
61

Physical Sciences and Technology. Vol. 13 (No. 1-2), 2026: 61-68

IRSTI 31.15.35							      https://doi.org/10.26577/phst20261316

Photoelectrochemical reduction and electrochemical  
detection of Cr(VI) using TiO₂ nanosheet electrodes

N.Y. Akhanova1 , A.T. Tulegenova1* , M.B. Aitzhanov2 , M.T. Gabdullin1 ,  

A.Zh. Iskalieva1 , Zh. Ongaibergenov2  and A.A. Markhabayeva1

1Kazakh-British Technical University Almaty, Kazakhstan
2Institute of Applied Science and Information Technologies, Almaty, Kazakhstan

*e-mail: tulegenova.aida@gmail.com
(Received April 27, 2026; received in revised form May 30, 2026; accepted June 1, 2026)

TiO₂ nanosheet electrodes were successfully fabricated on fluorine-doped tin oxide (FTO) substrates via a 
hydrothermal method using a TiCl₄–HCl–NH₄F system. The obtained hierarchical nanosheet morphology 
provides a high surface area and abundant active sites, which are favorable for electrochemical and 
photoelectrochemical processes. The electrochemical performance of the TiO₂ electrodes was investigated 
for both detection and reduction of hexavalent chromium (Cr (VI)), a highly toxic and hazardous pollutant 
in water systems. Cyclic voltammetry revealed enhanced cathodic currents and the appearance of a 
reduction peak in the presence of Cr (VI), confirming its electrochemical reduction. Chronoamperometric 
measurements demonstrated a rapid and concentration-dependent current response, with a linear detection 
range of 0.01–0.8 mM and a sensitivity of 0.213 mA·mM⁻¹, and a limit of detection (LOD) of approximately 
0.003 µM. Under UV illumination, a decrease in photocurrent was observed after the addition of Cr (VI), 
indicating the consumption of photogenerated electrons in the photoelectrochemical reduction process. 
This behavior confirms that Cr (VI) acts as an efficient electron acceptor, undergoing reduction to less 
toxic Cr (III). The combined electrochemical and photoelectrochemical results demonstrate that TiO₂ 
nanosheet electrodes can serve as multifunctional platforms for simultaneous detection and detoxification 
of Cr (VI). This work highlights the potential of TiO₂-based systems for sustainable water purification and 
environmental remediation, contributing to the development of clean water technologies.

Keywords: TiO₂ nanosheets, photoelectrochemical reduction, Cr (VI); electrochemical detection, water 
purification.

1. Introduction

Hexavalent chromium (Cr (VI)) is one of the most 
toxic and hazardous heavy metal pollutants, widely 
found in industrial wastewater from electroplating, 
leather processing, and textile industries. Due to its 
high solubility, mobility, and strong oxidizing nature, 
Cr (VI) poses severe risks to human health and the 
environment, including carcinogenic and mutagenic 
effects [1,2].

Among various approaches for chromium reme-
diation, the reduction of Cr (VI) to trivalent chromi-
um (Cr (III)) is considered an effective detoxification 
strategy, as Cr (III) is significantly less toxic and can 
be easily precipitated as hydroxides. Therefore, the 
development of efficient materials capable of both 

detection and reduction of Cr (VI) is of great impor-
tance [3,4].

Titanium dioxide (TiO₂) has been extensively 
studied as a photoactive material due to its excellent 
chemical stability, low cost, and strong photocatalyt-
ic properties. Under UV illumination, TiO₂ generates 
electron–hole pairs [5-7], enabling redox reactions at 
the surface. In particular, photogenerated electrons 
can participate in the reduction of Cr(VI), making 
TiO₂ a promising candidate for photoelectrochemical 
detoxification processes[6,7].

In addition to photocatalysis, TiO₂-based nano-
structures have attracted attention for electrochemi-
cal sensing applications due to their large surface 
area and favorable charge transport properties. The 
combination of sensing and catalytic functionality 
in a single material offers a promising approach for 
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simultaneous detection and removal of toxic species 
[8-10].

Although various TiO₂-based nanostructures 
such as nanotubes, nanoparticles, thin films, and het-
erostructures have been previously investigated for 
Cr (VI) sensing and photoelectrochemical reduction, 
many reported systems require multistep fabrication 
procedures, noble metal modification, or complex 
multicomponent architectures to achieve enhanced 
performance. In contrast, the present work focuses 
on hydrothermally synthesized TiO₂ nanosheets with 
a hierarchical layered morphology providing a large 
exposed surface area, abundant active sites, and fa-
cilitated charge/electrolyte transport. In addition, the 
proposed TiO₂ nanosheet platform combines dual 
functionality, enabling both electrochemical detec-
tion and photoelectrochemical reduction of Cr (VI) 
within a single material system without the use of ad-
ditional cocatalysts or noble metals.

