
Vol.:(0123456789)1 3

Journal of Applied Electrochemistry 
https://doi.org/10.1007/s10800-022-01771-1

RESEARCH ARTICLE

Highly active visible‑light‑driven photo‑electrocatalytic process 
in TiO2/Ti electrode by Te doping

Muhammad Nurdin1 · Muhammad Zakir Muzakkar1 · Maulidiyah Maulidiyah1 · Cici Sumarni1 · Thamrin Azis1 · 
Ratna Ratna2 · Muhammad Natsir1 · Irwan Irwan1,4 · La Ode Agus Salim1,5 · Akrajas Ali Umar3 

Received: 4 May 2022 / Accepted: 24 September 2022 
© The Author(s), under exclusive licence to Springer Nature B.V. 2022

Abstract
The concern over increasing environmental contamination by dye agents from textile industries, such as Reactive yellow 
105, requires a special catalyst that can rapidly and effectively eradicate the dye chemical. Here, we demonstrate a new 
design of catalyst, i.e., Te doped TiO2/Ti composite electrode, that promotes highly active charge transfer with the Reactive 
yellow 105 dye for efficient photoelectrocatalytic degradation under visible light irradiations. Our results show that the new 
photocatalyst effectively degrades up to 90% of 0.5 ppm of the Reactive yellow 105 dye under visible light irradiation within 
60 min, which is equivalent to the degradation rate constant of 0.0611 M-1 min-1. It is impressively higher than the pristine 
photocatalyst (TiO2/Ti) of which it only degrades 70 and 65% of dye compound under UV and Vis irradiation respectively 
or equivalent to degradation kinetic rate as low as 0.037 and 0.0361 M−1 min−1, respectively. The degradation of dye com-
pound is enhanced to 100% when the new catalyst is applied in photoelectrocatalytic degradation process under visible light 
irradiation or approximately 95% degradation under UV light irradiation. The Te doped TiO2/Ti photoelectrocatalyst can be 
a new platform for rapid Reactive yellow 105 dye contamination in the environment.
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1  Introduction

  The increasing growth of the textile industry has caused 
a critical impact on the quality of the environment, due to 
improper disposal of their liquid waste. The liquid waste 
includes dyestuffs, a non-biodegradable organic compound 
containing azo compounds, and is highly carcinogenic 
[1–3]. One of the common dyes contamination is from 
Reactive yellow 105 [C44H24Cl2N14Na6O20S6], a dye that 
is made from azo compounds and its derivatives of which 
are benzene groups. Reactive yellow, just like the name, 
is a yellow synthetic coloring agent that is hazardous if 
inhaled, exposed to skin and eyes, or ingested. The health 
effects can be irritation to breathing, skin irritation, eye 
irritation, and cancer [4, 5]. If ingested, it can cause nau-
sea, vomiting, abdominal pain, diarrhea, heat, and low 
blood pressure. Further consequences can lead to bladder 
cancer [6]. Therefore, Reactive yellow waste substances 
need to be processed before being released into the envi-
ronment [7, 8].

A simple and effective way to treat environmental pol-
lution from dye agents is via a photolysis process using 
artificial or sunlight UV light irradiation. However, the 
dye degradation can be accelerated when photocatalyst, 
a semiconducting oxides material, is employed. During 
the photolysis or photocatalysis process, dye decomposes 
into simpler components that are safer for the environment 
[9]. One of the semiconducting oxide materials that have 
been widely explored as a photocatalyst is titanium dioxide 
(TiO2) [10, 11]. This material exhibits a high chemical 
and physical stability, is non-toxic, relatively inexpen-
sive, and has higher photocatalyst capability compared to 
other types of semiconducting materials [12, 13]. Owing 
to its excellent photocatalytic properties, titanium dioxide 
(TiO2) has been extensively used for microorganism inacti-
vation, anti-fog, and self-cleaning [14]. In many processes, 
TiO2 demonstrates a dual function in dye degradation, 
namely as an adsorbent and photocatalyst [15, 16], mak-
ing this material become the subject of active study for 
environmental contamination mitigation.

The degradation capability of TiO2 depends on the 
phase crystallinity it has. The anatase phase is recognized 
as the most photocatalytically active crystalline form of 
TiO2. However, it has a critical weakness that is it is only 
active if exposed to UV light irradiation with a wavelength 
corresponding to its bandgap energy of 3.2 eV, limiting its 
applicability [17, 18].

