 65-
192 #). The remaining diffraction reflections originate from the FTO
substrate (JCPDS 77-452 #) [21]. This XRD pattern shows that the
diffraction intensity of the (0 0 2) crystal plane is the highest in all TiO2

crystal diffraction reflections, regardless of the presence or absence of
TCL on the FTO substrate. This indicates that the TiO2 crystals do
crystallize along the normal direction of the specific crystal plane,
which is also the most important factor for the formation of TiO2 na-
norods. This conclusion is also consistent with the results of the di-
rectional growth of TiO2 nanorods in Fig. 1. At the same time, the in-
tensity of the diffraction peak of the (0 0 2) crystal plane of the 1D TNA
film grown on the FTOTCL substrate is remarkably enhanced compared
with the 1D TNA film grown on the bare FTO substrate, and the dif-
fraction intensity of other crystal planes becomes very weak or even
disappears. This is because TCL acts as a seed layer of TiO2, which re-
duces the adverse effect of TiO2 crystal and FTO due to the large lattice
mismatch ratio on the crystal growth of TiO2 so that TiO2 crystal can be
a good implementation of directional epitaxial crystal growth based on
TCL. In addition, the intensity of the diffraction peaks of the FTO
substrate is significantly weakened or disappeared, indicating that the
TCL deposited on the FTO surface achieves uniform coverage of the
FTO surface and acts as a dense layer [22–24].

Based on the FTOTCL, the XRD pattern of the 1D TNA films obtained
by changing the hydrothermal reaction time is shown in Fig. 2b. The
diffraction peaks of the clearly identifiable rutile TiO2 crystals in the
figure are only the diffraction peaks of the (1 0 1) and (0 0 2) crystal
planes, corresponding to 2θ=36.22° and 62.93°. Compared with other

crystal planes of the TiO2 crystal, TCL has a significant effect on the
directional growth of TiO2 crystal along the normal direction of the
(0 0 2) crystal plane. This is equivalent to suppressing the crystal
growth of other crystal faces, so in the XRD pattern, only the (0 0 2)
crystal plane has a strong diffraction intensity, and the diffraction of
other crystal planes is weak or even disappears. As shown in the figure,
as the hydrothermal reaction time increases, the intensity of the dif-
fraction peak of the (0 0 2) plane first increases and then decreases. The
intensity of the diffraction peak is the strongest at the reaction time of
15 h, and at 18 h the diffraction intensity is significantly lowered. In
fact, the crystal growth of TiO2 crystals during the hydrothermal re-
action is a dynamic process involving the crystallization of TiO2 crystals
and the dissolution of TiO2 crystals. On the one hand, due to the action
of TCL, when the hydrothermal reaction time increases from 6 h to 15 h,
the intensity of the diffraction reflection of the (0 0 2) crystal plane
continues to increase remarkably. On the other hand, with the increase
of the hydrothermal reaction time, the reactants in the reaction solution
were fully and effectively utilized, and at this time, the crystallization
process of the TiO2 crystal is dominant, so that the TiO2 crystal can be
continuously subjected to directional crystal growth, so that the
thickness of the 1D TNA films is continuously increased. This conclu-
sion also corresponds well with the test results of Fig. 1. When the
hydrothermal reaction time reaches 18 h, the intensity of the diffraction
peak of the (0 0 2) crystal plane is significantly reduced. This is because,
after a long period of reaction, the lower concentration of reactants in
the reaction solution could not maintain the existing crystallization
dynamic equilibrium process. Therefore, the system had to establish a
new dynamic equilibrium through the dissolution of TiO2 crystals. Due
to the dissolution of the TiO2 crystal, as shown in Fig. 1e, a small dif-
ference is formed between the bottom of the 1D TNA film and the
FTOTCL substrate, and the tightness of the alignment between adjacent
TiO2 nanorods is lowered, and the quadrangular prism shape of the
TiO2 nanorods becomes irregular.

3.2. Optical performance

As shown in Fig. 3, the optical properties of the obtained 1D TNA
films were characterized in UV–vis spectra. First, the influence of the
presence or absence of TCL on the light absorption intensity of 1D TNA
films (Fig. 3a) and its corresponding optical band gap Eg-(αhν)2 curve
(Fig. 3b) were analyzed. Then, based on the FTOTCL, the effects of
changing the hydrothermal reaction time on the light absorption in-
tensity of 1D TNA films (Fig. 3c) and its corresponding optical band gap
Eg-(αhν)2 curve (Fig. 3d) were studied. In Fig. 3a, the absorbance of the
1D TNA film grown on an FTOTCL is significantly reduced compared to
the 1D TNA film grown on a bare FTO, which means that light

Fig. 2. XRD patterns of various 1D TNA films: (a) with or without TCL and (b) various reaction times.
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transmittance of the 1D TNA film is increased so that more light can be
absorbed by the photosensitive material in the photoanode. With the
apparent red-shift of the light absorption band edge (from 375 nm to
403 nm), the corresponding optical band gap Eg (Fig. 3b) is also reduced
from 3.311 eV to 3.075 eV, the photogenerated electrons produced by
the photosensitive material are more easily injected into the conduction
band of TiO2 [25], thereby broadening the effective light absorption
range of the photosensitive material, especially enhancing the utiliza-
tion of visible light.

