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Abstract

Titanium dioxide (TiO2) has been considered as one of the most promising photocatalysts for photoelectrochemical
(PEC) water splitting. Therefore, numerous efforts have been devoted to improving its PEC water splitting perfor-
mance. In this study, TiOz nanorod/nanoflower (NRF) films with controlled morphology were synthesized on fluo-
rine-doped tin oxide (FTO) glass substrates by following a facile one-step hydrothermal method. The TiOz NRF
films were characterized by X-ray diffraction (XRD), Raman spectroscopy, field emission scanning electron micros-
copy (FE-SEM), atomic force microscopy (AFM), energy-dispersive X-ray spectrometer (EDS), and ultraviolet-
visible (UV-Vis) spectrophotometer. FE-SEM showed that the TiO2 films are composed of a simultaneous growth of
a primary layer of TiOz nanorod arrays (NRAs) and a second layer of TiOz nanoflowers (NFs). The proposed
growth mechanism highlighted the influence of precursor concentration on nucleation sites, affecting the preferred
crystallographic plane growth of rutile TiO2 and nanorod alignment on the FTO substrate. Intriguingly, TiO2: NRF
films prepared with 1.0 mL of titanium butoxide exhibited a maximum photocurrent density of 3.58 mA.cm2 at
1.23 V versus (vs.) the reversible hydrogen electrode (RHE), along with a maximum photoconversion efficiency of
0.69%. The enhanced photocurrent density and photoconversion efficiency were attributed to the optimum thick-
ness in the range of 4.52-7.31 um, which caused the film to be formed with a unique morphology of the primary
layer with well-vertically aligned nanorods and the second layer of flowers consisting of numerous rods stacked on
top of one another. This study demonstrates the importance of designing semiconductors with 1D nanorod/3D
nanoflower structures as high-performance photoelectrodes for PEC water splitting.

Copyright © 2024 by Authors, Published by BCREC Group. This is an open access article under the CC BY-SA
License (https://creativecommons.org/licenses/by-sa/4.0).
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1. Introduction tional fossil fuels and the pressure arising from
the ongoing energy crisis. Thus, hydro-
gen 1is regarded as a major renewable and sus-
tainable energy source to substi-

The development of renewable energy
sources is essential due to the depletion of tradi-

* Corresponding Author. tute fossil fuel resources. PEC water splitting is
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plying sustainable and eco-friendly energy
[1,2]. TiOz has received significant attention as
a photocatalyst for PEC water splitting due to
its unique properties, such as good physical
and chemical stability, low cost, and non-
toxicity [3-5]. However, TiO2 has its own set
of drawbacks as a photocatalytic material due
to its wide band gap (3.0-3.2 eV) and rapid re-
combination of photogenerated charge carriers
[6-9]. Therefore, various strategies have been
used to overcome its drawbacks and enhance
its performance in PEC water splitting, includ-
ing metal and non-metal doping [10-13], heter-
ostructures [14,15], and depositing noble met-
als [16,17]. Moreover, the morphology of
nanostructured TiO2 materials with different
dimensions has been used as one of the most
important strategies to enhance their perfor-
mance in PEC water splitting. TiO2 nanotube
arrays, TiOznanorod arrays, TiOz nanostruc-
tures, and crystalline core/amorphous shell-
structured black TiO2 nanoparticles were used
to improve the PEC performance of TiOs [18—
21]. However, it is imperative to explore the
impact of combining of the 1D (nanorods) and
3D (nanoflowers) dimensions of nanostructured
TiO2 materials on PEC water splitting perfor-
mance. Since 1D structures provide rapid diffu-
sion for charge carriers in a single direction, re-
sulting in a low recombination rate of photo-
generated electron-hole pairs [22]. While 3D
nanoflowers improve visible-light harvesting
and shorten the transport distance of the pho-
togenerated electron-hole pairs to reach the
electrolyte-electrode interface. In addition, the
high specific surface area of 3D structures en-
larges the contact area with the electrolyte, ex-
posing a lot of active sites for redox reactions
[23].

Hydrothermal method is the most conven-
ient and effective method for the fabrication of
TiO2 nanostructures. It is a facile, low-cost,
low-temperature, one-step, free-surfactant syn-
thesis method [24]. Numerous studies have
synthesized the TiO2 NRF films by controlling
the morphological properties through varying
hydrothermal parameters such as reaction tem-
perature, precursor concentration, reaction
time, and hydrochloric acid concentration, as
well as investigating their performance in dye-
sensitized solar cells [25—29]. However, there is
a lack of studies concerning the performance of
TiO2 NRF film in PEC water splitting. There-
fore, the formation of TiO2 NRF films with con-
trol their morphological properties to improve
the PEC water splitting performance needs to
be investigated, especially when designing dou-
ble layers with different dimensional

nanostructures. In addition, a detailed investi-
gation of the growth mechanisms is crucial for
comprehending how reaction parameters, such
as precursor concentration, affect the nuclea-
tion sites. This understanding is necessary for
designing a film with an ideal alignment of na-
norods on the FTO substrate and a unique for-
mation of NFs on TiO2 NRAs, while also ob-
taining an optimum thickness of both layers.
Consequently, these aspects offer greater po-
tential for enhancing PEC water splitting.