In this work, TiO₂ nanosheet electrodes were 
synthesized via a hydrothermal method on FTO 
substrates and investigated for both electrochemi-
cal detection and photoelectrochemical reduction of 
Cr(VI). The electrochemical behavior, sensing per-
formance, and reduction mechanism were systemati-
cally studied using cyclic voltammetry, chronoam-
perometry, and photoelectrochemical measurements.

2. Materials and methods 

2.1 Synthesis of TiO2 
TiO₂ nanosheets were grown on FTO substrates 

via a hydrothermal method. Prior to synthesis, the 
FTO substrates (2 × 3 cm) were sequentially cleaned 
in acetone, isopropanol, and deionized water for 10 
min each using ultrasonication. The substrates were 
then dried and optionally treated with UV-ozone to 
improve surface wettability. The growth solution was 
prepared by mixing 15 mL of deionized water and 15 
mL of concentrated HCl (37%) under stirring. Sub-
sequently, 0.10–0.20 g of NH₄F was added and fully 
dissolved. Finally, 0.5 mL of TiCl₄ was slowly in-
troduced into the solution under continuous stirring. 
The resulting solution was transferred into a Teflon-
lined stainless steel autoclave, filled to approximately 
70–80% of its volume. The cleaned FTO substrate 
was placed inside the autoclave at an angle (~45°) 
with the conductive side facing downward. The hy-
drothermal reaction was carried out at 180 °C for 12 
h. After cooling naturally to room temperature, the 
samples were removed, thoroughly rinsed with de-
ionized water and ethanol, and dried at 60–80 °C. Fi-
nally, the samples were annealed in air at 450 °C for 
2 h to improve crystallinity and adhesion.

The chemicals used in this work included po-
tassium dichromate (K₂Cr₂O₇, ≥99% ACS reagent), 
sulfuric acid (H₂SO₄, ≥95% ACS reagent), acetone 
(≥95% Laborfarma), and 1,5-diphenylcarbazide 
(DPC ≥99% Sigma Aldrich). All aqueous solutions 
were prepared using deionized water. A 10 mM 
Cr(VI) stock solution was prepared by dissolving 
K₂Cr₂O₇ in 0.5 M H₂SO₄. For colorimetric analysis, 
a 0.5 wt.% DPC solution was prepared by dissolv-
ing 1,5-diphenylcarbazide in acetone. All chemicals 
were used as received without additional purification.

2.2 Electrochemical measurements 
Electrochemical measurements were performed 

using a three-electrode configuration with the TiO₂/
FTO sample as the working electrode, a platinum 
mesh as the counter electrode, and an Ag/AgCl (3 M 
KCl) electrode as the reference. The 0.5 M H2SO4 so-
lution was used as electrolyte. All experiments were 
performed using a potentiostat (CorrTest CS310S) at 
room temperature. Chronoamperometric measure-
ments were conducted at a fixed potential (0.2 V vs 
Ag/AgCl). After achieving a stable baseline current, 
successive aliquots of Cr (VI) stock solution (10 
mM) were injected into the electrolyte under con-
tinuous stirring. The additions resulted in stepwise 
increases in Cr (VI) concentration, with cumulative 
concentrations of 0.01, 0.03, 0.08, 0.18, 0.28, 0.48, 
0.78, and 1.18 mM. The steady-state current values 
were extracted from each step and used to construct 
a calibration curve of current response versus Cr (VI) 
concentration. A linear relationship was observed in 
the low concentration range (0.01–0.18 mM), and the 
sensitivity was calculated from the slope of the linear 
fit. After each addition, the current response was re-
corded until a steady-state value was reached. 

Linear sweep voltammetry (LSV) measurements 
were performed under chopped UV illumination to 
evaluate the photoelectrochemical behavior of the 
TiO₂ electrode. The light source (Xe lamp) was peri-
odically switched on and off during the potential scan. 
The scan rate was set to (10 mV s⁻¹). The photocurrent 
response was recorded in the absence and presence 
of Cr(VI) in 0.5 M H2SO4. The geometric area of the 
working electrode was approximately 1 cm².

