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ABSTRACT

Photoelectrochemical (PEC) properties of as-prepared TiO, nanorod arrays
(NRAs) are shown to be positively related to the annealing temperature in the
studies. We report the experimental evidences on the saturation behavior of PEC
properties responding to the annealing temperature of the TiO, NRAs. The
effect of the annealing temperature ranging in 250-550 °C on the surface mor-
phology, crystalline size, crystal structure, surface chemical states, band-gap,
optical and photoelectrochemical performance has been scrutinized. It is found
that the photocurrent density of the annealing TiO, NRAs at 450 °C under air
atmosphere for 1 h is the highest and about six times higher than that of the as-
prepared samples. However, the PEC performance has been deteriorated with
further increase in temperature. The underlying mechanism could be under-
stood by the morphology and crystal size variations of the TiO, NRAs annealed.
It is evidently shown that the PEC performances exhibit strong optimization
behavior in response to the annealing temperature, which is an effective method
for further improving PEC property for water splitting and other electrical
device performance of the TiO,-based materials.

Received: 15 October 2019
Accepted: 22 January 2020
Published online:

5 February 2020

© Springer Science+Business
Media, LLC, part of Springer
Nature 2020

Due to its many merits, such as nontoxicity, anti-
corrosion and excellent photoelectric property, TiO,-
based functional semiconductor material has been
widely applied in many electronic devices, such as
PEC water splitting to produce hydrogen [2-8],

Introduction

Since 1972, TiO,, applied as a photoanode in the
photoelectrochemical (PEC) water splitting to pro-

duce hydrogen, was first reported by Fujishima and
Honda [1]; it is a promising semiconductor material
for PEC water splitting to produce clean energy.
However, PEC performance of the as-prepared TiO,
is poor and can be greatly improved for the heat
treatment samples or sensitized by other materials.
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quantum dot or dye-sensitized solar cells (DSSC)
[9-13], photovoltaic devices and photocatalysis
degrading polluted water and so on [14, 15]. How-
ever, TiO, is a wide band-gap semiconductor mate-
rial (3.0-3.2 eV) [16] so there is a still challenge to
utilize TiO; for all kinds of photovoltaic devices.
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TiO, has been extensively researched as indepen-
dent photocatalyst or substrate by the numerous
researchers for enhancing the photoelectric property
of TiO, and enlarging its absorbing edge of the visible
light. There are three ways to improve the perfor-
mance of TiO,: first, photoelectric property of TiO,
can be improved by changing surface morphology,
such as nanorod [3], nanosheet [17], nanotube [18]
and so on. Second, the doping can tune the band-gap
of TiO, semiconductor, e.g., carbon [19, 20], nitrogen
[21-25], iodine [26], sulfur [27], metal elements tin
[28] and co-doping such as tungsten and carbon to
enhance the TiO, PEC activity [29]. Third, the deco-
ration or sensitization TiO, with the other semicon-
ductors or metal has been applied to improve the
PEC activity, such as carbon quantum dot (QD)
[30, 31], Pd QD [32], ZnO [33, 34], CdS [35-37], CdSe
[38, 39] and MoS, [40] and so on. Although the
photoelectric performance can be improved by the
surface image, doping and decorating or sensitizing,
the heat treatment will also greatly affect the PEC
activity.

The synthesis methodology and post-treatment are
very crucial for synthesizing TiO, for PEC water
splitting. Among the three crystalline patterns of
TiO,, the rutile phase synthesized by hydrothermal
method is the most stable phase and the investigation
of mechanism about heat treatment and PEC perfor-
mance has been reported in some studies. For
example, Fabrega et al. [41] investigated the anneal-
ing TiO, nanorod photoanodes for water splitting by
transmission line theory; Gu et al. [42, 43] reported
the improved PEC performance of TiO, nanorod
arrays by post-treatment and influence of annealing
ambient for TiO, nanorod arrays (NARs) on the
photoelectric and PEC properties. However, there are
few studies about the optimization behavior in the
annealing treatment effect on the TiO, photoelectric
activity and the mechanism is also not well
understood.

In the present paper, the enhanced PEC property
behavior of the rutile TiO, in a wide range of
annealing temperatures has been scrutinized. The as-
prepared (or pristine) and annealing TiO, NRAs have
been carefully compared, including the surface mor-
phology, grain size, crystallinity, band-gap, surface
chemical states, optical and PEC properties. It is
found that there is an optimum point of the annealing
temperature, corresponding to the comparatively
best PEC activities. The results in this work may be
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used to improve the PEC-based water splitting,
through mechanisms other than those underlying the
heterostructure-based methodologies.