In the current work, the TiO2 NRF films
with morphology and thickness control were
synthesized using a facile one-step hydrother-
mal method. The effect of TiOz2 precursor con-
centration on the structural, morphological, el-
ement-compositional, and optical properties
was scrutinized. Furthermore, the growth
mechanism of the films was investigated, and
it was found that the precursor concentration
significantly impacts the nucleation sites, lead-
ing to variations in the preferred crystallo-
graphic plane growth of rutile TiO2 and the
alignment of the nanorods on the FTO sub-
strate. Furthermore, the PEC properties evalu-
ation shows that there is an optimum precur-
sor concentration for ideal morphology that
yields the highest PEC water splitting perfor-
mance. Additionally, when comparing the TiO:
NRF films to previous research findings based
on morphological modification, our films exhib-
it notably improved photocurrent density and
photoconversion efficiency. Therefore, the inte-
gration of 1D (nanorods) and 3D (nanoflowers)
dimensions in TiO2 synthesis, along with the
ability to control morphology and thickness, of-
fers a promising approach to address the con-
straints associated with TiOz in PEC water
splitting.

2. Materials and Methods
2.1 Materials

Titanium butoxide (TB, CisH3604Ti, 97%,
Sigma Aldrich), Hydrochloric acid fuming (HCI,
37%, Merck), Sodium Sulfate (Na2SO4, 99%,
Sigma Aldrich), Isopropyl alcohol (IPA, Sys-

DI H:0+ HCI +Ti (C,H,0), Ilm l"‘
v Hydrothermal growth: ¥
FIOsubstrate 450 ¢, 6 h with (0.6, 0.8, 1.0 TiO2 NRF

and 1.1 mL of Ti (C,;H,0),)

Figure 1. Schematic diagram of hydrothermal
synthesis of TiO: NRF film with different
amounts of TB.
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term), and Acetone (Systerm) were used with-
out further purification. FTO substrates
(Sigma Aldrich) were cut into pieces of 1.5%2.5
cm?. The aqueous solutions were prepared with
deionized (DI) water.

2.2 Synthesis of TiOz NRF Films on FTO Sub-
strate

Figure 1 shows the growth of TiO2 NRF
films on FTO substrates using the one-step hy-
drothermal method. First, the pieces of FTO
substrates were ultrasonically cleaned with ac-
etone, IPA, and DI water, and dried in nitrogen
gas flow. TB, HCI, and DI water were used as a
TiO:z precursor, acidic medium, and solvent, re-
spectively. In a typical preparation, 20 mL of
HCI was added to 20 mL of DI water and mag-
netically stirred at room temperature. After-
ward, different amounts of TB (0.6, 0.8, 1.0,
and 1.1 mL) were added dropwise to the previ-
ous solution under continuous stirring. The
pieces of FTO substrates were placed horizon-
tally into a 200-mL Teflon-lined stainless-
steel autoclave while keeping the FTO-coated
side facing up, and then the transparent solu-
tion was transferred into it. The autoclave was
sealed and heated at 150 °C for 6 h in an elec-
trical oven. Finally, all TiO2 NRF films were
dried for 20 min in the oven and then annealed
at 500 °C for 1 h in the oven. These films,
which were prepared with 0.6, 0.8, 1.0, and 1.1
mL of TB, are referred to as TiO: NRF-0.6,
TiO2 NRF-0.8, TiO2 NRF-1.0, and TiO2 NRF-
1.1, respectively.

2.3 Characterization

The structural properties of TiO2 NRF films
were analyzed using XRD and Raman spectros-
copy. XRD measurements were conducted us-
ing a PANalytical X-ray diffractometer with
Cu-Ka radiation (wavelength: 1.5406 A) as the
excitation source. The measurements covered
Bragg angles from 20° to 80°, and the X-ray
tube operated at 40 kV voltage and 40 mA cur-
rent. The crystallite size (D) was calculated us-
ing Scherrer’s equation [21,30]:

D K2 )

Pcosb

where, D is the crystallite size, K is the Scherer
constant, A is the wavelength of the x-ray
sources, B 1is the full-width half-maximum
(FWHM), and 6 is the peak position (Bragg's
diffraction angle). The dislocation density (&)
and microstrain (g) of the crystal were calculat-
ed using Equations (2) and (3), respectively
[31,32].
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The lattice parameters were calculated using
the equation of tetragonal crystal structure
[26].
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Raman spectra of the specimens were car-
ried out using a HORIBA XploRA PLUS Ra-
man system with an excitation laser of 532 nm.
The morphological and elemental analyses
were characterized by FE-SEM (JOEL, JSM-
7600F, Japan, operated at 5 kV in high vacu-
um) equipped with EDS; Oxford spectrometer,
50 mm2 X-Max silicon drift EDS detector, IN-
CA version of the control software, at an accel-
erated voltage of 15 kV). AFM (XE-100, Park
System) was employed to further examine the
morphological properties. The light absorption
was recorded on the UV-Vis spectrophotometer
(UV-1800 PC model, Shimadzu, Japan). The
band gap energy (Eg) was calculated using the
following equation:

ahv=A(hv-E,) (5)

where, o, hv, E¢, and A are the absorption coef-
ficient, photon energy, optical band gap energy,
and a constant, respectively. The value of n de-
pends on the electronic transitions (n=1/2 for a
direct transition and n=2 for an indirect transi-
tion) [33,34].