Based on the FTOTCL, the change in hydrothermal reaction time also
affected the light absorption intensity of the 1D TNA films (Fig. 3c). As
the hydrothermal reaction time increases, the light absorption intensity
of the 1D TNA films in the ultraviolet region (λ < 380 nm) is sig-
nificantly reduced, and the transmittance of the corresponding 1D TNA
films in the ultraviolet region is significantly increased. In the visible
light region (λ > 400 nm), although the overall light absorption in-
tensity is not high, the light absorption intensity is still increased.
However, due to the small increase, the hydrothermal reaction time has
a limited effect on the transmittance of 1D TNA films in the visible
region. In addition, the light absorption band edge of 1D TNA films also
produces a small red-shift with the increase of hydrothermal reaction
time, from the smallest 398 nm at 6 h to the maximum 405 nm at 15 h,
and the corresponding optical band gap Eg (Fig. 3d) is reduced from
3.118 eV to 3.071 eV, which significantly enhances the efficiency of
sunlight utilization.

The photoluminescence spectra are commonly used to characterize
electronic structures and electronic states in semiconductor materials.
In Fig. 4 the excitation wavelength is 320 nm. Either 1D TNA films
grown on the FTO substrate with or without TCL (Fig. 4a), or 1D TNA

films grown on FTOTCL with various hydrothermal reaction time
(Fig. 4b), their PL spectra are very similar, indicating that the energy
level distribution of the TiO2 crystals in all 1D TNA films does not
change significantly, and the distribution of the electronic density of
TiO2 crystals in the band gap is also similar [26]. As shown in Fig. 4a,
the fluorescence intensity of the 1D TNA film grown on the FTOTCL was
significantly reduced compared to the 1D TNA film grown on the bare
FTO. The reason is that TCL can promote better crystal growth of TiO2

crystals, thereby reducing defects in TiO2 crystals [27], which cause the
number of charge recombination centers to decrease, and electrons and
holes are effectively separated. Since the charge recombination rate is
lowered, the intensity of fluorescence generated by charge re-
combination is lowered. As shown in Fig. 4b, as the hydrothermal re-
action time increases, the fluorescence intensity of 1D TNA films de-
creases first and then increases, and the fluorescence intensity is the
weakest at 15 h. The reason is similar to the analysis results of Fig. 2b.
The increase of the hydrothermal reaction time makes the reactants in
the reaction solution fully utilized, and the formed TiO2 crystal is also
more perfect with fewer crystal defects, so the recombination of elec-
trons and holes at the charge recombination centers is reduced, re-
sulting in a decrease in fluorescence intensity. When the hydrothermal
reaction time reaches 18 h, the dissolution process of TiO2 crystals
dominates because of the concentration of reactants in the reaction
solution being too low [28]. The dissolution of TiO2 crystal not only
destroys the appearance of the crystal, but also has a certain negative
influence on the internal structure of the crystal, and even increases the
crystal defects, resulting in an increase in the recombination rate of the
charges, which makes the fluorescence intensity significantly enhanced.
In addition, according to the position and intensity analysis of the PL

Fig. 3. (a), (c) Absorption spectra and (b), (d) Eg− (αhν)2 curve of various 1D TNA films.
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peaks, the PL peak at 423.5 nm is the bound exciton peak, and the in-
tensity is weak. The latter two PL peaks at 443.5 nm and 455 nm are
phonon peaks. The sharp PL peak at 471.5 nm is a free exciton peak
with strong intensity. The latter two PL peaks at 486.5 nm and
496.5 nm are also phonon peaks [29].

3.3. Electrical properties

EIS is commonly used to characterize the dynamic properties of
electrons in a film, including the transfer of charge between different
interfaces and the recombination of charges. The Nyquist plots of the

Fig. 4. PL spectra of various 1D TNA films: (a) with or without TCL and (b) various reaction times.

Fig. 5. (a), (b) Nyquist plots and (c), (d) transient photocurrent spectra of various 1D TNA films.

Table 1
Fitting results of the Nyquist plots.

