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ABSTRACT

The thickness of the photoanode film plays a crucial role in the photoelectrochemical (PEC) water splitting process,
significantly impacting the photoconversion efficiency. The optimal thickness of the photoanode enhances the pho-
tocurrent density by making a balance between light absorption and electrolyte mass transfer. The main goal of this
study was to investigate the effect of thickness on the photoelectrochemical performance of the Al TiO -based nano-
composite layer as a photoanode under the sunlight simulator. Al TiO,/TiO,/AlLO, nanocomposite was initially synthe-
sized utilizing the citrate sol-gel technique, and after the calcination at 800°C, it was deposited on the fluorine-doped
tin oxide coated glass slide (FTO) substrate by the doctor blade method in which, several films of various thicknesses
can be prepared from a unique paste, by just changing the adhesive tape layers. The Diffuse Reflectance spectroscopy
(DRS) technique was utilized to determine the band gap energy value of all specimens, and the field emission scanning
electron microscopy (FE-SEM) method was used to investigate the morphology and to determine the thickness of the
deposited films. The X-ray diffraction (XRD) analysis exhibited the presence of the tialite (A, TiO,) phase besides the ana-
tase, rutile, and corundum phases. The cyclic voltammetry (CV) measurements were utilized to estimate the accessible
surface area in specimens. Different photoelectrochemical results were expected to be obtained by the photoanodes
with different thicknesses of the AIZTiOS/TiOZ/AIZO3 nanocomposite films. Photoelectrochemical (PEC) measurements
revealed that the highest photoconversion efficiency was achievable by the tialite-based sample by the thickness of
about 5 um which was about 20% higher than the obtained value by the thinner or even thicker tialite-based nanocom-
posite samples.
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1. Introduction face levels. Additionally, the relatively wide band

Photoelectrochemical (PEC) water splitting has
attracted considerable interest as the “holy grail”
for solar energy conversion and storage. Howev-
er, most semiconductor photoanodes studied for
PEC water splitting face numerous challenges.
Two main concerns are the insufficient genera-
tion of photogenerated charge carriers and the
slow kinetics of water oxidation, leading to rapid
recombination of charges at both the bulk and sur-

