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mical performances of MoO2/TiO2

nanotube array (TNA) heterojunctions synthesized
by SILAR method

Dzulhijjah Nur Meisinca and Sherly Kasuma Warda Ningsih *

MoO2/TiO2 nanotube arrays (TNAs) were synthesized by the SILAR (successive ionic layer adsorption and

reaction) method via the addition of ascorbic acid as a reductor. TNAs were synthesized using a two-

step anodization method on Ti foil. Characterization was performed using UV-Vis DRS, XRD, Raman

spectroscopy, and FESEM-EDX. Characterization results showed that MoO2 modification reduced the

band gap from 3.21 eV to 1.56 eV, expanding light absorption into the visible region.

Photoelectrochemical tests using a potentiostat with LSV and MPA methods showed that the MoO2/

TNAs electrode had a higher current density than pure TNAs, indicating increased charge separation

efficiency and photoelectrocatalytic activity.
1 Introduction

The use of photocatalysts is one effective method of treating
liquid waste. Photocatalysts convert light energy into chemical
energy that can produce hydroxyl radicals, which react with
organic compounds (pollutants) in a redox reaction, thereby
degrading the waste and restoring the water to a clear state.1

Titanium dioxide (TiO2) is a photocatalyst that is oen used in
the degradation process of organic pollutants, including dyes.
TiO2 is known as an effective photocatalyst material in the
photodegradation process due to its ability to generate elec-
tron–hole pairs when exposed to UV light.2,3

TiO2 can be synthesized by several methods, such as the
anodization method,4 sol–gel method, and solvothermal
method.5 However, among these methods, the anodization
method has the advantage of being a simple and efficient
process. The morphology of the nanotubes can be adjusted
through voltage, time, and solution composition. In addition,
anodization is environmentally friendly because the chemicals
used can be controlled.4 The anodization method produces
TiO2 nanotube arrays (TNAs).

TiO2 nanotube arrays (TNAs) have superior photocatalytic
advantages as photoelectrodes. These advantages are due to
their large surface area and one-dimensional structure, which
supports more efficient charge transport, thereby minimizing
electron–hole recombination. The nanotube array structure
with open tube holes at the top and perpendicular growth on
the Ti metal also supports more effective electron transport,
ematics and Natural Sciences (FMIPA),
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prevents electron–hole recombination, and facilitates photon
energy absorption.6

However, the main drawback of TNAs is their relatively wide
band gap, which means they can only be activated by UV light,
limiting the efficiency of the photocatalytic process under
sunlight.7 To overcome this limitation, the electronic structure
of the TiO2 surface was modied with other materials that have
high electrical conductivity and strong catalytic properties with
other semiconductor, such as Bi2WO6 and Sb3+ doping ion,8

construction of Z-scheme Bi2O3/CeO2 heterojunction,9

construction of Bi assisted CdS/TNAs,10 heterojunction with
PbS.11 Recent studies have demonstrated that TiO2 nanotube
structures synthesized via anodization exhibit superior perfor-
mance in gas sensing12 and photocatalytic applications, owing
to their tailored surface texture and enhanced interfacial
properties using PbS/TiO2 nanotube heterojunction synthesized
by SILAR.11

MoO2 is a metal oxide with good electrical conductivity and
strong catalytic properties, especially in hydrogenation and
oxygen reduction reactions. Synthesis of heterojunctions by
adding molybdenum dioxide (MoO2) can improve the photo-
catalytic performance of TiO2. MoO2 has a smaller band gap,
ranging from 2 eV to 2.4 eV, which allows it to absorb light in
a wider range, including visible light.13 By combining MoO2 and
TiO2 in the form of nanotubes, it is hoped that an optimal
heterojunction structure will be formed. In this case, TNAs are
only responsive to UV light, so they need to be modied with
MoO2 material that is responsive to visible light, thereby
increasing the overall response to sunlight and optimizing
performance in applications such as solar cells and pollutant
processing.

In synthesizing TNAs heterojunctions with MoO2, the SILAR
(successive ionic layer adsorption and reaction) method is used.
RSC Adv., 2026, 16, 12537–12546 | 12537
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The advantages of this method, apart from being simple and
cost-effective, are that SILAR can control material growth well by
regulating the number of process cycles, resulting in uniform
and high-quality material morphology. This method is also
effective in preventing electron–hole recombination, thereby
optimizing performance in removing pollutants.14

In this research MoO2/TNAs heterojunction was conducted
using ascorbic acid as the reductor. Photoelectrochemical
performances of MoO2/TNAs have been studied.