Experiment
Preparation of photoanodes
Preparation of TiO, NRAs

All chemical reagents are of the analytic grade and
used as-received without further purification in the
experiment. Vertically aligned TiO, NRAs were
grown on transparent conductive fluorine-doped tin
oxide (FTO and 7 Q/square) substrates by one-step
hydrothermal synthesis in previous reports
[12, 39, 44]. In the experiment process, the FTO sub-
strates first were ultrasonically cleaned with acetone,
ethanol and deionized water for 10 min, respectively,
and followed by drying in flow of N». In short, 30 mL
deionized water and 30 mL  concentrated
hydrochloric acid (mass fraction 36-38%) were mixed
in a beaker by stirring under air condition for 10 min.
Then, 1 ml titanium butoxide (TBOT > 99.0%) was
added to the mixture dropwise and stirred for
another 10 min. After two pieces of FTO substrate
were symmetrically placed at an angle against the
wall of the Teflon liner with the conductive side
facing down, the solution was transferred into a
Teflon-lined stainless-steel autoclave of 100 mL vol-
ume. The hydrothermal synthesis was carried out at
150 °C for 12 h in a drying oven. After synthesis, the
autoclave was cooled down to room temperature in
air, and the FTO substrates were taken out to rinse
with deionized water for ~ 1 min and dried by Na.

Post-treatment of TiO, NRAs

The samples have been classified into five groups,
i.e, the pristine, the annealing at 250 °C, 350 °C,
450 °C and 550 °C, respectively. The annealing time
of the samples at each temperature is all 1 h. The
maximum annealing temperature has been limited to
550 °C, because the glass transition temperature is
about 650 °C and the glass substrate may be dam-
aged when the annealing temperature is above
550 °C. In order to compare the microstructure
changes of the samples induced during annealing
process using transmission electron microscope
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(TEM), for every samples annealed at 450 °C, we
have scraped off some area of samples to perform the
TEM characterization before and after the annealing
treatments. This operation may increase the reliabil-
ity of the data, comparing to direct using different
samples, because the uniformity of the nanorods in
the very same sample should be better. For the
preparations of TiO, nanorod array photoanodes,
1 cm® area was exposed and the other parts of the
sample surface were sealed by the white opaque sil-
ica gel.

Characterizations

The surface conditions of the pristine and annealing
TiO, NRAs at different temperatures were charac-
terized by Raman imaging combined with field
emission scanning electron microscope (SEM, TES-
CAN-MAIA WITEC MAIA3 GMU model 2016,
Czech) operating at 5 kV. TEM (TALOS F200X, USA)
and high-resolution TEM (HR-TEM) operating at
200 kV were used to analyze the microstructures of
the samples. The crystalline structure of all the TiO,
NRAs was characterized by X-ray diffraction (XRD,
D8 ADVANCE, Germany) with diffraction angles,
ranging in 20-80°, wusing Cu Ko radiation
(4 = 0.15406 nm) source at a voltage of 40 kV and a
current of 40 mA. The UV-Vis absorption spectrum
was carried out using a UV-Vis spectrophotometer
(Lambda 950, PerkinElmer, USA). Photolumines-
cence (PL) emission spectrum of the samples was
recorded on a PerkinElmer LS-55 type fluorescence
spectrophotometer, and the light wavelength excited
is 325 nm at room temperature.

Photoelectrochemical measurements

All the PEC measurements were taken in a square
quartz glass cell using a conventional three-electrode
configuration. The electrolyte was 0.5 M Na,SO; (pH
= 9.85) aqueous solution [45]. All of the samples were
acted as working electrode where illumination area
was 1 cm® The Pt plate and Ag/AgCl (saturated
KCl) were acted as the counter electrode and the
reference electrode, respectively. The reversible
hydrogen electrode (RHE) potential is converted by
the Ag/AgCl using the following relationship
[35, 46]:

Erue = Epg/agcr + 0.059PH + Egg/AgCU (1)
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where Eag/agc1 is the experimentally measured

potential and EOAg/AgCl = 0.1976V at 25 °C for an Ag/

AgCl reference electrode in saturated KCI aqueous
solution. Before the experiment, the electrolyte was
degassed with nitrogen in order to remove dissolved
oxygen. All measurements were taken under simu-
lated sunlight 100 mW cm ™2 with 500 W Xenon lamp
in a sunlight simulator equipped with an AM 1.5G
global filter as light source (AuLight, Beijing, CEL-
5500). The intensity of the incident light was con-
trolled at 100 mW c¢m ™2 to use a silicon digital power
meter (PM100D, THORLABS) by changing the dis-
tance between the digital power meter and light
source. The photocurrent measurement was taken at
scale rate of 50 mVs~' on an electrochemical station
(CHI660E, CH Instrument Inc. Shanghai) by linear
sweep voltammetry (LSV, J-V curves).Transient
photocurrent -t curves were acquired under chop-
ped light irradiation with on/off intervals of 20 s
(0.025 Hz) at an applied potential of 0 V versus Ag/
AgCl. In order to investigate the effect of the different
electrolyte, 0.5 M NaySO; and Na,SO, aqueous
solution were acted as electrolyte in the experiment.

Results and discussion
Surface morphology

The SEM morphologies of the different samples are
shown in Fig. 1. The pristine TiO, is responding to
Fig. 1a, b, and the annealing temperature of Fig. 1c-h
is 350, 450 and 550 °C for 1 h, respectively. The
morphology of sample annealed at 250 °C is not
shown because of its significant similarities to those
of the pristine. Three aspects are described for the
character of the samples. First, it is shown that the
TiO, NRAs are uniformly, densely and vertically
distributed on the entire surface of the FTO substrate
and the TiO; nanorod is almost square in top view.
Besides, the side walls of the TiO, nanorods are
smooth. It should be emphasized that this is the
common condition across all the pristine samples.
Second, there are many apexes on the top of the TiO,
as shown in Fig. 1b. However, the apexes are grad-
ually disappeared with the annealing temperature
increase. The top of the TiO, nanorods becomes
gradually smooth, but it is noted that the previous
apexes have also become smooth in Fig. Th. The
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Figure 1 The SEM
morphologies of the pristine
and annealing TiO, samples:
a and b pristine, ¢ and

d 350 °C, e and f 450 °C,
g and h 550 °C.

phenomena might be interpreted that TiO, nanorods
would become more compact or shrunken as the
annealing temperature increases [47]. Third, it can be
found that the average diameter of the square col-
umns after annealing is less than that before the
annealing treatment. The average length of nanorods
is ~ 2.0 um by the measuring. This can be explained
by that the pristine nanorods are composed of smal-
ler columns so that they are reconstructed after high-
temperature annealing. As a result, the gaps between
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the nanorods become larger as the annealing tem-
perature increases [47].

X-ray diffraction characterization

Figure 2 displays the XRD diffraction patterns of the
samples and the FTO substrate. All the diffraction
peaks recorded for the FTO substrate are identified
(JPCDS card no. 41-1445) as purple line and labeled
with symbol @ in Fig. 2. Hydrothermal-grown TiO,
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NRAs have a rutile structure (JPCDS no. 21-1276;
space group: p42/mnm (136); a = b=0.4593 nm,
¢ = 0.2595 nm), which is consistent with the other
papers [44, 48]. The characteristic diffraction peaks
except for those of the FTO substrate appear at 36.08°,
41.22°, 62.74°, 69.00° and 69.79°, which are corre-
sponding to (101), (111), (002), (301) and (112) crys-
talline plane of TiO,. It is found that the two
diffraction peaks of TiO, at 54.32° and 65.48° overlap
with the peaks of FTO substrate (not marked in
Fig. 2). It is found that the XRD patterns are identical
before and after the annealing treatment, regarding
the spectrum positions. This indicates that no other
phases appear during the annealing processes.
However, the peak intensity of TiO, annealed at
450 °C is strengthened at 62.74°, indicating that the
crystallinity and orientation direction of TiO, change
noticeably, which will affect the PEC performance. It
is found that the pristine and annealing TiO, nanor-
ods are made up of monocrystalline columns, even
after the annealing treatment, no obvious structure or
lattice distortion can be observed, which is in agree-
ment with Refs. [41, 42].