gap imposes limitations on improvements in so-
lar energy conversion efficiency. Nanostructured
photoelectrodes offer significant benefits such as
improved light dispersion, large surface area, en-
hanced charge transfer, and shortened carrier diffu-
sion pathways. These attributes facilitate enhanced
light absorption, efficient charge carrier transport,
and increased efficiency in redox reactions. How-
ever, while large surface areas and nanostructures
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bring advantages, they can also introduce chal-
lenges, such as heightened surface recombination
and a decrease in the thickness of the space charge
layer. These factors may hinder effective charge
separation and transport [1]. The minority charge
carrier diffusion length plays a critical role in de-
termining charge carrier transfer efficiency. Un-
fortunately, due to the high recombination rate in
many photocatalysts, the minority carrier diffusion
length is very short. For example, while TiO, has a
hole diffusion length ranging from 10 to 100 nm
(2], Fe,O, exhibits a much shorter range of 2 to 4
nm [3]. Short diffusion lengths are linked to high
recombination rates, which in turn reduce charge
separation and transportation efficiency. Moreover,
short diffusion lengths impose limitations on the
thickness of the absorption layer, resulting in de-
creased light absorption efliciency. Due to the sig-
nificant effect of thickness on PEC water splitting
performance in TiO, thin films, several deposition
techniques that allow controlling the thickness of
the TiO, layer on FTO substrate with good unifor-
mity, such as the electrophoretic deposition (EPD)
technique [4] paste coating [5], spin coating [6],
and sputter deposition [7] were utilized. Nano-
crystalline TiO, thick films deposited by the EPD
technique on FTO glass with a thickness of 14.6 pm
exhibited the highest photoconversion efficiency of
2.49% [4]. The maximum photocurrent efficiencies
had a linear dependency on the thickness of the ox-
ide layer in Ti/TiO, heterostructure thick films. For
the thinnest coating layer (4 um), the efficiency of
nearly five times larger than the thickest photoan-
ode was obtained, while better electrical contact of
the thinnest oxide layer to the substrate was known
as the reason for this manner [4]. Despite its pop-
ularity in photocatalytic studies, as a metal oxide
(MO) semiconductor, TiO, faces drawbacks that
hinder its efficiency as a photo-anode (PA) for PEC
water splitting. Notably, its relatively large band
gap restricts absorbance to a narrow UV wave-
length range, comprising only about 5% of the so-
lar spectrum [8]. To broaden sunlight absorption,
numerous composites, such as SnO_/TiO,, ZnO/
TiO,, Cu,0/TiO,, AL,O,/TiO,, and others, have
been synthesized in which, establishing the internal
electric field at the interface of the MO/MO junc-
tion, leads to the minimization of charge carrier re-
combination, and facilitating effective charge trans-
fer within the active layer, in photo-anodes (PAs)
[9-12]. The TiO, tubular structure, incorporating
sub-stoichiometric Ti-O phases within the com-
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posite, demonstrated a 2.5-fold enhancement in
photocurrent density at 1.23 V vs. RHE and a 2.8-
fold rise in photoconversion efficiency achieved
at a lower bias compared to the pristine TiO,. The
photocurrent density achieved by the SnO,/TiO,
composite-based photoanode reached 0.89 mA
cm™, which was about nine times higher than the
measured value in the case of bare TiO, photoan-
ode [9]. The overpotential for TiO,/SnO, nano-
composite was about 570 mv [13]. ALTiO,/TiO,/
Al O, nanocomposite mixtures as a photocatalyst
material were first investigated by EBakhshandeh
et al. It was shown that the methylene blue (MB)
photodegradation of these composites is much
more than nanostructured anatase [14]. Later, Al-
,TiO,-based nanocomposites have also been inves-
tigated as highly photoactive materials in research
[15-17]. Heterostructure Al TiO_/TiO, catalyst due
to the reduced band gap and more hydroxyl groups
formed on the surface exhibited higher photocat-
alytic activity than that achieved by pristine TiO,
or by the AL TiO, (AT) under UV irradiation [18],
while presence of oxygen vacancy inside this het-
erostructure was reported as an important param-
eter in the PEC performance enhancement of Al-
,TiO/TiO, layers [19].The sol-gel process allows for
precise control over the composition, homogeneity,
purity, and microstructure of the final product. It is
a low-temperature, low-cost technique widely used
in the production of ceramics, glasses, and nano-
materials. This method offers precise control over
the morphology and crystallinity of synthesized
photoelectrodes, which is crucial for optimizing
their performance [20-22]. However, the sol-gel
method’s effectiveness is highly dependent on the
solvents and precursors used, which can impact the
quality and consistency of the synthesized photo-
electrodes [23]. Significant efforts have been made
to synthesize aluminum titanate (AT) nanoparti-
cles using low-temperature methods, eliminating
the need for prolonged high-temperature sinter-
ing of oxide compounds like AL O, and TiO,. AT
nanoparticles were produced by Sobhani et al. via
a sol-gel process using aluminum chloride and tita-
nium tetrabutoxide (TTIP), resulting in an average
particle size under 100 nm, though the nanopar-
ticles tended to agglomerate into a cabbage-like
shape [24]. Andrianainarivelo et al. synthesized
ALTiO, at low temperatures, above 600 °C, with-
out forming TiO, or AI20, phases using a non-hy-
drolytic sol-gel procedure [25]. Azarnia et al. used
the citrate sol-gel method to synthesize aluminum
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Fig. 1- SEDX analysis (a) and FE-SEM image (b) of the AT-based nanocomposite powder. The inset image shows a picture of the
AT-based nanocomposite powder. FE-SEM images of the cross-sectional view and top view for the AT2 sample (c) and (d), the ATS
sample (e) and (f), the AT9 sample (g) and (h), and the P25 sample (i) and (j).
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titanate (AT) nanostructured powder, achieving
grain sizes smaller than 70 nm [26]. In the present
work, novel photoactive nanocomposite materials
comprising ALO,/TiO,/Al TiO, were used as pho-
toanodes for water splitting. The primary objective
is to examine how thickness affects the PEC per-
formance of these electrodes. Since thickness is the
sole variable parameter in this study, all samples
were produced from a single batch of powder, pre-
pared using a specific process, and maintained at
a consistent temperature. The layer thickness was
controlled using an adjustable deposition tech-
nique” The morphological, structural, and optical
properties of AT-based nanocomposite layers with
various thicknesses deposited on FTO substrates
were studied. The authors aimed to optimize the
thickness to achieve the maximum photocurrent
density in the processed composite films.