2 Experimental section
2.1. Materials

The equipment used in this study consisted of glassware, a DC
power supply, an ultrasonicator, a magnetic stirrer hot plate,
a spin bar, an analytical balance, a furnace, stainless steel
plates, a quartz reactor, spray bottles, Pt electrodes, Ag/AgCl
reference electrodes (3 M KCl), a 19 W visible LED lamp, and
a 20WUV lamp. Thematerials used are titanium (Ti) plate from
Shaanxi Yunzhong Metal Technology Co., Ltd, ammonium
uoride (NH4F, Merck), ethylene glycol (C2H6O2, Merck), NaOH,
ascorbic acid (C6H8O6), distilled water, 1000 CC and 1500 CC
sandpaper, ethanol (technical grade), acetone (technical grade),
sodium sulfate (Na2SO4, Merck), ammonium heptamolybdate
tetrahydrate ((NH4)6Mo7O24$4H2O).

2.2. Preparation of MoO2/TNAs by the SILAR method

The synthesis process of TNAs was carried out using a two-step
anodization method. The rst step of anodization was done for
an hour at a voltage of 40 V, and the second stage was done for
30 minutes at the same potential. Aer that, it was cleaned with
distilled water and allowed to air dry. Aer that, it was heated
for 2 hours at 450 °C.15 The formation of MoO2/TNAs was
carried out using the SILAR method. TNAs were soaked in
a solution of ((NH4)6Mo7O24$4H2O) at concentrations of 10 mM,
30mM, 50mM, and 70mM for 2minutes and then washed with
distilled water to remove unabsorbed ions. They were then
immersed in NaOH solutions with concentrations of 10 mM,
30 mM, 50 mM, and 70 mM, rinsed with distilled water, and
dried. This process was repeated 7 cycles to obtain MoO2/TNAs
catalyst samples. The samples were then immersed in ascorbic
acid solutions with concentrations of 10 mM, 30 mM, 50 mM,
and 70 mM at 80 °C for 60 minutes. They were then varied with
calcination treatment using argon and without calcination aer
the SILAR process with the same cycle and concentration
variations.14

2.3. Characterization of MoO2/TNAs

Characterization of TNAs before and aer the formation of n–p
junctions with MoO2 was analysed using XRD to determine the
crystal structure. This process was carried out by comparing the
XRD measurement results with the JCPDS TiO2 and MoO2 data.
The optical properties or band gap of the photocatalyst material
were analysed using UV-Vis DRS spectroscopy. The Raman shi
in the sample was observed through Raman spectroscopy.
Furthermore, surface analysis and heterojunction material
12538 | RSC Adv., 2026, 16, 12537–12546
analysis on the MoO2/TNAs sample were carried out using FE-
SEM EDX.
2.4. Photoelectrochemical performance of MoO2/TNAs
heterojunction

PEC cells are arranged in two types of congurations, namely
PEC cells for testing photoelectrode activity and PEC cells for
degradation production. PEC cells for testing photoelectrode
activity consist of a quartz container equipped with a three-
electrode system, namely the working electrode, which is
TNAs and MoO2/TNAs. The reference electrode used is Ag/AgCl,
and the counter electrode is a platinum electrode. To test
electrode performance, this PEC cell is equipped with a 20WUV
lamp and a 19W visible LED lamp. The electrolyte solution used
is 0.1 M Na2SO4. Photocurrent and photocurrent transient
measurements are performed using the Linear Sweep Voltam-
metry (LSV) and Multi-Pulsed Amperometry (MPA) technique.
3 Results and discussion

TNAs were synthesized using a two-step anodization method by
varying the anodization time in the second stage. A Ti plate was
used as the anode (working electrode) and a stainless-steel plate
as the cathode (counter electrode). The distance between the
two electrodes was set at 1.5 cm. The anodization process in the
rst stage was carried out at a potential of 40 V for 60 minutes,
and in the second stage, it was carried out for 30 minutes in an
ethylene glycol electrolyte solution containing 0.3% wt NH4F
and 2% H2O. This aims to study the hierarchy of the top layer
and bottom tube morphology of TNAs on PEC properties.
Ethylene glycol was chosen as the solvent because it has a rela-
tively low viscosity value (1.61 × 10−2 N s m−1), which facilitates
ion diffusion in the solution. The TiO2 layer will form when the
Ti metal oxidizes when the electrical potential is turned on,
while H2 gas bubbles form on the stainless-steel plate. DC
power supply equipment is used to provide a constant potential
of 40 volts, because nanotube formation using an ethylene
glycol solution is optimal at an electrical potential of 20–65
volts.