2.4 PEC Measurements

The PEC measurements were performed us-
ing a Solartron 1280C workstation via a typical
three-electrode setup. The TiO2z NRF pho-
toanodes (1.5x1.5 cm? area), Pt wire, and
Ag/AgCl electrode (3 M NaCl) were employed
as the working, counter, and reference elec-
trode, respectively. An aqueous solution of 0.1
M Na2SO4 (pH = 7.0) was used as an electro-
Iyte. A 500 W Xe lamp was used as the light
source with an incident light intensity of 100
mW.cm~2. The linear sweep voltammetry (LSV)
measurements were recorded with a scan rate
of 10 mV.s™! and a scan range was from —0.6 to
0.8 V vs. Ag/AgCl electrode. The applied poten-
tial vs. Ag/AgCl electrode was converted to the
RHE scale using the following equation
(Equation (6)) [35,36]:

E

riE = Eagagor T Egg/AgCI + 0.059pH (6)

Copyright © 2024, ISSN 1978-2993



Bulletin of Chemical Reaction Engineering & Catalysis, 19 (1), 2024, 18

where, FEagagc1 1s the applied potential,
o = 0.209 V for Ag/AgCl reference electrode
[3 M NaCl], and pH = 7.0 for Na2SO4 electro-
lyte. Transient photocurrent responses were
determined under chopped light irradiation
with on/off intervals of 20 seconds (s) at an ap-
plied potential of 0.61 V vs. Ag/AgCl electrode.
The photoconversion efficiency was evaluated
using the following equation:

(Ev., - |E
I

1 (%) = j, = ) %100 )

0

where, jp is the photocurrent density (mA/cm?),
E,. is the standard reversible potential, which is
1.23 V for water splitting reaction, and the ap-
plied potential 18 Eapp=FEmeas—Faoc. In the equa-
tion, FEmeas 1s the electrode potential (vs.
Ag/AgCl electrode) of the working electrode at
which photocurrent was measured under illu-
mination, and Fao is the electrode potential (vs.
Ag/AgCl electrode) of the same working elec-
trode under open circuit conditions and under
the same illumination for the same electrolyte
[37].

3. Results and Discussion

3.1 Structural Analysis

XRD was used to investigate the crystalline
structure. Figure 2 shows the XRD pattern of
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Figure 2. XRD patterns of rutile TiO2 NRF
films prepared with different amounts of TB.

TiO2: NRF-0.6, TiO2 NRF-0.8, TiO:z NRF-1.0,
and TiO2 NRF-1.1 samples. The peaks at 20 =
217.40°, 36.07°, 39.18°, 41.25°, 44.02°, 54.25°,
56.59°, 62.87°, 63.99°, 68.94°, 69.87°, and
76.53°, corresponding to (110), (101), (200),
(111), (210), (211), (220), (002), (310), (301),
(112), and (202) planes of the TiO2, respective-
ly, which were also found in the literature
[25,38,39]. These diffraction peaks of TiO2s NRF
films are well indexed to the pure rutile phase
of the tetragonal crystal structure (JCPD file
No: 98-005-1932). The diffraction peaks of the
FTO substrate, marked with a star, are in-
dexed to tin oxide (SnOgz) (JCPD file No: 98-
005-1932). It can be seen that the diffraction
peak (101) of the TiO2z NRF-0.6 sample has the
highest intensity, and this intensity becomes
higher for the TiO2 NRF-0.8 sample. However,
when 1.0 mL of TB is added, the intensity of
the (101) peak decreases while the intensity of
the (110) peak increases. Thus, the (110) peak
becomes the prominent peak, and its intensity
also increases with the addition of 1.1 mL of
TB. The average crystallite sizes were 23.42
nm, 29.53 nm, 29.77 nm, and 26.85 nm for the
prepared samples with 0.6 mL, 0.8 mL, 1.0 mL,
and 1.1 mL of TB, respectively. The calculated
crystallite size, dislocation density, and mi-
crostrain of TiO2 NRF films vary due to the ad-
dition of different amounts of TB as given in
Table 1. The calculated values of a and c are

——TiO2 NRF-0.6 E
——TiO2 NRF-0.8
——TiO2 NRF-1.0
——TiO2 NRF-1.1

Intensity (a.u.)

] L T b L] L T . ] - ) » 1 b
100 200 300 400 500 600 700 800
Raman shift (cm'1)

Figure 3. Raman spectra of rutile TiO2 NRF
films prepared with different amounts of TB.

Table 1. Crystallite size (D), dislocation density (6), and microstrain (g) of TiO2 NRF films synthesized

with different amounts of TB.