2. Experimental
2.1. Materials and preparation of AT-based
nanocomposites

Tialite nanoparticles were synthesized through
a sol-gel approach using aluminum chloride

(AICL), citric acid (C.H,O,), anhydrous titanium
isopropoxide (TTIP, C16H3604Ti), and absolute
ethanol (C,H.O) as precursors, all acquired from
Merck Company. The synthesis process, mech-
anism of microstructural evolution, and phase
transformation of nanostructured aluminum tita-
nate (AL TiO,) particles have been detailed exten-
sively in the literature. [14, 26, 27]. Synthesis: In a
nitrogen (N,) gas environment, 4 g of AICL, powder
dissolved completely in 35 ml of ethanol, followed
by the gradual addition of TTIP to the solution us-
ing a standard syringe under stirring at room tem-
perature. Subsequently, 1.5 g of anhydrous citric
acid was added, and the solution was stirred for 15
minutes. The preparation process was carried out
in a sealed chamber to minimize the impact of ox-
ygen or humidity on the bonding between Al and
Ti ions during gelation. This led to the formation
of a homogeneous, honey-colored solution, which
underwent reflux at 80 °C for 1 hour. Following
reflux, a colorless gel with high homogeneity and
transparency was obtained. The synthesized gels
were dried at 100 °C for 24 hours in an oven and
then ground. The resulting powder underwent cal-
cination at 800 °C for 2 hours.
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Fig. 2- Size distribution for AT2 sample (a), AT5 sample (b), AT9 sample (c) and P25 sample (d).
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2.2. Fabrication of AT-based nanocomposite
electrodes

The combination of high conductivity, optical
transparency, chemical stability, nanostructured
scaffold capability, cost-effectiveness, and com-
patibility with photoactive materials makes fluo-
rine-doped tin oxide (FTO) glass an ideal choice of
substrate for constructing efficient photoelectrodes
for water splitting applications [28, 29].

2.2.1. Substrate Preparation

The glass slide substrates (FTO) were prepared
using common pre-treatment methods [30, 31].
The initial step was cleaning. The FTO sheets were
sequentially washed with a soap solution, acetone,
and then ethanol to remove surface contaminants
like carbon. The next step was acid treatment to
remove surface contaminations and improve the
surface roughness of these sheets. This involved
immersing the slides in a solvent of 0.1 M hydro-
chloric acid in ethanol and sonication for 15 min-
utes in an ultrasonic bath. After each step, the glass
slide substrates were rinsed with deionized (DI)
water. Finally, after depositing a compact TiO,
blocking layer, the FTO substrates were annealed at
350 °C for 30 minutes.

2.2.2. Blocking Layer Deposition

An acidic solution of titanium isopropoxide in
ethanol was used to deposit a dense layer of TiO2
nanoparticles (5-10 nm) as a blocking layer. Two
solutions were prepared according to the specified
formula, and the second solution was incremental-
ly added drop by drop to the first one while being
stirred on a stirrer.

1. TTIP (369 wl) + Ethanol (2.53 ml)
2. HCI (35ul) + Ethanol (2.53 ml)

Subsequently, the prepared solution was drop-
cast onto the FTO substrate at a spinning rate of
2000 rot.min for 30 seconds. Powders of Commer-
cial TiO, (P25 Degussa), AL,O,, AT-based nano-
composite, and cellulose powder were introduced
into ethanol within a glass vial to formulate pastes.
Ethyl cellulose was dispersed as each powder was
added to the solution on a magnetic stirrer. The re-
sulting pastes were then applied to FTO substrates
using the “ doctor blade method,” [32,33] followed
by annealing the samples at 450 °C for 30 minutes.
Then, to create samples with greater thickness and
ensure accurate coating, the doctor blade in series
method was used [34]. The samples that were coat-
ed once using the doctor blade method were named
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AT?2, while the subsequent samples prepared using
the doctor blade in the series method were named
ATS5 and AT9. A paste made from powders of com-
mercial TiO, (P25 Degussa) was also prepared in
a manner identical to the composite sample. This
paste was then coated onto the FTO substrate using
the doctor blade method. In this study, this sample
is referred to as P25.