The use of a two-step anodization method in this study was
based on a template-assisted approach, in which the initial
structure resulting from the rst stage of anodization was
removed to leave a regular pattern that would serve as
a template for the growth of TNAs in the second stage. This can
improve the regularity of the morphology of TNAs and produce
a more homogeneous and vertically oriented structure. Varia-
tions in current over time during anodization were recorded
and observed using a DC power supply.

The growth process of Titanium Nanotube arrays (TNAs)
through a two-stage anodizationmethod at a constant voltage of
40 V was analyzed based on the current density curve prole
over time, as shown in Fig. 1. This curve shows changes in
current density in response to time during the anodization
process, which is generally divided into three main parts: the
initial oxide layer formation stage (barrier layer), pore formation
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Illustration of the preparation of MoO2/TNAs.
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through chemical dissolution, and the equilibrium stage or
vertical pore growth.

Fig. 2 shows the anodization curve prole of TNAs prepared
at 40 V for 60 minutes and 40 V for 30 minutes, indicating that
the current density at an anodization potential of 40 V for 60
minutes decreased signicantly from 23.33 mA cm−2 to 5 mA
cm−2 in the rst 30 seconds. This decrease is caused by the
formation of a non-conductive TiO2 barrier layer, which limits
the ow of ions between the electrolyte and the titanium
substrate, causing the anodization current to decrease. This
process corresponds to the reaction:

Ti + 2H2O / TiO2 + 4H+ + 4e−

Aer the initial oxide layer is formed, there is an increase in
current density from 5 mA cm−2 to 6.67 mA cm−2 within 120
seconds, indicating the start of the chemical dissolution
process, where uoride ions (F−) dissolve certain parts of the
TiO2 layer, forming small holes and pores. This process
increases the conductivity of the anode because the pores
formed increase the reactive surface area.16 The reaction to form
the [TiF6]

2− complex proceeds via:

TiO2 + 6F− + 4H+ / [TiF6]
2− + 2H2O

Then equilibrium occurs, characterized by a decreasing and
relatively constant density current, caused by ionic current
owing through the pore site and playing a role in increasing
the depth or length of the grown nanotube.
Fig. 2 Anodization curve profile TNAs 40 V 60 minutes 40 V 30
minutes.

© 2026 The Author(s). Published by the Royal Society of Chemistry
Furthermore, in the second stage (40 V for 30 minutes), the
current curve prole shows a pattern similar to the rst stage,
but there are some important differences. The current decrease
in the initial part (t1) is not as deep as in the rst stage, and the
current increase in the second part (t2) occurs more quickly.
This indicates that the barrier layer formation process is
thinner and the electric eld is more effectively distributed due
to the template from the rst stage of anodization. The
morphology of the titanium surface, which already has a pore
pattern from the previous stage, causes the electric eld
distribution to be more uniform, thereby accelerating the
initiation of pore formation in the second stage.

The maximum current density achieved in the second stage
was also slightly higher than in the rst stage. This indicates
that the electrochemical reaction proceeded more rapidly and
intensely, potentially producing TNAs with greater length and
diameter in a shorter time. Under steady-state conditions in the
second stage, the current remained stable, indicating the
continuous and controlled formation of pores.

Overall, these results indicate that the use of a two-step
anodization method at a xed voltage of 40 V can improve the
morphological regularity of TNAs. This is demonstrated by
a more stable and efficient current curve pattern in the second
stage, as a result of the electric eld distribution being guided
by the initial structure. These observations are consistent with
previous ndings,17 which state that two-stage anodization is
capable of producing a more uniform and vertical nanotube
structure due to the initial mold from the rst anodization.
3.1. Characterization of MoO2/TNAs heterojunction by UV-
Vis DRS

Fig. 3 shows the UV-Vis DRS spectra of TNAs and MoO2/TNAs
samples prepared using the 7-cycle SILAR method at various
concentrations (10 mM, 30 mM, 50 mM, and 70 mM) and
thermal treatment variations (with and without argon). It can be
seen that pure TNAs have high reectance in the UV region
around 380 nm, which is a characteristic feature of anatase
phase TiO2 semiconductors. Reectance decreased signicantly
aer modication with MoO2 without using an argon furnace,
indicating an increase in light absorption capacity, especially in
the visible light range (400–700 nm).