Sample Crystallite size (nm) 6 X10-3 (nm—2) e X10-3 (line~2 m™4)
TiO2 NRF-0.6 23.42 2.70 4.06
TiO2 NRF-0.8 29.53 1.59 3.07
TiO2 NRF-1.0 29.77 1.59 3.08
TiO2 NRF-1.1 26.85 1.72 3.37
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4.5980 A and 2.9564 A, respectively. These val-
ues are in good agreement with the lattice con-
stants a = 4.5980 A and ¢ = 2.9560 A of stand-
ard data (JCPD 98-005-1932).

Raman spectroscopy serves as a valuable
technique for examining the crystallinity and
the vibrational structure. Figure 3 displays the
Raman spectra of the TiO2 NRF films which
were synthesized with various amounts of TB.
Raman peaks at 135 cm™1, 445 cm™!, and 610
cm! corresponding to the Big, Es;, and Aig
modes of the rutile phase, respectively [40,41].
The two strong bands of E; and Ai; modes origi-
nate from O—-Ti—O bending vibration and asym-
metric Ti—O stretching vibration, respectively.
The weak band of Big is attributed to the rota-
tion of the TiOs octahedra around the c-axis
[40,42]. The broad peak at 236 cm-! (marked

with a star) is a distinctive feature of the rutile
phase arising from the second-order scattering
or disorder effects [43,44]. The Raman peaks
are consistent with XRD peaks which show the
presence of the rutile phase of TiOz. It can be
seen that the intensities of the peaks increase
as the TB amounts increase, resulting in an en-
hancement in crystallinity. This increase in in-
tensity was reported in the literature [45]. In
addition, the Iaig/Ieg intensity ratios for the
films prepared with 0.6 mL, 0.8 mL, 1.0 mL,
and 1.1 mL of TB were 0.84, 0.88, 0.90, and
0.93, respectively. These ratios also indicate an
improvement in crystallinity [41]. This analy-
sis was supported by the result of the XRD
characterization in Figure 2, which shows that
the intensity of the prominent peak (110) in-
creases as the TB amount increases.

—1 <

: Rod with square-shaped end| | Rod with pyramidal-shaped end <. * Non- compacted rods<_>Compacted rods

=

[~ Flower with branched rods * Direct arowth of the flower on FTO substrate& * Broken flower

Figure 4. FESEM images of rutile TiOz2 NRF films prepared with different amounts of TB: (a) cross sec-
tion and (b & c¢) top view of TiO2 NRF-0.6; (d) cross section and (e & f) top view of TiO2 NRF-0.8; (g)
cross section and (h & 1) top view of TiO2 NRF-1.0; (j) cross section and (k & 1) top view of TiO2 NRF-

1.1.
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3.2 Morphological Analysis and Growth Mecha-
nism

The cross-sectional and top-view images of
the produced samples were examined using
FESEM. The cross-section images (Figure 4(a),
(d), (g), and (j)) display that the TiO2 NRF films
consist of two layers: a primary layer of 1D
TiO2 NRAs and a second layer of 3D TiO2NFs.
The successful growth of TiO2 1D nanorod/3D
nanoflower on the FTO substrates can be ex-
plained by the following reactions [46]:

Hydrolysis:

Ti(OCsHy)s + 4H20 — Ti(OH)4+ + C4H9sOH (8)
Condensation:

Ti(OH)s — TiO2 + 2H20 9)

Initially, the hydrolysis process occurs when
titanium butoxide reacts with water, forming
Ti(OH)4 and CsHyOH by replacing the (OC4Hg")
group of TB with the (OH-) group of H20. Ti4*
in Ti(OH)4 has the d2sp3 hybridization, involv-
ing six hybrid orbitals. Four of these orbitals
are occupied by OH ligands. While the remain-
ing two orbitals are occupied by H20 (aquo lig-
and) in aqueous solutions, resulting in the for-
mation of a neutral octahedral hydroxo-aquo
complex [Ti(OH)4(OHs)2]0 [47].

However, these neutral complexes aggregate
and produce non-crystalline TiO2 because of the
spontaneous condensation, and there is no re-
pulsion force involved. The addition of HCI re-
duces the concentration of OH groups and pro-
tonates OH ligands, which leads to the for-
mation of positively charged complexes and,
thereby, increases electrostatic repulsion while
preventing immediate condensation [48]. At
room temperature, the positively charged com-
plexes repel one another due to the electrostat-
ic repulsion. While at the reaction temperature,
the complexes gain kinetic energy, which is re-
quired to overcome the repulsion and aid in
complexes aggregation through the condensa-
tion process, which occurs in two stages. The
first stage involves the removal of H20 ligands
through an olation process, which results in oc-
tahedral chains. The next stage is oxolation,

which replaces the remaining OH ligands with
oxo-bridges and joins the chains together to
form 1D nanorod/3D nanoflower of TiO2. When
higher positive charged complexes participate
in condensation, they will be naturally repelled
into a more stable linear edge-shared linking,
which is a feature of rutile [49].