3. Results and discussion

3.1 Morphology and structure 
The surface morphology of the synthesized TiO₂ 

was examined by SEM (Figure 1). At low magnifi-
cation (Figure 1a), the sample exhibits a relatively 
uniform coverage of the FTO substrate by micro- and 
nanoscale structures. The structures are randomly 



63

N.Y. Akhanovai et al.	                                                                     Phys. Sci. Technol., Vol. 13 (No. 1-2), 2026: 61-68

oriented and densely distributed across the surface. 
At higher magnification (Figure 1b), the morphol-
ogy reveals the presence of rod-like and plate-like 
structures with irregular orientations. These features 
appear to originate from nucleation and anisotropic 
growth during the hydrothermal process [11]. The 
high-magnification image (Figure 1c) clearly shows 
the formation of hierarchical TiO₂ nanosheets com-
posed of stacked layers with well-defined edges. 
Such a layered architecture provides an increased 
surface area and abundant active sites, which are 
beneficial for electrochemical processes. The hierar-

chical nanosheet morphology is expected to facilitate 
charge transfer and electrolyte diffusion due to the 
presence of exposed edges and interconnected lay-
ered structures. Such architecture promotes efficient 
interaction between Cr(VI) species and the TiO₂ sur-
face, contributing to the enhanced cathodic current 
response observed during electrochemical measure-
ments. In addition, the large exposed surface area and 
reduced charge transport pathways can improve the 
separation and transfer of photogenerated charge car-
riers under UV illumination, thereby enhancing the 
photoelectrochemical reduction performance.

Figure 1. Scanning electron microscopy (SEM) images of TiO₂ structures grown  
on FTO substrate at different magnifications.

The crystalline structure of the synthesized TiO₂ 
nanosheets was investigated by X-ray diffraction 
(Figure 2). The diffraction pattern exhibits several 
well-defined peaks that can be indexed to TiO₂, in 
good agreement with the standard reference (JCPDS 
No. 00-001-0562). The presence of sharp and intense 
reflections indicates good crystallinity of the hydro-
thermally grown nanosheets. In addition to TiO₂ 
peaks, several diffraction signals corresponding to 
SnO₂ (JCPDS No. 01-080-6802) are observed, which 
originate from the FTO substrate. This confirms that 
the TiO₂ layer is relatively thin, allowing diffraction 
from the underlying conductive glass to be detected. 
No additional impurity phases were detected within 
the resolution of the measurement, indicating the 
phase purity of the synthesized TiO₂ nanosheets.

The structural properties of the synthesized TiO₂ 
nanosheets were further analyzed by Raman spec-
troscopy (Figure 3). The spectrum exhibits several 
characteristic peaks located at 140, 394, 514, and 636 
cm⁻¹, which are attributed to the Eg, B1g, A1g, and 
Eg vibrational modes of anatase TiO₂, respectively. 
The strong and sharp Eg mode at ~140 cm⁻¹ indicates 

good crystallinity and well-defined lattice structure 
[12,13]. The presence of all characteristic anatase 
modes confirms that the hydrothermal synthesis fol-
lowed by annealing resulted in phase-pure anatase 
TiO₂.

Figure 2. X-ray diffraction (XRD) pattern  
of TiO₂ nanosheets grown on FTO substrate.
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Figure 3. Raman spectrum of TiO₂ nanosheets grown  
on FTO substrate.

The characteristic vibrational modes are ob-
served at 140, 394, 514, and 636 cm⁻¹, corresponding 
to the Eg, B1g, A1g, and Eg modes of anatase TiO₂, 
confirming the formation of the anatase phase.

3.2 Electrochemical performance
The electrochemical behavior of the TiO₂ elec-

trode was investigated by cyclic voltammetry (Fig-
ure 4a). In the presence of Cr(VI), a significant in-
crease in cathodic current is observed compared to 
the blank electrolyte [14]. Additionally, a reduction 
peak appears in the potential range of ~0.0–0.2 V vs. 
Ag/AgCl, indicating the electrochemical reduction 
of Cr (VI) to Cr (III). This confirms that the TiO₂ 
nanosheet electrode exhibits catalytic activity toward 
Cr (VI) reduction. 

Figure 4b shows the chronoamperometric re-
sponse of the TiO₂ electrode upon successive ad-
ditions of Cr (VI). Each injection results in a sharp 
cathodic current drop followed by stabilization at a 
new steady-state level. The magnitude of the current 

response increases with increasing Cr (VI) concen-
tration, indicating a concentration-dependent electro-
chemical response. The transient spikes are attributed 
to rapid mass transport and adsorption processes oc-
curring at the electrode surface [15,16]. 

The steady-state current values were extracted 
from the chronoamperometric measurements to con-
struct a calibration curve (Figure 4c). A linear rela-
tionship between current density and Cr (VI) con-
centration was observed, with a sensitivity of 0.213 
mA·mM⁻¹ and a correlation coefficient of R² = 0.98. 
This result demonstrates the good sensitivity of the 
TiO₂ electrode toward Cr (VI), making it suitable 
for electrochemical detection. The calibration plot 
exhibited a linear relationship between the current 
response and Cr (VI) concentration with a sensitiv-
ity of 0.213 mA mM⁻¹. The limit of detection (LOD) 
was calculated according to the equation: 
, where σ is the standard deviation of the blank signal 
and S is the slope of the calibration curve. Based on 
the stable baseline region of the chronoamperometric 
response, the LOD was estimated to be approximate-
ly 0.01 µM.