A fairly drastic decrease in reectance was observed inMoO2/
TNAs samples without argon furnace treatment, indicating that
MoO2 doping successfully expanded the light absorption range
to the visible region and improved the photocatalytic potential
of the material. The spectra of MoO2/TNAs also show broader
and more intense absorption compared to pure TNAs, indi-
cating an increase in the interaction between visible light and
the material surface.

The optical band gap value was calculated using the Tauc
plot method based on the Kubelka–Munk transformation, as
shown in Table 1. The optical band gap of pure TNAs was ob-
tained to be 3.21 eV, which is consistent with the anatase TiO2

character. Aer modication with MoO2, the band gap value
decreased signicantly, especially at a concentration of 50 mM
without argon annealing treatment, which showed a band gap
RSC Adv., 2026, 16, 12537–12546 | 12539
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Fig. 3 (a) SpectrumUV-Vis DRS (b) Tauc plot TNAs 40 V 60minutes
40 V 30 minutes, MoO2/TNAs 10 mM, MoO2/TNAs 30 mM,
MoO2/TNAs 50 mM, MoO2/TNAs 70 mM, MoO2/TNAs 10 mM
(argon), MoO2/TNAs 30 mM (argon), MoO2/TNAs 50 mM
(argon), MoO2/TNAs 70 mM (argon).
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of 1.56 eV, indicating that MoO2 successfully reduced the elec-
tron excitation energy, allowing the material to absorb more
light in the visible region.

Band gap reduction allows the material to absorb longer-
wavelength (visible) light, not only UV light. This increases the
number of absorbed photons, generating more electron–hole
pairs. The reduction of the band gap contributes to photocur-
rent enhancement by extending light absorption into the visible
region, thereby increasing the generation of photogenerated
charge carriers. The higher carrier density, combined with
improved interfacial charge transfer and suppressed charge
Table 1 Band gap values of MoO2/TNAs

Sample
Band gap
(eV)

Sample
code

TNAs 40 V 60 minutes 40 V 30 minutes 3.21 TNAs
MoO2/TNAs 7 cycles 10 mM 3.09 Mo10
MoO2/TNAs 7 cycles 30 mM 1.76 Mo30
MoO2/TNAs 7 cycles 50 mM 1.56 Mo50
MoO2/TNAs 7 cycles 70 mM 1.82 Mo70
MoO2/TNAs 7 cycles 10 mM (argon) 3.05 Mo10A
MoO2/TNAs 7 cycles 30 mM (argon) 2.86 Mo30A
MoO2/TNAs 7 cycles 50 mM (argon) 3.12 Mo50A
MoO2/TNAs 7 cycles 70 mM (argon) 3.13 Mo70A

12540 | RSC Adv., 2026, 16, 12537–12546
recombination, leads to an overall increase in photocurrent
response.15

Samples without argon furnace treatment (only ascorbic acid
immersion and 80 °C oven) showed a signicant narrowing of
the band gap (1.56–1.82 eV at concentrations of 30–70 mM),
compared to pure TNAs. Conversely, further treatment with
a furnace in an argon atmosphere resulted in larger band gap
values closer to those of pure TNAs, ranging from 2.86 to
3.14 eV.

This can be explained by considering the role of ascorbic
acid, precursors, and thermal treatment. Ascorbic acid func-
tions as an effective reducing agent to reduce molybdenum
from a higher oxidation state (Mo6+ or Mo5+) to Mo4+, which is
the form in MoO2. Aer reduction, ascorbic acid also helps
stabilize MoO2 so that it does not reoxidize to the MoO3 (Mo6+)
form. In addition, ascorbic acid can prevent excessive oxidation
during the furnace process, resulting in a homogeneous MoO2

layer with a sufficient level of defects. The presence of structural
defects and trap states due to crystal imperfections in the MoO2

layer without a furnace tends to reduce the band gap value due
to the emergence of an intermediate energy level in the valence
and conduction bands, which facilitates the excitation of elec-
trons with lower energy.