2.3. Characterization

Surface morphology and the EDX analyses of
all AT nanocomposite thick films were investigated
using Field emission scanning electron (FE-SEM)
microscopy Philips Model XL30, Netherlands. To
identify the crystalline composition of the nano-
composite photoanodes, the X-ray diffraction
(XRD) pattern was recorded utilizing a Netherland
/ PW3710 / PHILIPS. The Scherrer equation (Eq.
1) was used to calculate the average crystallite size
of samples [35]:

092

- B cos6

(1)

In this equation, A represents the X-ray wave-
length, © is defined as the diffraction angle of
the peak (in degrees), and P is the full-width at
half-maximum (FWHM).

DRS analysis utilizing an Avaspec-2048-TEC
instrument was conducted to assess the diffuse re-
flectance and determine the optical band gap value
for the specimens. To determine the band gap ener-
gy of the samples using the provided data, one may
proceed with the following steps:

(i) Estimating F(R) utilizing the Kubelka-Munk
function is done as follows [36]:

(1-R)?

(ii) In the Tauc method, the conversion of F(R)
to the energy involves using the term of [F(R)hv]".
In electronic transitions, the value of (n) is assigned
differently: (n = 0.5) for the indirect transition, and
(n = 2) for a direct transition. In this context, (h)
denotes PlancK’s constant (]J-s), and (v) represents
the frequency of light (s™'). The subsequent proce-
dure entails generating the Tauc plot to assess the
values of the optical band gap energy (E ). This pro-
cess involves plotting the term [F(R)hv]" against
energy in eV and extracting E_values by linearly
extrapolating the linear segment of the curve [36].

The cyclic voltammetry (CV) analysis was con-
ducted using an Autolab potentiostat/galvanostat
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electrochemical workstation (PGSTAT302N, The
Netherlands) in a three-electrode configuration
with 1M saturated NaOH electrolyte at room tem-
perature. Scan rates ranging from 10 to 80 mV/s
were employed. PEC performance of AT-based
nanocomposite layers deposited on FTO compared
with P25 on thick film FTO was measured using
a traditional three-electrode system in 1M NaOH
electrolyte (PH=13.6). The photocurrent density
measurements over a range of the applied potential
(J-V) scans were accomplished under the simulat-
ed solar light AM 1.5 G at 100 mW/cm?.

3. Results and discussion

Micrographs of cross-sectional and top views
of AT-based thick film electrodes with different
thicknesses are displayed in Fig. 1. Cross-sectional

views of aluminum titanate-based nanocompos-
ite films for AT2 specimens show that it has 2.14
um thickness. The thickness of the AT5 specimen
is 5.84 um, while the AT9 specimen, being the
thickest film, has a thickness of 9.66 um. The P25
electrode, which consisted of a 6 um layer of TiO,
nanoparticles, was chosen as a reference for com-
parison with the optimized sample, AT5, in this
research. The cross-sectional and top views of the
P25 sample are also depicted in Fig. 1. The FE-SEM
images, revealed partially spherical morphology
of the TiO,/Al,O,/ALTiO, nanocomposite thick
films. There was a homogeneous nanostructure
with some pores inside the layer, which allowed
the penetration of electrolytes through the bulk. In
this study, the Image] processing program was uti-
lized to measure the size distribution of all samples.
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Fig. 3- X-ray diffraction patterns of (a) AT-based nanocomposite films and (b) P25 sample.
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The size distribution was measured to be between
10 to 60 nm and size distributions of specimens
are displayed in Fig. 2. Since all electrodes were
prepared from a single paste, it was expected that
the chemical composition of the surface would be
consistent across all samples and that they would
contain identical crystalline phases. EDX analysis
data is depicted in Fig.1, indicating the presence of
Ti, Al, and O elements without the presence of any
impurities on the surface of photoanodes.

The XRD results for AT-based nanocomposite
specimens are depicted in Fig. 3. District peaks
were observed and according to the references were
identified as anatase (TiO,, tetragonal crystal struc-
ture, ICSD 98-000-5226), rutile (TiO,, tetragonal
crystal structure, ICSD 98-005-2025), and corun-
dum (a-ALO,, hexagonal crystal structure, ICSD
98-001-6920), phases beside a great deal of the tial-
ite phase (Al TiO,, orthorhombic crystal structure,
ICSD 98-011-4495).

DRS measurement results for all the AT-based
nanocomposites and the P25 photoelectrodes are
depicted in Fig. 4 (a). The bandgap value (Eg) for
the layers was determined by extrapolating the lin-
ear portion of Tauc’s plot to its intersection with the
hv-axis (Fig. 4(b)) [36].