The growth of 1D NRAs of TiO: (primary
layer) on the FTO substrate can be justified by
considering the nucleation sites on the FTO.
When 0.6 mL of TB is used to prepare TiOq, the
rods start to grow on the surface of the FTO
substrate in a random alignment (Figure 4(a)),
while in the presence of 0.8 mL of TB, denser
and thicker nanorods are formed with less ran-
domly aligned rods (Figure 4(d)). With the fur-
ther increase of the TB to 1.0 mL, the rods are
well-aligned and vertically grown on the FTO
substrate (Figure 4(g)). By increasing the tita-
nium amount to 1.1 mL, some of the rods align
vertically on the FTO substrate, and some of
them disappear because of the direct growth of
some nanoflowers on the FTO substrate
(Figure 4()). In addition, it can be observed
that as the amount of TB gradually increases,
the length of TiO2 NRAs, and thickness of TiO2
NFs increase, as summarized in Table 2. The
TiO2 NRF films grow on the FTO substrate
without using surfactants or templates. This is
because the FTO substrate and TiOz have the
same crystal structures; they have tetragonal
rutile structures, and there is only 2% of a lat-
tice mismatch between FTO (a¢ = b = 0.4687
nm) and TiO2 (¢ = b = 0.4593 nm). Thus, the
epitaxial nucleation and growth of the rutile
TiO2 nanorods on the FTO substrate can be
promoted by this slight lattice mismatch [50].
It is reported that the molecules on the FTO
substrate act as nucleation sites for TiOz NRAs
growth on the FTO substrate [51]. The change
in the growth of the nanorods on the FTO sub-
strate can be attributed to the effect of TB
amount on the nucleation sites of the TiOz. The
plentiful supplies of titanium precursor pro-
mote the nucleation sites of TiO2. A few nuclea-
tion sites form rods with random alignments
because of the large space between the rods,
whereas numerous nucleation sites form rods
with vertical growth and leave no space for

Table 2. Diameter, length, and thickness of TiO2 NRF films synthesized with different amounts of TB.

Sample .Rod diamgter of Length of TiOz Thickness of Thickngss of TiOq
TiO2 NRF film (um) NRAs (um) TiOz2 NFs (um) NRF film (um)
TiO2 NRF-0.6 0.06-0.08 0.48 1.16-1.38 1.64-1.86
TiOz2 NRF-0.8 0.15-0.19 1.73 1.85-4.23 3.58-5.96
TiO2 NRF-1.0 0.20-0.25 1.81 2.71-5.50 4.52-7.31
TiO2 NRF-1.1 0.25-0.30 2.65 2.86-6.92 5.51-9.57
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random growth [52]. Cl- of HCI plays a signifi-
cant role in the growth of TiO:2 grains into na-
norods. This is due to the preferential adsorp-
tion of CI- on the surface of the {110} planes,
which have a positive polar face. This preferen-
tial adsorption of Cl- prevents TiOz grains from
contacting the surface of the {110} planes,
which consequently accelerates the growth
along the {001} plane. As a result, the growth of
TiO:z grains can be suppressed in the [110] di-
rection and accelerated in the [001] direction,
which leads to the formation of rod structures
[53].

The growth of 3D NFs of TiO2 (the second
layer) on the TiO2 NRAs (the primary layer),
can be justified by considering the rods of the
primary layer, which are greatly impacted by
the nucleation sites on the FTO substrate. TiOz
NRAs have a square-shaped end and a pyrami-
dal-shaped end (top-view image in Figure 4(e)).
Therefore, it can be indicated that the pyrami-
dal-shaped and square-shaped ends of the TiO2
NRAs may serve as nucleation sites for the

TiO2 NFs growth over the TiOz NRAs. It is re-
ported that the pyramidal-shaped ends of the
TiO2 NRAs act as nucleation sites for the TiO2
NFs growth [51,54]. When the nucleation sites
(the rods of the primary layer) are few, the
flowers of the samples that were prepared with
0.6 mL and 0.8 mL of TB consist of few rods
that are not compacted or closed to each other
in the center of the flowers (Figure 4(b) and
(e)). The main difference between them is that
the rod diameters of the flowers of the TiO:
NRF-0.8 sample are larger than those of the
TiO2 NRF-0.6 sample as shown in Table 2. Af-
ter the addition of 1.0 mL of TB, it was ob-
served that the individual flower is influenced
by a large number of nucleation sites. The rods
become close to each other in the center of the
flower, and branched rods start to be formed
(Figure 4(h)). In addition, the flower becomes
thicker because it forms from many rods that
are stacked on top of each other [55]. By adding
1.1 mL of TB, the individual flower becomes
thicker with more branched nanorods com-

1" stage

2" stage

TiO; NRF-0.6

TiO; NRF-1.0

Random-oriented rods of
TiO, NRAs & thin-layered
flowers with non-coppacted
rods of TiO: NFs

Less random-oriented rods of
TiO, NRAs & thin-layered

flowers with non-compacted
rods of TiO, NFs.

R W
¥

<&

rd 4,
3'" stage

Vertical-oriented rods of
TiO,NRAs & thick- layered
flowers of TiOz NFs with

compacted and branched
rods

4™ stage

Few vertical-oriented rods of
TiO: NRAs with many
broken-flowers grew on the
FTO and TiO; NRAs layer.