Nevertheless, its photoactivity can be modified by dop-
ing TiO2 with different cations or anions into its crystal 
lattice [19–21]. In many cases, the doping process can 
improve the TiO2 activity in the visible light region and 
prolong the carrier lifetime, reducing the recombination 

between electrons and holes [22–25]. However, doping 
TiO2 with metal ions in most cases causes thermal insta-
bility and increases defect density that plays a key role 
as the recombination center in the material. Therefore, 
the use of doping that improves the photoactivity and at 
the same time augments the photocatalytic properties of 
anatase TiO2 is demanded expanded photocatalytic degra-
dation of dye contamination. Here, we design a new pho-
toelectrocatalyst system, i.e., Te doped TiO2/Ti nanocom-
posite, and evaluate its photoactivity under UV and visible 
light irradiation. Chalcogenide, in the form of glasses, has 
exhibited peculiar performance in thermoelectrics, solar 
cells, and photocatalysis applications [10, 26]. Tellurium 
(Te) is amongst the most potential system for doping TiO2 
as it also has antibacterial activity as a result of its strong 
oxidative properties so that it is very potential as a pho-
tocatalyst TiO2 doping material to degrade Reactive yel-
low 105. Its narrow bandgap, namely Ebg = 0.32 eV [27, 
28], and p-type conductivity may drive visible photoac-
tivity in TiO2 photocatalyst. We found that the Te–TiO2/
Ti electrode can accelerate the degradation of Reactive 
yellow 105 dye, which is remarkably faster if compared 
with that the undoped system. In the typical process, the 
Te doped TiO2/Ti electrode can completely degrade 0.5 
ppm Reactive yellow 105 dye within 60 min of photo-
electrocatalytic reaction under visible light irradiation 
and 95% degradation under UV light irradiation. Mean-
while, it is only 92 and 70% in pristine TiO2/Ti electrodes 
under UV and visible light irradiation respectively. We 
thought that the enhancement of the photoelectrocatalytic 
degradation of dye molecules is the result of photocarrier 
lifetime improvement in TiO2 upon being doped with Te, 
realizing active electron transfer between catalyst and dye 
molecules for dye molecules degradation [10, 29, 30]. The 
Te doped TiO2/Ti photoelectrocatalyst can be a new plat-
form for rapid Reactive yellow 105 dye contamination in 
the environment.

2 � Experimental

2.1 � Preparation of Te doped TiO2/Ti electrode

The Te doped TiO2/Ti electrode preparation was initiated by 
firstly preparing TiO2 on Ti electrode via an anodizing process. 
A Ti plate of length, width, and thickness of 2, 0.5, 0.1 cm, 
respectively, purchased from Merck, the USA was used in this 
study. During the anodizing process, the Ti plate functioned as 
the anode. Meanwhile, the cathode was Cu. We used glycerol 
electrolyte solution and NH4F 0.27 M in this process. The two 
electrodes were connected to a 25 V direct current (DC) bias 
for the anodizing process for 4 h. From this process, TiO2 
thin film will form on the surface of the Ti electrode. The 
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sample was then calcined in air at 500 °C for 1.5 h to obtain 
the anatase crystal structure of TiO2.

After that, Te doped TiO2/Ti electrode was prepared by 
dipping the TiO2/Ti electrode into sol-gel containing Te. Sol-
gel was synthesized by mixing 4.0 mL of titanium tetra iso-
propoxide (TTIP), ethanol as a solvent, aquades, and 1.0 mL 
acetic acid. The reaction was refluxed for 3 h at 50 °C [2, 31]. 
The addition of acetic acid was to control the rate of hydrolysis 
and to help the pore formation in the obtained sol. Finally, Te 
doping was carried out by adding 4.0 mL of Te(OH)6 tellurium 
acid into the sol and stirring at 500 rpm at 50 °C. White sol-gel 
was produced from this process after following solvent evapo-
ration. Te doped TiO2/Ti electrode was then prepared by dip-
ping the TiO2/Ti electrode into the sol-gel and then annealed 
in air at 150 °C for 1.5 h. All chemicals were purchased from 
Merck, USA, and used directly without purification.

2.2 � Characterizations

The phase crystallinity of the sample was examined using 
X-ray diffraction spectroscopy Bruker D8 XRD spectrometer 
with CuKα irradiation and scan rate 2°/min. The morphol-
ogy of the sample was characterized using field-emission 
scanning electron microscopy FESEM Zeiss Supra 55VP 
FESEM model with a resolution of 1.0 nm operated at 
30 kV, which is equipped with energy dispersive X-ray 
(EDX) for elemental analysis. The nature of Te doping in the 
sample was also evaluated using Fourier transform infrared 
spectroscopy (FTIR).