The use of a furnace with an argon atmosphere at high
temperatures aims to improve the crystallinity of the MoO2

layer, prevent oxidation to MoO3 with a wider band gap, and
eliminate excessive defects that can cause interband energy
levels. This causes the band gap value of the material to be
closer to the intrinsic value of pure TNAs and reduces the
intensity of mid-gap states that narrow the band gap. However,
the improvement in structure actually makes the band gap less
narrow than expected for photocatalytic degradation applica-
tions, as a narrow band gap allows for more effective absorption
of the visible light spectrum and increases the formation of
active electron–hole pairs.

Overall, treatment without an argon furnace resulted in
a narrower band gap for modied MoO2/TNAs than treatment
with an argon furnace. This shows that the defect level and
interband energy state (band tailing) maintained without argon
annealing actually increased light absorption in the visible and
near-infrared regions, thereby facilitating the photocatalytic
reaction for the degradation of dyes.

The charge transfer mechanism at the MoO2/TiO2 interface,
TiO2 absorbs photons and produces electron–hole pairs under
illumination:

TiO2 + hn / eCB
−(TiO2) + hVB

+(TiO2)

MoO2 is metallic, while TiO2 is an n-type semiconductor.
When the two come into contact, the Fermi level equalizes,
forming a Schottky barrier on the TiO2 side. Electrons excited in
the TiO2 conduction band are spontaneously transferred to
MoO2, as MoO2 has high conductivity and acts as an electron
sink/collector. The Schottky barrier inhibits the backow of
electrons to TiO2, signicantly reducing electron–hole recom-
bination. Electrons captured by MoO2 are rapidly transported to
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Diffractogram patterns (a) TNAs 40 V 60 minutes 40 V 30
minutes (b) MoO2/TNAs 7 cycles 50 mM.
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the current collector, while holes remain in TiO2 and participate
in oxidation reactions at the electrode–electrolyte interface.18
3.2. Characterization of MoO2/TNAs heterojunction by XRD

XRD characterization aims to determine the crystal structure of
TNAs and MoO2/TNAs prepared using the SILAR method. Fig. 4
shows the XRD diffractogram of pure TNAs samples with the
anatase phase can be observed at 2q: 25.5°; 38.1°; 48.1°; 54.2°;
55.2°; 63.0°; 68.9°; 70.9°; and 76.3°, which correspond to the
crystal planes (101), (004), (200), (105), (211), (204), (116), and
(220), as listed in the JCPDS standard no. 00-021-1272.19 The
presence of this anatase peak indicates that the TiO2 phase
formed is crystalline with a tetragonal structure. This shows
that amorphous TiO2 turns crystalline at a calcination temper-
ature of 450 °C. The average crystallite size of TNAs was 49.15 ±

23 nm (RSD = 45.4%).
In addition to the anatase phase, titanium metal peaks were

also detected at 2q: 35.2°; 40.3°; 53.1°; and 77.3°, which are
associated with crystal planes (100), (101), (102), and (201)
according to JCPDS data no. 21-1294.20 This peak originates
from the Ti foil substrate used as the working electrode during
the anodization process, and its presence does not interfere
with the identication of the main TiO2 phase.
Table 2 The crystallite size of TNAs and MoO2/TNAs

No Photoanode 2q (°) FW

1 TNAs (40 V 60 minutes 40 V 30 minutes) 25.5 0.
38.1 0.
48.1 0.
54.2 0.
55.2 0.
63.0 0.
68.9 0.
70.9 0.
76.3 0.

2 7MoO2/TNAs 50 mM 37.1 0.
53.1 0.
54.2 0.
63.1 0.

© 2026 The Author(s). Published by the Royal Society of Chemistry
For MoO2/TNAs samples modied using the SILAR method
for 7 cycles at a precursor concentration of 50 mM, in addition
to the anatase and Ti peaks, several peaks characteristic of
MoO2 compounds were also identied. These peaks appeared at
2q: 37.1°; 53.1°; 54.2°; and 63.1°, each corresponding to the
crystal planes (101), (220), (211), and (221) according to JCPDS
no. 86-0135.21 The presence of these peaks conrms that MoO2

was successfully deposited on the surface of TNAs and has
a tetragonal crystalline structure. The average crystallite size of
7MoO2/TNAs (50 mM) was 51.91 ± 10.79 nm (RSD = 20.8%).