The estimated bandgap energy (E)) for photo-
electrodes based on the Al TiO, phase, falls within
the range of 2.92 eV to 2.97 eV, whereas the mea-
sured bandgap energy for the P25 sample was ap-
proximately 3.21 eV. Thickness, crystalline phase,

average crystallite size, average particle size and the
band gap value of each sample are listed in Table. 1.

3.1. Photoelectrochemical measurements

The double-layer capacitance is affected by the
specific surface area of the electrode, which deter-
mines the amount of charge that can be stored in
the double layer. A larger surface area allows for
more charge accumulation, leading to a higher
capacitance. Therefore, as the electrochemical sur-
face area thickness of the electrode increases, the
double-layer capacitance also tends to increase. To
compare the accessible surface area of the AT-based
nanocomposites (AT2, AT5, AT9) and the P25
samples, the double-layer capacitance (C,) esti-
mation via cyclic voltammetry (CV) measurement
was used. The CV measurements were performed
three times with a new working electrode for each
iteration, indicating the excellent reproducibility
of the prepared electrodes. The Electrochemically
Active Surface Area (EASA) was estimated using
the equation EASA = C,/C_. During each scan, CV
curves were obtained within a non-faradaic region
(-0.3 to -0.2 V), where the anodic voltammetry
scan proceeded with a positive sweep until it was
reversed. The measurements were referenced to the
Ag/AgCl potential. As depicted in Fig. 5, the curves
exhibited a similar shape, resembling a standard
electrochemical oxidation/reduction cycle curve.

By calculating the double-layer capacitance for
the samples, the effective electrochemical active

Table 1- Thickness, band gap value, and the crystalline phases of AT-based nanocomposite and P25 film

Sample Thickness (um) Crystalline phase Average Crystallite size (nm) Average particle size Eg(eV)
(nm)
Anatase 2.92 +0.02
22.7 28.8
AT2 2.18 Rutile
Aluminum titanate
Curundum
Anatase 2.93+0.02
24.1 26.7
ATS5 5.84 Rutile
Aluminum titanate
Curundum
Anatase 2.97 £0.01
23.7 24.9
AT9 9.66 Rutile
Aluminum titanate
Curundum
P25 6.08 Anatase/Rutile 21.4 23.6 3.21 £0.01
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surface area (EASA) was estimated [37]. Subse-
quently, the Double-Layer Capacitance (C,) was
determined from the slope of the linear regression
using the following formula [37]:

m
Ca=—
24

(3)

Where m is the slope of the linear regression,
and A is the electrode surface area.

The estimated value of the double-layer capaci-
tance for the AT2 sample is 91 mF, while this value
for the AT5 and AT9 samples are 135 mF and 228
mF in sequence. The double-layer capacitance val-
ue for the P25 sample was measured to be 148 mF.
C, is a constant parameter representing the specif-
ic capacitance of standard electrode materials per
unit surface area. However, for the Al TiO_/TiO,/
Al O, nanocomposite, this value is unknown and
not reported in the literature. Therefore, only the

double-layer capacitance (C,) was calculated for all
samples, and the obtained values were used to com-
pare the effective electrochemical active surface ar-
eas. As is seen, in Fig. 6 the AT9 sample exhibits the
highest EASA value, whereas the AT2 sample has
the minimum EASA.

3.2. The photocurrent measurements

The photocurrent under simulated sunlight
indicates the photoelectrochemical (PEC) water
oxidation reaction occurred at the surface of pho-
toanodes. The photocurrent response curves are
shown in Fig. 7. It can be seen from these plots that
by increasing the applied bias potential, the pho-
tocurrent density increases until a saturated value
are obtained.