TiO; NRF-0.8

TiO: NRF-1.1

Figure 5. Schematic diagram for the proposed growth model of TiO2 NRF films prepared with different

amounts of TB.
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pared to the TiO: NRFFs-1.0 sample (Figure
4(k)). The top-view images (Figure 4(c), (f), (),
and (1)) display the growth of many nanoflow-
ers above the primary layer (1D TiO2 NRAs). It
can be observed that as the TB amount increas-
es, the thicknesses of both layers increase.
However, by adding 1.1 mL of TB, some flowers
are broken and consist of separated rods that
have horizontal alignment due to the high nu-
cleation density [56]. These results suggest
that the preferred crystallographic plane
growth of the rutile TiO2 and the alignment of
the nanorods on the FTO substrate are affected
by the nucleation sites, which are highly influ-
enced by the TB amount.

Based on the above growth mechanism, a
model for the prepared samples with different
amounts of TB is proposed (Figure 5). To pro-
vide this model, we focused on the rod align-
ment of TiO2 NRAs, the formation of TiO2 NFs,
the shapes of rods in the TiO2 NRAs and TiOz
NFs layers, as well as the gradual increase in
the diameter and length of the nanorods and
the thickness of the nanoflowers. This proposed

growth model consists of four stages. The first
stage 1s proposed for the samples that were
prepared with 0.6 mL of TB. The TiO2 NRF
films are formed with random-oriented rods of
TiO2 NRAs and with thin-layered flowers with
non-compacted rods of TiOz NFs (Figure 5, 1st
stage). The second stage is proposed for the
samples that were prepared with 0.8 mL of TB.
The TiO2 NRF films are formed with less ran-
dom-oriented rods of TiO: NRAs and thin-
layered flowers with non-compacted rods of
TiO2 NFs (Figure 5, 2nd stage). The third stage
1s proposed for the samples that were prepared
with 1.0 mL of TB. The NRF films formed with
vertical-oriented rods of TiO2 NRAs and thick-
layered flowers of TiO2 NFs with compacted
and branched rods (Figure 5, 3rd stage). The
fourth stage is proposed for the samples that
were prepared with 1.1 mL of TB. The TiO:
NRF films are formed with few vertically ori-
ented rods of TiOz NRAs with many broken
flowers growing on the FTO substrate or on the
TiO2 NRAs layer (Figure 5, 4th stage).

Figure 6. AFM images of rutile TiO2 NRF films prepared with different amounts of TB: (a) TiO2 NRF-
0.6, (b) TiO2 NRF-0.8, (c) TiO2z NRF-1.0, and (d) TiO2 NRF-1.1.
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The AFM topography images of the TiO:
NRF films prepared with different amounts of
TB are shown in Figure 6. The TiO: NRF films,
produced using 0.6 mL, 0.8 mL, 1.0 mL, and 1.1
mL, exhibit root-mean-square (RMS) roughness
values of 0.578 um, 0.614 pm, 0.300 pm, and
0.336 pm, respectively. The addition of 1.0 mL
of Tb results in the lowest RMS roughness val-
ue. The morphological analysis using FE-SEM
and AFM reveals that samples prepared with
1.0 mL of TB exhibit the formation of TiO2 na-
norods arranged vertically and thick-layered
TiO2 nanoflowers with compacted and
branched rods. Additionally, these samples dis-
play the lowest RMS roughness value.

3.3 Elemental Composition Analysis

EDS was used to identify the elemental
composition of the TiO2 NRF films prepared

with various amounts of TB. Titanium (Ti) and
oxygen (O) are present in all prepared samples,
which confirms that Ti and O are the ele-
mental components of TiOz NRF films (Figure
7(a), (b), (c), (d)). Compared to the TiO2 NRF-
0.6 sample, Peaks of the TiO2 NRF-0.8, TiO:
NRF-1.0, and TiOz NRF-1.1 samples at 4.51 eV
and 0.52 eV are prominent. The additional
peak of C is caused by carbon tape [57], and
the peak of Si in the TiO2 NRF-0.6 sample
comes from the EDS detector. Table 3 summa-
rized the atomic percentages of the elements
found in the characterized TiOz NRF films.

3.4 Optical Properties

Figure 8 shows the absorption spectra of the
TiO2 NRF films prepared with various
amounts of TB. The absorption band edge of
the samples is in the range of 400-420 nm, as
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Figure 7. EDS of rutile TiO2 NRF films prepared with different amounts of TB: (a) TiO2 NRF-0.6, (b)
TiO2 NRF-0.8, (¢c) TiO2 NRF-1.0, and (d) TiO2 NRF-1.1.

Table 3. Atomic percentages of the elements found in the characterized TiOz NRF films from the EDS
analysis.

Sample (0] Ti Sn C Si
TiO2 NRF-0.6 76.09 10.02 10.54 3.00 0.34
TiO2 NRF-0.8 70.37 28.59 1.04 - -
TiO2 NRF-1.0 68.14 28.43 0.3 3.13 -
TiO2 NRF-1.1 69.53 27.41 0.15 2.91 -
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shown in Figure 8(a). The same range of the
absorption band edge has been found in litera-
ture [568]. The samples exhibit enhanced ab-
sorption when the amount of TB increases. It
can be observed that the TiO2 NRF film, pro-
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abundance of Sn. This can be observed from the
XRD analysis, indicating multiple peaks associ-
ated with SnO:2 from the FTO substrate. Addi-
tionally, the EDS results indicate a higher
atomic percentage of Sn (10.54%) compared to
Ti (10.02%). Indeed, FTO possesses high optical
transparency within the visible spectrum [59].