Thus, XRD analysis shows that modication of TNAs with
MoO2 using the 7-cycle SILAR method successfully formed
a heterojunction structure between anatase TiO2 and crystalline
MoO2, without removing the anatase phase or damaging the Ti
metal substrate. This structure is expected to support increased
photocatalytic activity in organic compound degradation
applications (Table 2).
3.3. Characterization of MoO2/TNAs heterojunction by
Raman spectroscopy

Raman spectroscopy was used to identify the crystal phase,
detect active vibration modes, and evaluate structural changes
in TiO2 nanotube arrays (TNAs) before and aer modication
with MoO2. The Raman spectra of TNAs and MoO2/TNAs are
shown in Fig. 5.22

The Raman spectrum of TNAs shows characteristic peaks of
the anatase phase of TiO2, namely the presence of a symmetric
O–Ti–O stretching vibration peak appearing at 144 cm−1 (Eg1),
Ti–O vibration peaks at 396 cm−1 (B1g), 513 cm−1 (A1g),
636 cm−1 (Eg) (Fig. 5a). The Raman spectrum value at 144 cm−1

corresponds to the Raman spectrum reference for pristine TiO2.
This indicates that the TiO2 phase formed is the anatase phase,
which is consistent with the XRD characterization results. The
Eg and B1g peaks are the symmetry stretching vibration and
symmetry bending vibration of the O–Ti–O bond in TiO2,
respectively. The intensity of the Eg1 peak in the two-stage
anodized sample indicates a good degree of crystallinity in the
HM (rad)
Crystal size
(nm) Average crystallite size (nm)

2273 35.44 49.15 � 23 nm, (RSD = 45.4%)
1299 63.98
2598 33.12
3247 27.19
2598 34.13
1299 70.97
7793 12.23
1188 81.22
1188 84.09
3827 37.18 51.91 � 10.79 nm, (RSD = 20.8%)
1299 53.14
3897 54.20
0974 63.11
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Fig. 5 Raman spectrum of (a) TNAs 40 V 60 minutes 40 V 30 minutes,
(b) MoO2/TNAs 50 mM.

Fig. 6 FESEM images (a) surface morphology of TNAs 40 V 60 min
40 V 30 min (b) cross section of TNAs 40 V 60 min 40 V 30 min (c)
surface morphology of MoO2/TNAs 50 mM (d) cross section of MoO2/
TNAs 50 mM.
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TNAs structure. The higher the Eg1 intensity, the higher the
crystallinity and regularity of the TiO2 anatase structure.23

Aer the surface modication process of TNAs with MoO2

(Fig. 5b), the six anatase peaks remained, indicating that the
TiO2 crystal structure did not change signicantly due to the
impregnation process. However, there was a slight shi in the
Raman peak positions to 145.47 cm−1 (Eg1), 395.41 cm −1 (B1g),
517.19 cm−1 (A1g), and 638.75 cm−1 (Eg1). The shi in peak
position (blueshi) to a higher wave number and peak broad-
ening indicate an interaction between MoO2 and the TiO2

surface, causing a change in the local O–Ti–O bond environ-
ment but without changing the main phase of TiO2. The
increase in peak intensity in MoO2/TNAs compared to the
original TNAs reects an increase in crystallinity or the possi-
bility of an increase in defect sites relevant to catalytic and
photoelectrochemical applications.

3.4. Characterization of MoO2/TNAs heterojunction by
FESEM-EDX

Morphological analysis of TNAs was performed using FESEM to
determine the surface structure and cross-section of the formed
TiO2 tubes. Fig. 5 shows the surface morphology and cross-
section of TNAs prepared by the two-step anodization method
at a potential of 40 V for 60 minutes in the rst step and 40 V for
30 minutes in the second step.

Fig. 6a shows uniform pore openings that are evenly
distributed across the entire surface. This surface morphology
indicates that the TiO2 layer has formed consistently, with
a pore size of approximately 46.39 nm. Fig. 6b shows that the
TiO2 tubes are arranged perpendicular to the substrate with
a tube height of approximately 1.5 mm, indicating a highly
ordered and homogeneous structure. This structure indicates
that the anodization parameters used are optimal in supporting
the vertical growth of TiO2 nanotubes. The morphology of the
TNAs appears to form a regular hexagonal (honeycomb) pore
pattern.15

Fig. 6c shows the result aer modication with MoO2 using
the SILAR method for 7 cycles at a concentration of 50 mM,
resulting in a decrease in the average pore diameter to
38.31 nm. Fig. 5d shows that the tubes are arranged straight on
12542 | RSC Adv., 2026, 16, 12537–12546
the substrate with a tube height of about 2 mm, indicating
a highly ordered and homogeneous structure. This change
indicates that the MoO2 layer successfully coated the TNAs
surface without damaging the formed nanotube structure. The
preserved morphology with a regular pore pattern supports
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra00181e


Fig. 7 EDX spectrum of 50 mM MoO2/TNAs.