It is worth mentioning that the minimum voltage
required for the water splitting reaction to occur is
1.23 V. However, thermodynamic losses (approx-

0.03
0.02
0.01
|
= 0
£
-0.01
-0.02
-0.03
032 -03 -0.28 -026 -0.24 -0.22 -0.2 -0.18 032 -03 -028 -026 -024 -022 -0.2 -0.18
V (V vs. Ag/Agcl) V (V vs. Ag/Agcl)
0.03 0.03
0.02
0.02
0.01
0.01 I
= £
T -}
<3 E
£ b
= -0.01
-0.01 0.02
-0.02 -0.03
-032 03 -028 -026 -0.24 -0.22 02  -0.18 032 -03 -028 -0.26 -0.24 -022 -0.2 -0.18

V (V vs. Ag/AgCl)

V (V vs. Ag/AgCl)

Fig. 5- Cyclic voltammograms performed in non-faradic region (-0.2 to -0.3 V vs. Ag/AgCl) at the scan rates of 10, 20, 40, 60, 80 (mV/s)
for (a) AT2, (b) ATS5, (c) AT9 and (d) P25 specimens.
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imately 0.3-0.4 V) and overpotentials necessary
for ensuring rapid reaction kinetics (about 0.4-0.6
V) elevate this value to around 1.9-2.2 V. [38]. In
practice, by utilizing electrochemical impedance
spectroscopy, the capacitance of the Schottky junc-
tion at the surface of the electrode can be found and
is known as the flat band potential (U,). In reali-
ty, due to the required overpotential for the water
oxidation reaction (n ), the photocurrent onset
potential (V) is higher than the U, When the ap-
plied bias is lower than the flat band potential of the
interface between the electrode and the electrolyte
(V <U,), due to the accumulation of the majority
charge carriers (i.e., electrons for a photoanode) at
the surface of the electrode, they are transferred to
the electrolyte and compete with the oxidation pro-
cess of water. When the applied bias compensates
with the flat band potential (V = U,) there is no

net current because there is a balance between the
anodic and the cathodic reactions. The anodic pho-
tocurrent starts just when the applied bias is higher
than the flat band potential. Then, the photogene-
rated charge carriers are transferred to the electro-
lyte under this bias and participate in water oxida-
tion reactions. The magnitude of the overpotential
is achievable from the difference between the onset
potential and the flat band potential by using the
following equation [38]:
Nox = Von-Us (4)

The photocurrent onset can be found by mea-
suring the photocurrent density as a function of
the applied bias and then comparing the illuminat-
ed and dark currents. In optimal conditions, the
point at which the semiconductor shifts from ac-
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Fig. 6- A linear regression analysis conducted on the current density

variances within the midrange of the potential window during

cyclic voltammetry versus the scan rates for both the AT-based nanocomposites and the P25 specimens.

0.6
ATS
05 |
04 -
£
=03 |
£
T o2
ATO
01 | 35
— AT2
0 L= : ‘ . ‘ ‘ : : . ‘
.0.6 05 04 -03 -02 -0 0 0.1 02 03 04

V (V vs. Ag/AgCl)
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cumulation to depletion aligns with the initiation
of photocurrent. This specific potential is defined
as E, yet it is frequently influenced by the kinetic
overpotential essential for propelling the reaction
forward. As the microstructure of the layer is in-
fluenced by the thickness of the layer, it determines
how much absorption of light occurs in the film
and the amount of photogenerated charge carriers
reaching the surface of the electrode and partici-
pating in water oxidation reactions [39, 40]. Thin-
ner layers reduce recombination through the bulk,
while thicker layers enable deeper penetration and
absorption of light, leading to the generation of a
higher amount of electron-hole pairs through the

nanostructured material. It appears from Fig. 7 that
the photocurrent onset is not affected significantly
by the thickness of the layer, while the film thick-
ness effect on photoresponse is visible. As seen in
the plots, the photocurrent onset for AT2 and AT9
are observed at potential values of approximately
-0.45 V, while these samples exhibited a compar-
atively lower saturated photocurrent density in
comparison with other specimens. However, the
relationship between thickness and photocurrent
density is complex and may be influenced by oth-
er factors, such as the presence of different regions
with varying degrees of orientation and the micro-
structure of the photoanodes. In this tradeoff, there

Table 2- Photoelectrochemical properties of AT-based and P25 photoanodes in 1M NaOH electrolyte

Sample Vonset (V) Vi (V) Overpotential (V)
AT5 0.52 0.18 0.34
P25 0.58 0.38 0.2
0.3
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Z 025 |
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Fig. 8- Photoconversion efficiency curves as a function of the applied potential. The reported specimens are AT-based nanocomposite
layers in comparison with the P25 electrode.
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is an optimum thickness in which the photocurrent
density reaches the highest value. It seems that in
the case of the tialite-based photoanodes, the opti-
mum for the thickness of the layer would be about
5 um (ATS5). The onset potential value for the AT5
sample was estimated to be 0.52 V. Then, due to
the efficient charge carrier separation, under the
applied bias, the photocurrent density exhibited a
gradual increase with the increment of the applied
bias. The highest obtained photocurrent density
for the AT5 sample was 0.58 mA/cm2 at 0.4 Vi
gt Tespectively. This result was confirmed by the
higher photoconversion efficiency of this sample
compared with other thick films of different thick-
nesses in this study. The onset potential, flat band
potential, and overpotential for the AT5 sample, in
comparison with the P25 sample as the reference
electrode, are listed in Table 2.