The band gap energies were determined by
extrapolating the tangent line of the (ahv)?2 plot
drown vs. (hv) (Figure 8(b)). The calculated
band gap energy values for samples prepared
with 0.6 mL, 0.8 mL, 1.0 mL, and 1.1 mL of TB
are 3.04 eV, 3.00 eV, 2.96 eV, and 2.94 eV, re-
spectively. These results suggest that as the
amount of TB increases, there is a correspond-
ing decrease in the band gap energy. These op-
tical properties indicate that the large specific
surface area of nanoflowers causes the light to
be scattered in all directions and to be multiply
absorbed. Therefore, the nanoflower structures
boost the light-harvesting ability, this enhance-
ment of nanoflower structures for the light-
harvesting ability was observed in the litera-
ture [60,61].

3.5 PEC Performance

To evaluate the PEC water splitting perfor-
mance of the films which were synthesized
with different TB amounts, linear sweeping
voltammetry (LSV), photoconversion efficiency,
and transient photocurrent response were con-
ducted. Figure 9(a) shows the photocurrent
density-potential (J-V) curves of the TiOz NRF
films obtained by linear sweep voltammetry
measurements using a three-electrode electro-
chemical system in 0.1 Na2SO; electrolyte un-
der 100 mW.cm2 (AM 1.5G) illumination. The
photocurrent densities of the TiO2 NRF-0.6,
TiOz NRF-0.8, TiOz NRF-1.0, and TiOz NRF-
1.1 are 3.25, 3.04, 3.58, and 1.70 mA.cm™2 at
1.23 V vs. RHE, respectively. The TiO2 NRF-1.0
film shows the highest photocurrent density.
This can be credited to the unique morphology
of the film, which formed with the TiO2 NRAs
layer composed of well-vertically aligned nano-
rods and TiO2 NF's layer consisted of numerous

rods placed on top of one another on the side of
the flower and closed to one another in the cen-
ter. The enhanced photocurrent density can al-
so be attributed to the lowest roughness value.
Ramli et al. found that the optimal thickness
and lowest RMS roughness value enhanced the
photocurrent density [62]. However, the TiOs
NRF-1.1 film exhibits a lower value of photo-
current density even though it has greater ab-
sorption and a narrower band gap compared to
the TiO2 NRF-1.0 film. This may suggest that
the formation of the horizontally aligned nano-
rods of the second layer (broken nanoflowers)
on the surface of the vertically aligned nano-
rods of the primary layer creates an intersec-
tion of the nanorods of both layers, providing
spots for electron-hole recombination and sig-
nificantly hampering the transport of charge
carriers, thereby reducing the activity of the
photocatalyst [20]. Moreover, the TiO2 NRF-0.6
film exhibits a higher photocurrent density val-
ue than the TiO2 NRF-0.8 film. This difference
can be attributed to the higher atomic percent-
ages of Sn in the TiO2 NRF-0.6 film compared
to the TiO2 NRF-0.8 film samples, leading to
an increase in absorption within the visible
light spectrum in the range of 406—-532 nm and
enhancing electron mobility [63,64]. Figure
9(b) shows the photoconversion efficiency of the
TiO2 NRF films. The efficiencies for the sam-
ples synthesized with 0.6 mL, 0.8 mL, 1.0 mL,
and 1.1 mL of TB are 0.66% at a bias of 0.95 V
vs. RHE, 0.50% at a bias of 0.95 V vs. RHE,
0.69% at a bias of 0.94 V vs. RHE, and 0.34%
at a bias of 0.92 V vs. RHE, respectively. The
maximum efficiency is seen for the TiO2 NRF-
1.0 film, which is 1.05 times higher than the
TiO2 NRF-0.6 film, 1.38 times higher than the
TiO2 NRF-0.8 film, and even 2.03 times higher
than the TiOz NRF-1.1 film. Table 4 summariz-
es the photocurrent density and photoconver-
sion efficiency of the prepared films of TiO:
NRF.

The transient current response studies were
conducted to further evaluate the performance
of the prepared TiO: films under visible light.
The transient photocurrent response was

Table 4. Photocurrent density and photoconversion efficiency of TiOz NRF films prepared with differ-

ent amount of TB.

Sample Photocurrent density (mA.cm=2) Photoconversion efficiency (%)
TiOz NRF-0.6 3.25 0.66
TiO2 NRF-0.8 3.04 0.50
TiO2 NRF-1.0 3.58 0.69
TiO2 NRF-1.1 1.70 0.34
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measured at a potential of 0.61 vs. Ag/AgCl
electrode (1.23 V vs. RHE). It can be observed
from Figure 9(c) that the photocurrent remains
constant as long as the light is turned on, while
it drops to zero when the light is turned off.
The current is generated by electron-hole pair
separation at the semiconductor-electrolyte in-
terface. The holes are trapped by the reduced
species in the electrolyte, while the electrons
are transported to the cathode via the TiO:
NRF films and the conductive layer of the FTO
glass substrate [65,66]. All samples display fast
photo-response under alternating light-on and
light-off conditions, and the photocurrent is
highly reproducible for numerous on-off illumi-
nation cycles. This can be attributed to good
crystallinity and good contact between the
films and the FTO substrate.