Тhe photoelectrochemical behavior of the TiO₂ 
electrode was further investigated under chopped UV 
illumination (Figure 4d). A clear photocurrent re-
sponse is observed due to the generation of electron–
hole pairs in TiO₂. After the addition of Cr (VI), a 
noticeable decrease in photocurrent is observed over 
the entire potential range. This behavior suggests that 
photogenerated electrons are consumed in the reduc-
tion of Cr (VI), confirming the photoelectrochemical 
reduction mechanism [17-19].

To further verify the reduction of Cr (VI), UV–
Vis analysis using the diphenylcarbazide (DPC) 
method was performed before and after photoelec-
trochemical treatment (Figure 5). A pronounced de-
crease in the characteristic absorption band at ~540 
nm was observed after PEC treatment, confirming 
the significant consumption of Cr (VI) during the re-
duction process.
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Figure 4. (a) Cyclic voltammetry (CV) curves of the TiO₂ nanosheet electrode recorded in the absence and presence of 
0.5 mM Cr (VI) in 0.5 M H2SO4 electrolyte; (b) Chronoamperometric response of the TiO₂ nanosheet electrode upon 
successive additions of Cr (VI) solution at different concentrations (0.01–1.2 mM) under a constant applied potential. 
(c) Calibration curve of current response versus Cr (VI) concentration in the linear range of 0.01–0.18 mM; (d) Linear 
sweep voltammetry (LSV) curves under chopped UV illumination recorded before and after the addition of Cr (VI).

Figure 5. UV–Vis absorption spectra of the Cr(VI)–DPC 
complex before and after photoelectrochemical treatment under 

UV illumination.

The observed electrochemical and photoelectro-
chemical behavior can be explained by the role of 
Cr (VI) as a strong electron acceptor. Under applied 
potential and UV illumination, TiO₂ generates charge 
carriers (electrons and holes). The photogenerated 
electrons are readily transferred to Cr (VI), leading to 
its reduction to Cr (III) [20-26]. The schematic illus-
tration of the proposed photoelectrochemical mecha-
nism is presented in Figure 6. The overall process can 
be described as:

Cr (VI) → Cr (III)

This electron transfer process enhances the ca-
thodic current observed in CV and chronoampero-
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metric measurements. The nanosheet architecture of 
TiO₂ further contributes to this behavior by provid-
ing improved electrode/electrolyte contact and fa-
cilitating interfacial electron transfer processes. The 
layered morphology also increases the accessibility 
of active sites for Cr(VI) adsorption and reduction. 
At the same time, the consumption of photogen-

erated electrons by Cr(VI) reduces their contribu-
tion to the external circuit, resulting in a decrease 
in photocurrent under UV illumination. Therefore, 
the presence of Cr (VI) simultaneously promotes 
electrochemical reduction while suppressing photo-
current, confirming its role as an efficient electron 
scavenger. 

Figure 6. Schematic illustration of the photoelectrochemical reduction and detection mechanism  
of Cr (VI) on TiO₂ nanosheet electrodes under UV illumination.

Table 1. Comparison of Cr (VI) photoelectrochemical detection performance of various TiO₂-based and related photoelectrodes.

Material Detection method Linear range LOD Reference 

TiO2 nanosheets PEC reduction and 
electrochemical detection 0.01–0.18 mM 0.003 μM This work

Au-decorated TiO₂ nanorods PEC sensing 0.01–50 µM 0.006 μM 21

Screen-printed TiO₂ electrode PEC sensing 0.01–100 µM 0.004 µM 22

TiO₂ nanoparticles/GQDs/PCV PEC sensing 0.08–100 µM 0.04 µM 23

NiCo-LDHs/TiO₂ nanotube arrays PEC sensing 0.5–20, 20–400, 
400–1800 µM 0.12 µM 24

4. Conclusion

Overall, the combined electrochemical and pho-
toelectrochemical results demonstrate that TiO₂ 
nanosheet electrodes enable both the sensitive detec-

tion and efficient reduction of Cr(VI). The decrease 
in photocurrent under UV illumination, along with 
the enhanced cathodic response, confirms that Cr(VI) 
acts as an electron acceptor and undergoes reduction 
to Cr(III). The results highlight the potential of TiO₂ 
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nanosheet electrodes as multifunctional platforms for 
environmental monitoring and detoxification. This 
work contributes to Sustainable Development Goal 
6 (Clean Water and Sanitation) by addressing the 
removal and detection of toxic chromium species in 
aqueous systems.
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