Surface chemical state

In order to investigate the detailed surface chemical
states of all the samples, X-ray photoelectron spec-
troscopy (XPS) spectra are shown in Fig. 3. The data
have been calibrated with the carbon peaks at
284.8 eV. As shown in Fig. 3a, it is found that the two
characteristic peak positions of the Ti 2p;,, and Ti
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Figure 2 XRD diffraction patterns of FTO, the pristine and
annealing TiO, NRAs.
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2p1/2 located at ca. 458.8 and ca. 464.5 eV, respec-
tively, with 5.7 eV for the spin-orbit splitting energy,
which are consistent with other references [44, 49, 50].
However, it is discovered that the peak values of the
annealing samples show slightly but non-negligible
negative shifting. This phenomenon can be explained
by the fact that the transformation of Ti*" to lower
valence titanium cation will increase the oxygen
vacancies of TiO, NRAs during the heat treatment
[51]. It is in accordance with the theory expectations
that the binding energy is negatively related to the
electron cloud density and the lower binding energy
corresponds to the higher electron density [50, 52].

In Fig. 3b, it is found that there are the two peaks
for the O 1s XPS core level spectra of all the samples.
One peak position locates at ca. 530.1 eV, which is the
characteristic value of Ti—O bonds in TiO, NRAs, and
another peak position is at ca. 531.7 eV, which can be
attributed to hydroxyl groups (O-H) in the TiO,
NRAs [33]. Notably, the general trend of both the Ti
2p and O 1s positions shifts to lower binding energy
with the increase in the annealing temperature in
Fig. 3. So, the shift toward lower binding energy for
Ti 2p and O 1s positions in annealing TiO, NRAs can
be attributed to the higher surface oxygen defect
density. The relationship is also discussed in the Ref.
[47]. The increase in the surface oxygen defects can
trap the more photoinduced electrons, resulting in
the suppression of the electron-hole recombination,
which can improve charge transportation and
enhance the PEC performances.

Low-resolution TEM (LR-TEM) and high-
resolution TEM (HR-TEM) analysis

In order to gain more microstructure information,
LR-TEM, HR-TEM and the selected area electron
diffraction (SAED) analysis has been carried out to
investigate the microstructures of the pristine and
TiO, annealed at 450 °C in Fig. 4. It is noted that the
TEM images of the nanorods come from the same
sample before and after the annealing treatment.

In Fig. 4a, the as-prepared TiO, image is shown in
the LR-TEM. It is found that the TiO, nanorod con-
sists of multiple smaller size columns and their
length and effective diameter are not uniform, which
is in accordance with the clustered apexes appeared
in the SEM observations [42]. Figure 4b shows the
morphology of the sample annealed at 450 °C in the
LR-TEM. It is found that the columns in the top of
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Figure 3 XPS spectra of all the samples: a Ti 2p and b O 1s.

Figure 4 a LR-TEM image
of the pristine TiO,, b LR-
TEM image of the TiO,
annealed at 450 °C, ¢ HR-
TEM image and d the SAED
pattern.

TiO, nanorod have disappeared and the top of the
nanorod has become smooth and compact. As a
result, the UV-Vis absorption spectrum and transport
characteristics of charge carriers after annealing
treatment can be improved.

The HR-TEM image and SAED pattern of the
sample annealed at 450 °C are shown in Fig. 4c, d.
The comparing results are shown that the differences
of the HR-TEM image and SAED analysis for the
annealed and the pristine samples are trivial.

@ Springer
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As shown in Fig. 4c, the measured lattices of
0.324 nm and 0.292 nm correspond to the (110) and
(001) plane of TiO,, respectively, which are in
agreement with the Refs. [35, 36, 53]. As shown in
Fig. 4d, the SAED patterns exhibit the diffraction
fringes composed of many separate spots, so the HR-
TEM image and SAED results further confirm that
the as-prepared and annealed TiO, NRAs are made
up of single-crystalline TiO, columns.
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UV-Vis absorption spectra

In order to evaluate the optical performance of the
pristine and TiO, NRAs annealed at different tem-
peratures, UV-Vis absorbance spectra carried out
from 350 to 700 nm are recorded in Fig. 5. There are
two aspects to explain. On the one hand, it can be
found that the pristine and annealing TiO, NRAs
show the similar absorbance spectra. However, the
absorbing intensity of TiO, NRAs is gradually
reduced from 350 to ~ 390 nm as the annealing
temperature increases. Furthermore, the absorption
peak frequency of all the samples appears at about
370 nm in the UV region. On the other hand, it is
found that the intrinsic absorption edge of the pris-
tine TiO, can be observed at ~ 410 nm. However,
the absorption edge of the TiO, NRAs annealed at
450 °C and 550 °C can redshift to ~ 420 nm. As
shown in Fig. 5, the band edges are found to be
redshifted gradually as the annealing temperature
increases. These results may be caused by the sup-
pressed spacing of crystal lattice resulted from
annealing process, and electrons of the different
energy level become closer, which is consistent with
TEM analysis.