Table 3 EDX results from MoO2/TNAs 50 mM

Element
Norm. mass concentration
(%)

Norm. atomic
concentration (%)

Oxygen 39.08 65.80
Titanium 60.65 34.12
Molybdenum 0.27 0.01
Sum 100.00 100.00

Fig. 8 (a) I–V graph (b) I–t curve under illumination conditions of
UV light and visible light from TNAs prepared at 40 V for 60minutes
and 40 V for 30 minutes, using a Na2SO4 electrolyte solution.
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efficient electron transfer and optimal light absorption for
photocatalyst performance.

Fig. 7 shows the EDX spectrum results of MoO2/TNAs, which
identify the presence of Ti (titanium) 34.12%, O (oxygen)
65.80%, and Mo (molybdenum) 0.01% layers, indicating the
presence of TiO2 and MoO2 compounds in Table 3. TiO2

nanotube arrays (TNAs) show the dominance of titanium (Ti)
and oxygen (O) elements, as well as the presence of Mo
(molybdenum) as a modication layer. The atomic composition
of Ti and O is the dominant element with signicant atomic
percentages, while Mo is a thin layer covering the surface of
TNAs. This indicates the success of MoO2 coating on the surface
of TiO2 nanotube arrays, which will later act as a heterojunction
in enhancing photocatalytic properties.

3.5. Characterization of MoO2/TNAs heterojunction by LSV
and MPA

The photoelectrochemical performance of TNAs does not
respond well to visible light, because the photocurrent is very
small compared to when illuminated by UV light. This occurs
because TiO2 has a fairly large bandgap of around 3.2 eV, so it
can only absorb high-energy light such as UV. Visible light is not
strong enough to activate this material, so not many electrons
can be generated.24 As shown in Fig. 8a and b, the ability of
TNAs to generate electric current from light is very low. The
photoelectrochemical method applied in this study is the
measurement of photocurrent versus potential (LSV). Photo-
current is generated through the application of a potential
sweep. Meanwhile, transient photocurrent is obtained from
irradiation at a constant potential and specic wavelength in
the form of a short light pulse (MPA), which aims to determine
charge kinetics, such as the electron diffusion coefficient and
the electron transport time from the photocatalyst to the
substrate.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The photoelectrochemical performance of MoO2/TNAs with
various variations was tested using irradiation in the visible
light region. The photoelectrochemical method applied in this
study was the measurement of photocurrent versus potential
(LSV). Photocurrent was generated through the application of
a potential sweep. Meanwhile, transient photocurrent was ob-
tained from irradiation at a constant potential and specic
wavelength in the form of a short light pulse (MPA), which
aimed to determine charge kinetics, such as the electron
diffusion coefficient and the electron transport time from the
photocatalyst to the substrate.

Based on the results of linear sweep voltammetry (LSV)
measurements in Fig. 9, the photoelectrochemical performance
of pure TNAs andMoO2/TNAs composite materials with 7 SILAR
cycles was observed under various precursor concentrations
and thermal conditions (argon vs. non-argon) under visible
light irradiation.

From the curve, the pure TNAs sample (black line) shows the
lowest photocurrent density with illumination of visible light.
However, when TNAs are modied with MoO2, it can be seen
that there is a change in photocurrent characteristics depend-
ing on the concentration of the Mo precursor solution and
thermal conditions. The MoO2/TNAs sample with a precursor
concentration of 50 mM under non-argon conditions showed
a relatively higher positive photocurrent compared to other
variations, especially in the positive potential range up to
approximately +0.13 V. Although it did not exceed the peak
photocurrent of pure TNAs at negative potentials, the trend of
RSC Adv., 2026, 16, 12537–12546 | 12543
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Fig. 9 Graph I–V under visible light illumination conditions from
TNAs 40 V 60 minutes 40 V 30 minutes, MoO2/TNAs 10 mM,
MoO2/TNAs 30 mM, MoO2/TNAs 50 mM, MoO2/TNAs 70 mM,

MoO2/TNAs 10 mM (argon), MoO2/TNAs 30 mM (argon),
MoO2/TNAs 50 mM (argon), MoO2/TNAs 70 mM (argon) in Na2SO4

electrolyte solution.
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photocurrent stability in the positive potential region of 50 mM
non-argon MoO2 showed an increase in charge transfer effi-
ciency and better electron–hole pair separation compared to
other variations.