The photoconversion efficiency (n) as a function
of the applied bias for AT-based nanocomposites
and P25 photoelectrodes was calculated using eq.
5 [41]:

N (%) =Jp X (2) X [ (E'rev — |Eapp|)/Tiigne] X 100 (5)
Where:

]P is the photocurrent density (mA/cm?)

Ili\‘ght is the incident light irradiance

E ,, is the standard reversible potential (1.23 V )

E . is the applied potential, calculated as E.=
E .- E, - where E__ represents the electrode po-
tential (vs. Ag/AgCl) of the working electrode, and
E__is the electrode potential (vs. Ag/AgCl) of the
same working electrode under open circuit condi-
tion and illumination.

The photoconversion efficiency curves (n(%)),
obtained utilizing eq. 5 for the complete collection
of thick films, are depicted in Fig. 8.

Photoconversion efficiency results indicate the
strong effect of thickness on the photoelectrochem-
ical performance of AT-based photoelectrodes. In
Fig. 8, it’s evident that sample AT5, with the high-
est achievable photocurrent densities, also demon-
strates the highest photoconversion efliciency
under an illumination intensity of 100 mW cm™
Specifically, this efficiency is five times greater than
that observed for the TiO, P25 sample under iden-
tical conditions. The photocurrent densities of AT-
based nanocomposite photoelectrodes at -0.4 Vi
agcand the maximum photocurrent efficiencies of
these samples are sketched as a function of the layer
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thickness in Fig.9.

In the case of tialite-based photoelectrodes, pa-
rameters affecting photoconversion efficiencies —
such as band gap, particle size and morphology, and
crystal structure—were carefully controlled during
preparation. The thickness of the film, which de-
termines the light absorption, strongly influences
photoconversion efficiency which is limited by the
diffusion length of minority carriers in semicon-
ductor materials [42].In the case of this study, the
tialite-based nanocomposite photoelectrodes with
an average nanoparticle size of 25 nanometers, is
approximately 5 micrometers (AT5 sample). These
samples were prepared utilizing the sol-gel method,
which allows for the formation of a homogeneous
composite with controllable composition and mi-
crostructure. Their crystal structures were deter-
mined by the heat treatment, which was the same
for all specimens resulting in a final product with a
smaller energy band gap compared to titanium di-
oxide, leading to a higher photocurrent density in
comparison with the P25 sample containing TiO,
phase with an average particle size of 25 nm. Max-
imum values of the photoconversion efficiency and
photocurrent density as a function of thickness for
all specimens are shown in Fig. 9.

According to these results, the best performance
is attributed to the AT5 by the maximum photo-
conversion efficiency of 0.25% at about -04V, . .,
which was even better than the measured value of
the P25 sample as a reference for this study.

4. Conclusions

ALTiO,/TiO,/Al O, nanocomposite films of dif-
ferent thicknesses were prepared by sol-gel method
and deposited on fluorine-doped thin oxide glass
substrates. The estimated optical bandgap energy
(Eg) using the Kubelka-Munk model in analyz-
ing the DTS plots was about 2.9 eV for Al TiO,/
TiO,/AL,O, nanocomposite layers. The effect of
thickness on the photoelectrochemical activity of
AL TiO_-based nanocomposite thick films was in-
vestigated under the sunlight simulator in aqueous
IM NaOH electrolyte, respectively and the follow-
ing results were obtained.

1. All photoanodes were active under visible
light illumination and promising for water splitting
applications.

2. According to the results, morphology and
crystal structures are similar in these samples, so
the different photoelectrochemical activity of these
samples is specifically related to their different sur-
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face areas.

3. It was seen that the ability of semiconductor
film to carry the electronic charges, was affected by
the photoanode layer thickness significantly and
eventually, the slightly different photoelectrochem-
ical behavior was recorded by the samples.
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