The Tauc plots of all the samples are shown in
Fig. 6. For many crystal semiconductor films, the
relation between the incident photon energy hv and
the absorbance coefficient « can be given by the fol-
lowing function [45, 54, 55]:

(ahv)' 2= A(hv — E,), (2)
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Figure 5 UV-Vis absorbance spectra of pristine and annealing
TiO, NRAs.
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Figure 6 Band-gap of pristine and annealing TiO, NARs.

where o is the absorbance coefficient, h is Planck’s
constant, v is incident photon frequency, E, is band-
gap of the semiconductor material, and A is a con-
stant. The band-gap of the pristine sample is about
3.0 eV, which is consistent with the results reported
elsewhere [11]. The energy gap of the samples
annealed at 450 °C and 550 °C is about 2.95 eV,
which is slightly narrower than that of the non-an-
nealing TiO,. Although the difference between the
non-annealing and annealing is not very remarkable,
it is expected that the annealing treatment may
improve the PEC performances.

The PEC performances

As shown in Fig. 7, the PEC performances of the
pristine and annealing TiO, NRAs are surveyed by
an electrochemical station (CHI660E, CH Instrument
Inc, Shanghai) in a standard three-electrode configu-
ration, where the illumination is 100 mW cm 2 with
500 W Xenon lamp in a sunlight simulator equipped
with an AM 1.5G global filter. The PEC measure-
ments are taken in the system, where the TiO, sam-
ples act as a working electrode, the Pt plate and Ag/
AgCl (saturated KCl) as a counter electrode and a
reference electrode, respectively. The electrolyte in
the PEC measurement is 0.5 M Na,SO; solution.

Figure 7a shows the characteristic LSV curves of
the photoanode samples. The measuring voltage
span is from — 0.5 to 1.0 V versus Ag/AgCl. There
are three aspects to be illustrated:

First, it is found that the photocurrent intensity is
improved gradually with the annealing temperature

@ Springer
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Figure 7 PEC performances for the TiO, NARs: a -V curves, b transient I-f curves, ¢ the photoconversion efficiency and d J-V curves

of TiO, annealed at 450 °C in different electrolyte.

increase. However, the decrease in photocurrent
intensity is observed beyond 450 °C, which could be
explained that the TiO, NARs annealed at 450 °C
show the optimal PEC performance. The experiment
result can be displayed that the effect of the annealing
temperature for photocurrent intensity shows satu-
ration. The photocurrent intensity of the pristine TiO,
NRAs is ~ 0.05 mA cm ™2, while the photocurrent
intensity of the TiO, annealed at 450 °C can reach
to ~ 027 mA cm 2. In this work, it is discovered
that the optimized parameter is at 450 °C. The value
of the photocurrent intensity is about six times higher
than that of the original TiO, sample when its pho-
tocurrent intensity reaches saturation.

Second, the bias voltages of the saturation pho-
tocurrent intensity of the different photoanodes
increase gradually with the annealing temperature
increment. As we all know, crystal lattice can

@ Springer

produce elastic collisions for the charge carriers. The
phenomenon can be explained that the charge carri-
ers suffer from more elastic collisions due to TiO,
NARs shrink. Therefore, they need higher bias volt-
age to overcome the more elastic collisions with the
annealing temperature increment. Although the
sample annealed at 550 °C enlarges the absorption
spectrum in Fig. 5, the increasing elastic collisions of
charge carriers will result in the decline of the drift
coefficient. The two processes compete with each
other, and the latter is dominant in the case, so it
leads to the decrease in the photocurrent intensity
with annealing temperature increment. The dark
photocurrent intensity of all the samples was mea-
sured, and it is shown that the dark photocurrent
intensity is almost ignored with comparing to the
other photocurrent intensity under the illumination.
However, the optimized annealing parameter is
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beneficial to the PEC activity, otherwise the higher
annealing temperature will affect the transport char-
acteristic of charge carriers so it will deteriorate PEC
performance, which is in accordance with the above
characterization analysis and the previous report
[47].