Based on the results of previous UV-Vis DRS characteriza-
tion, it is known that materials with a concentration of 50 mM
non-argon also show the highest absorbance and a shi in light
absorption to the visible region (redshi), indicating greater
light absorption efficiency and the contribution of electronic
transitions from MoO2 to the TiO2 structure. The addition of
MoO2 to TNAs can improve photoelectrochemical performance
through two main mechanisms, namely the formation of a type
II heterojunction betweenMoO2 and TiO2 that facilitates charge
separation and increased absorbance in the visible region due
to the contribution of Mo4+, which is capable of broadening the
light absorption spectrum.

Based on Fig. 10 of theMPAmeasurement results, pure TNAs
electrodes showed a low photocurrent response with
Fig. 10 Graph I–t under visible light illumination conditions from
TNAs 40 V 60 minutes 40 V 30 minutes, MoO2/TNAs 10 mM,
MoO2/TNAs 30 mM, MoO2/TNAs 50 mM, MoO2/TNAs 70 mM,

MoO2/TNAs 10 mM (argon), MoO2/TNAs 30 mM (argon),
MoO2/TNAs 50 mM (argon), MoO2/TNAs 70 mM (argon) in Na2SO4

electrolyte solution.

12544 | RSC Adv., 2026, 16, 12537–12546
a photocurrent density of only about 0.00936 mA cm−2, indi-
cating limited photoelectrochemical activity due to the proper-
ties of anatase TiO2, which has a band gap of about 3.2 eV and is
mainly active in the ultraviolet region.7 Photocurrent density of
TNAs pristine higher in UV illumination, but not respond to
visible light. The increased current density observed for the
MoO2/TNAs electrode originates from synergistic improve-
ments in charge separation efficiency, electrical conductivity,
and optical absorption. The incorporation of conductive MoO2

enables rapid electron extraction from TNAs, effectively sup-
pressing interfacial recombination. Furthermore, MoO2 modi-
cation narrows the effective band gap and enhances interfacial
charge transfer kinetics, thereby signicantly improving the
photoelectrochemical response.

Aer modication with MoO2 using the 7-cycle SILAR
method, there was a signicant increase in photocurrent
density across all concentration variations. Variations in MoO2

concentration affect charge transfer efficiency. Among all
samples tested, MoO2/TNAs with a concentration of 50 mM in
non-argon conditions produced the highest photocurrent
density of 0.055 mA cm−2, indicating a substantial increase in
efficiency. This indicates that a concentration of 50 mM is
capable of producing an ideal structure to support the forma-
tion of a semiconductor junction (heterojunction) between
MoO2 and TiO2, which plays a role in improving electron–hole
pair separation and accelerating charge transfer to the
substrate.

The lower photocurrent value at a concentration of 70 mM
indicates that excess deposition can inhibit charge transfer due
to partial closure of the active surface of TiO2 or the formation
of MoO2 particle agglomerates. This can increase the electron–
hole recombination rate, thereby reducing photocurrent effi-
ciency even though light absorption increases.25

These MPA results are consistent with the UV-Vis DRS
characterization data, where the 50 mM non-argon sample
exhibits high visible light absorption and a shi in the
absorption band toward longer wavelengths (redshi). This
change indicates a narrowing of the band gap, which increases
the material's ability to absorb photons from the visible light
spectrum and generate more electron–hole pairs.
4 Conclusions

Modication of TNAs with MoO2 using the SILAR method
successfully reduced the band gap from 3.21 eV to 1.56 eV,
which expanded light absorption to the visible region.
Photoelectrochemical testing using a potentiostat with the LSV
and MPA methods showed that the MoO2/TNAs electrode had
a higher current density than pure TNAs, indicating an increase
in charge separation efficiency and photoelectrocatalytic
activity.
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