Samples Rs (Ω) Rct (Ω) Rrec (kΩ)

6 h (with TCL) 43.22 5.21 13.96
9 h (with TCL) 57.65 6.75 22.13
12 h (with TCL) 28.17 7.91 32.15
15 h (with TCL) 35.58 4.21 43.73
18 h (with TCL) 43.35 55.35 12.05
15 h (without TCL) 34.92 182.63 41.42
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different 1D TNA films are shown in Fig. 5a and b, and the fitting results
of the Nyquist plots are listed in Table 1. EIS was performed from 1Hz
to 1MHz under dark conditions at a bias voltage of 0.48 V. In the EIS
equivalent analog circuit, Rs, Rct, and Rrec represent the solution re-
sistance between the working electrode and the electrolyte, charge
transfer resistance and charge recombination resistance [30,31]. Rct and
Rrec correspond to small arcs in the high-frequency region and large arcs
in the low-frequency region of the Nyquist plots, respectively. In
Fig. 5a, the 1D TNA film with TCL has a smaller curvature compared to
the 1D TNA film without TCL, and the corresponding Rct is reduced
from 182.63Ω to 4.21Ω. The curvature of the large arc is larger, and
the corresponding Rrec increases from 41.42 kΩ to 43.73 kΩ. The de-
crease of Rct and the increase of Rrec indicate that the presence of TCL
not only makes the 1D TNA film have better charge transport perfor-
mance but also can effectively prevent the recombination of charges
and make the charge recombination more difficult. These have a posi-
tive effect on improving the electrical performance of 1D TNA films.
Based on the FTOTCL, as shown in Fig. 5b, with the increase of hydro-
thermal reaction time, the Nyquist plots obtained the minimum arc
curvature and the maximum arc curvature in the low-frequency region
and the high-frequency region at 15 h, respectively. The corresponding
minimum Rct and the maximum Rrec are 4.21Ω and 43.73 kΩ, respec-
tively, indicating that the 1D TNA film obtained at 15 h hydrothermal
reaction has better charge transport and lower charge recombination
rate. The reason is similar to the analysis results in Fig. 2b. Increasing
the time of hydrothermal reaction within a certain range can promote
better crystallization of TiO2, but the reaction time is too long, which
causes the dissolution of the TiO2 crystal, which not only destroys the
structure of the TiO2 crystal but also causes more crystal defects.

To further investigate the electrical properties of 1D TNA films, the
transient photocurrent spectra of various 1D TNA films measured at
0.5 M Na2SO4 solution and 0 V potential (calomel electrode) are shown
in Fig. 5c and d [32]. Compared with the 1D TNA film without TCL, the
transient photocurrent of the 1D TNA film with TCL is significantly
higher (Fig. 5c). As the hydrothermal reaction time increases, the
transient photocurrent intensity also increases and reaches a maximum
at 15 h, after which the transient photocurrent decreases at 18 h
(Fig. 5d). This result can be explained by the generation-separation-
recombination mechanism of photogenerated carriers [33]. In the 1D
TNA film with TCL, even if the total quantum yield of the photo-
generated carriers is constant, the crystallization of the TiO2 crystal is
better, the crystal structure is more ideal with fewer crystal defects. The
charge transport performance of the 1D TNA film is better, the charge
recombination rate is lower so that more electrons and holes are ef-
fectively separated, and the effective charge concentration is increased
to form a higher current. Similarly, appropriately increasing the hy-
drothermal reaction time promotes the crystallization of TiO2 and im-
proves the vertical orientation of TiO2 nanorods, which not only re-
duces the concentration of defects in the crystal, reduces the charge
recombination, makes more electrons and holes effectively separated,
but also provides a faster linear transmission path for the photo-
generated electrons, thereby accumulating more charge and increasing
the current on the electrodes.

4. Conclusions

The rutile 1D TNA films were successfully prepared on bare FTO and
FTOTCL by thermal deposition and hydrothermal methods. TCL also acts
as a seed layer of TiO2 while improving the compactness of the film,
which effectively reduces the lattice mismatch between FTO and TiO2

crystals. 1D TNA film with TCL enhances the use of visible light, re-
duces defects in TiO2 crystals, reduces the charge recombination center
caused by defects, effectively separates electrons and holes, and reduces
charge recombination rate, so that the film has better charge transfer
performance, and transient photocurrents increase significantly. When
the reaction time is 15 h, the TiO2 crystal has better crystallinity and

fewer crystal defects, while the reduction of optical band gap Eg can
significantly enhance the utilization efficiency of sunlight, therefore,
the better charge transfer and the ability to prevent charge re-
combination of the 1D TNA film maximizes the transient photocurrent.
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