Third, it is found that the saturation photocurrent
intensities of the pristine and TiO, NRAs annealed at
250 °C are slightly descending and that of the other
three annealing photoelectrodes are slightly increas-
ing as the applied bias is gradually improved. In
other words, the phenomenon can be elucidated that
the saturation photocurrent intensities of samples can
be affected by the annealing temperature.

In order to evaluate the photocurrent temporal
responses of all the samples, the curves of the tran-
sient photocurrent response versus time (I-t curves)
are shown in Fig. 7b. The It curve measurements
were taken in the three-electrode configuration cell
under the illumination with several 40 s light on/off
cycles (0.025 Hz) at 0 V versus Ag/AgCl. Based on
the result, it is found that the photocurrent of all the
samples is nearly zero under the dark condition,
while photocurrent intensity rapidly increases to a
steady-state value after the illumination, which
reveals a good photoresponse behavior of all the
samples. The obvious increment of photocurrent
intensity under the illumination is because of the
more photoinduced charge carriers in TiO, pho-
toanodes. The result confirms that the photoelectrons
are swiftly separated and transported to FTO along
the TiO, nanorods in all the samples. Simultaneously,
it is found that the annealing TiO, NRAs exhibit a
very important effect on photocurrent density, and
the TiO, NRAs annealed at 450 °C are the highest
photocurrent intensity. The trend of the photocurrent
response is consistent with |-V curves in Fig. 7a,
indicating that the optimized annealing temperature
can enlarge the absorption edge of the visible light
and promote the PEC performances. The results are
in accordance with the characteristic of the absorp-
tion spectra. What's more, the photocurrent densities
are reproducible for several on/off cycles, which
display the stability of all the samples. The annealing
time influence for the PEC performance of TiO,
NARs has been provided in the supplement
information.

Based on Fig. 7a, the photoconversion efficiency 7
of the samples can be quantitatively calculated in
terms of the following equation [28, 56, 57]:
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n= [1(123 - V)/]light]a (3)

where I is the photocurrent intensity (mA cm™2), V is
the applied bias versus RHE, and Jy;gp is the incident
light density of 100 mW cm™ (AM 1.5G). The cal-
culated results are plotted as a function of the applied
bias and the efficiency n of the samples for the
annealing temperature from 350 to 550 °C are
exhibited in Fig. 7c. It is found that the 5 of the TiO,
annealed at 450 °C is ~ 0.089% at an applied voltage
of —0.076 V versus Ag/AgCl (0.7 V vs. RHE). The
low 7 can be due to reason of the wide band-gap, but
it is the highest # comparing with the pristine TiO,
NRAs. It is indicated that the annealing treatment
benefits PEC activity for TiO, NRAs.

In order to evaluate the photocurrent influence of
the different electrolyte, Fig. 7d shows that the LSV
curves of two kinds of electrolyte are recorded in the
measurement process. The photocurrent measure-
ment is taken in a standard three-electrode configu-
ration cell wunder the illumination, and the
concentration of the every kind of electrolyte is 0.5 M.
The measuring samples are annealed at 450 °C for
1 h. It is exhibited that the saturation photocurrent
intensities of the 0.5 M Na,SO3; and Na,SO, are about
0.31 and 0.20 mA cm 2, respectively. Based on the
report [36, 58], the higher photocurrent intensity in
the 0.5 M Na,SO; electrolyte solution comparing to
another electrolyte solution is because SO~ as a
scavenger consumes the holes in valance band of
TiO, and reduces the recombination of electrons and
holes. Therefore, it is beneficial to the efficient sepa-
ration of the photoinduced charge carriers and
improves the photocurrent intensity.

Photoluminescence emission spectra

In order to further comprehend the role of
annealing samples in the PEC process, the PL
spectra of all the samples have been carried out at
room temperature, as shown in Fig. 8. It is well
known that the PL spectra are an important tool to
analyze the recombination rate of the electrons
and holes in semiconductor materials. Its principle
is that the photon-excited electrons are transferred
from the valance band to the conductance band,
resulting in the holes left in the valance band,
where electron-hole pairs can undergo a recom-
bination process with the photon emission [32, 37].
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Figure 8 PL spectra of all the samples.