The proposed mechanism for the PEC water
splitting of the TiO2 NRF film is shown in Fig-
ure 9(d). The photoanode (TiO2 NRF film) and
cathode (Pt wire) were immersed in the electro-
lyte and connected via the externally applied
potential. When the TiO2 NRF film is exposed
to visible light, electrons in the valence band

(VB) are excited to the conduction band (CB),
and holes are left in the VB. These photogener-
ated electron-hole pairs are separated by the
applied potential. The holes in the valence
band oxidize the water to produce oxygen,
while the electrons move to the cathode to pro-
duce hydrogen [67]. The TiO2 NRF-1.0 film
shows the highest photocurrent density and
photoconversion efficiency due to its unique
morphology and roughness. a comparison of
the PEC performance with values from the lit-
erature is displayed in Table 5, which is con-
ducted based on the morphological modifica-
tion. It can be clearly seen that the TiO2 NRF
films provide considerably improved photocur-
rent density and photoconversion efficiency as
compared to those reported in the literature.

4. Conclusion

The TiO2NRF films grown on FTO sub-
strates are obtained using the hydrothermal
method. FE-SEM shows that the TiOz:NRF
films are composed of the simultaneous growth
of two layers: a primary layer of TiOz NRAs

Table 5. Comparison of photocurrent density and photoconversion for TiO2 based on the morphological

modification.
Photoanode Light source Electrolyte = Photocurrent density Efficiency Refs.
TiOz nanorod 500 W Xe 0.5 M 0.27 mA.cm2 vs. 0.089% at 0.7V [19]
arrays lamp Na2S0q4 Ag/AgCl electrode vs. RHE
TiO2 nanorod - 0.1 M 4 mA.cm2at 0.2V
arrays UV-vis light Na2S03 vs. Ag/AgCl electrode [68]
TiOo- = o
rutile/anatase 150 W Xe 0.5M 1.70 mA.cm~2 at 0.30% at 0.25 V [69]
. ! lamp Na2SO04 0.6 Vvs. SCE* vs. SCE

homojunction
Core/amorphous = o
shell structured  Visible light 1.0 M NaOH 20 mAcm2atOV . 0.147%at 0.45  [21]

. vs. Ag/AgCl electrode V vs. RHE
TiO2 NPs

. 149.1 pA.cm2 at 0.8
Ti0: nanostrue- - 150 WXe 4 5\ NaOH  V vs. Ag/AgCl elec- [20]
tures lamp

trode

Porous TiO2 hol- solar simula- 0.71 mA.cm~2 at 1.23 0
low hemispheres tor 1.OMKOH V vs. RHE 0.27% [70]

. 0.957% at

-2
TiO2 nanotube Xe lamp 1.0 M NaOH 1.13 mA.cm™2 at 1.23 0394V vs. [18]
array V Vs. RHE
RHE

Reduced TiO2 solar simula- 126.89 pA.cm~2 at o [71]
nanotubes tor 1.0 M KOH 1.23 vs. RHE 0.083%

. 500 W Xe 0.1 M 3.58 mA.cm2at 1.23 0.69at0.94V This
Ti0: NRF-1.0 lamp Na:SO0. vs. RHE vs RHE work
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that grew on the FTO substrate and a second
layer of TiOz NFs that grew on the primary lay-
er of 1D TiO2 nanorod arrays. The proposed
growth mechanism of both layers of the TiO:
NRF films showed that the precursor amount
affects the nucleation sites, which has a signifi-
cant impact on the preferred crystallographic
plane growth of rutile TiO2 and the nanorods
alignment on the FTO substrate. Moreover, the
TiO2 NRF films displayed the highest photocur-
rent density and photoconversion efficiency,
measuring 3.58 mA.cm~2 (at 1.23 V vs. RHE)
and 0.69%, respectively. The finding revealed
that by optimizing the titanium butoxide
amount to 1.0 mL, the TiOz NRF films are ob-
tained with a special thickness in the range of
4.52-7.31 pm, which formed a distinct morphol-
ogy. This film is composed of the TiO2 NRAs
layer with perfectly vertically aligned nanorods
and the TiO2 NFs layer with numerous rods
layered on top of one another on the side of the
flower and closed to one another in the center.
Additionally, the film exhibited the lowest root
mean square (RMS) value of 0.300 um. It can
be concluded that the synthesis of TiO2 NRF
films with the ideal thickness, unique two-layer
formation, and low RMS roughness value are
desirable characteristics for TiOz NRF film to
improve its PEC water splitting performance.
Our study demonstrates that the facile one-
step hydrothermal process, when carefully ad-
justing the precursor concentration to achieve
the optimum morphology, can be applied not
only to produce an ideal TiO2 NRF film but also
can be readily employed with a diverse range of
other semiconductor materials to enhance the
efficiency of converting solar energy into chemi-
cal energy.
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