Therefore, the PL spectra determine the pho-
tocurrent and temporal response, etc. The lower
PL intensity could explain a lower recombination
rate of the photoexcited electrons and holes
[34, 43]. There are main two aspects to explain for
the PL spectra in the paper. On the one hand, it
can find that the three main emission peaks are
located in about 421, 483 and 527 nm, respectively.
As shown in Fig. 8, an emission peak appears at
around 421 nm, which is taken for near band edge
emission (NBE) of the rutile TiO, crystal [43, 59].
The NBE is due to the radiative recombination of
electrons from the conduction band to the valence
band. Other emissions around 483 and 527 nm can
be attributed to the various defects, such as oxy-
gen vacancies, interstitial Ti and surface oxygen
vacancies [34, 59]. On the other hand, it can be
found that the PL spectra intensity of the pristine
sample is the strongest and that of annealing
samples is gradually decreasing as the annealing
temperature increases except for the sample
annealed at 550 °C. It can be illustrated that the
recombination rate of the electrons and holes is
gradually suppressed effectively due to various
defects, resulting in photocurrent improvement
based on above the principle in Fig. 7a. The result
is consistent with the analysis of XPS spectra and
the PEC performance. However, the behavior of
the sample annealed at 550 °C is anomaly, which
can be due to the excessive annealing temperature
resulting in deteriorating the sample transmission
characteristic, which leads to the decrease in the
photocurrent density.
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Mechanism of annealing effects on the PEC
performances

It is argued that the mechanism of how annealing
treatments can improve the PEC performances of
TiO, lies in the nanorod shrinking effect and lattice
reconstruction effect, based on the phenomenological
findings in our experiments.

First, based on the XRD, XPS, SEM and TEM
observations, one of the major phenomenological
consequences of the annealing process is found to be
the diameter of the nanorods will shrink, namely the
nanorod shrinking effect. Such a behavior can be
modeled by that the pristine TiO, nanorods are made
up of a cluster of monocrystalline columns, the
bonding energy between the interfaces of the col-
umns can be slightly decreased through annealing
process. Another possible reason is the suppression
of the crystal clusters because of the interface varia-
tions [47]. Moreover, the annealing TiO, NARs can
improve the interface adhesion between TiO, NRs
and FTO layers [13, 42]. As a result, the contact area
between the photon flux and the TiO, crystals will
increase, and the enhancing interface adhesion ben-
efits the charge transmission, so does the PEC
current.

Second, based on the SEM, TEM, PL and UV-Vis
absorption characterization results, the lattices of
TiO, become compact, especially at the surface and
the interfaces inside the clusters. As a result, on the
one hand, the band-gap of the TiO, NRAs will
decrease because the energy level of conduction and
valence band can become close, so the photoinduced
charge carriers in the annealed samples will increase
under the illumination, which leads to the increase in
the photocurrent density. On the other hand, the
charge carriers in TiO, nanorods will suffer from
more elastic collisions due to the compact lattices of
TiO,, resulting in decline of the drift coefficient,
which leads to the decrease in the photocurrent
density. Consequently, those two competing pro-
cesses coupled together can explain the optimization
phenomena as follows: In the low annealing tem-
perature, the first process plays a leading role.
However, the second behavior will become a more
weighted role when the annealing temperature is
beyond a criterion, i.e., an optimized annealing point,
as shown in the experimental results.
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Conclusion

In summary, the rutile TiO, nanorod arrays have
been prepared by the hydrothermal route on con-
ducting substrate and were treated at different
annealing temperatures. The surface morphology,
crystalline size, crystal structure, surface chemical
states, band-gap, optical and photoelectrochemical
performances of the pristine and TiO, NRAs
annealed at different temperature in air are investi-
gated. The result shows the saturation effect of PEC
performance for the annealing TiO, photoanodes at
different temperatures. At all the annealing temper-
ature, the TiO, NRAs annealed at 450 °C showed the
highest photocurrent intensity and photoconversion
efficiency. Simultaneously, the photocurrent intensity
effect of the different electrolyte solution and differ-
ent annealing time for the TiO, NRAs annealed at
450 °C is also investigated. In short, we believe that
this work can also provide an important source of
information for further utilization and a mechanism
knowledge of the annealing TiO, by the hydrother-
mal synthesized route in the photoelectrochemical
water splitting.
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