2.3 � Photoelectrocatalytic degradation of dye

Photoelectrocatalytic degradation of Reactive yellow 105 
dye was evaluated using a three-electrode electrochemical 
system with Te doped TiO2/Ti electrode as working elec-
trode, Cu plate as the counter electrode, and Ag/AgCl as the 
reference electrode. The system was biased with a direct cur-
rent of 0.4 V and operated under Multi-Pulse Amperometry 
(MPA). Visible light of power 18 Watts from Xenon lamp 
and UV of wavelength 360 nm from Mercury lamp with a 
power of 15 Watts and were used as a light source during the 
photoelectrocatalytic process. The degradation of Reactive 
yellow 105 dye was examined by mean of optical absorp-
tion spectroscopy using UV-Vis spectrometer Winlab optical 
spectrophotometer.

3 � Results and discussion

3.1 � Te doped TiO2/Ti electrode

The Te doped TiO2/Ti electrode has been successfully pre-
pared in this study. The preparation process was initiated 

with the synthesis of TiO2 films on the surface of the Ti 
plate electrode that was achieved via the anodizing method. 
Figure 1B shows the typical optical photographic image 
of the electrode after anodizing and after deposition of Te 
doped TiO2 layer. As Fig. 1A reveals, a solid-black-colored 
film effectively covers the Ti plate electrode. XRD analysis 
result (Fig. 1C) verifies that the film is anatase TiO2 where 
the XRD pattern of peaks 2θ of 38°, 47°, and 55° agrees 
with JCPDS no 96-153-4879 for anatase TiO2. These peaks 
are associated with (0 0 4), (2 0 0), and (2 1 1) Brag planes, 
respectively. The black color of the film is the result of effi-
cient visible light absorption by the highly porous surface 
of TiO2 films as judged from FESEM analysis that will be 
discussed later. Figure 1C shows the typical image of the Te 
doped TiO2 layer on top of TiO2/Ti films. A yellowish-black 
colored film is observed, an indication of the new layer, i.e., 
Te doped TiO2, is successfully deposited on the electrode. 
The verification of the existence of the process is conducted 
via EDX and FTIR analysis that will be discussed later.

Figure 2 shows the typical FESEM image of the TiO2 
and Te doped TiO2 films on the Ti electrode. As has been 
mentioned earlier, the TiO2 film on the Ti electrode exhibits 
a highly porous morphology that is constructed by a large 
density of the tubular structure of diameter approximately 
500 nm (Fig. 2A). This surface morphology is the origin 
of the black-colored image of the films in which the light 
is effectively absorbed by the porous structure, reflecting 
a dark image to the eye. This surface morphology should 

Fig. 1   Optical image of TiO2 layer on titanium plate surface after fol-
lowing anodization process (A) and Te–TiO2/Ti electrode (B), and 
(C) XRD pattern of TiO2/Ti Plate
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be beneficial for surface reaction during photocatalytic or 
photoelectrocatalytic degradation of dye due to the large 
area of the active site. However, the surface morphology of 
the Te–TiO2 electrode is very different from the TiO2 layer 
morphology (Fig. 2B). This could be the result of the sur-
face modification during the Te doping process of TiO2/Ti 
electrode that alters the tubular morphology of the surface. 
The formation of the Te layer on the top surface of the TiO2/
Ti electrode that covers the tubular structure of the TiO2/Ti 
surface could also be considered for the modification of the 
surface structure of the electrode. As we can see from the 
image that the surface is now composed of a chunk struc-
ture that constructs the entire surface. The size of the chunk 
can be up to 9 μm. Nevertheless, owing to the in-compact 
arrangement of the chunks on the surface, they produce a 
highly porous film, which provides a large area of active 
sites for highly efficient surface reaction.

To verify the existence of Te doping on the TiO2 film, we 
carried out EDX analysis on the sample. The result is shown 
in Fig. 2C. As the figure shows, the element of Te appears in 
the EDX spectrum at a binding energy of 3.7 keV, which is 
correspondent to Lα mode excitation of Te electron energy 
level, along with the peaks of TiO2 film background. The 
atomic composition of the Te element in the film is also 
significantly high with a typical concentration of 2.48 atomic 
%. This result certainly is strong evidence that the Te doping 
process on the TiO2 film is successfully achieved. Neverthe-
less, to further confirm the nature of Te doping into the TiO2, 
we performed FTIR analysis on the sample. The result is 
shown in Fig. 2D. We can see from the FTIR spectrum that 

the Te presence in the sample is indicated by the absorption 
peak at 750 cm− 1, which is attributed to the Te–O vibra-
tion signature [32, 33]. Meanwhile, the Ti–O bond signa-
ture is observed at 400–1250 cm− 1 wavenumber with an 
absorption peak at 1083 cm− 1 area. Along with the Ti–O 
and Te–O bonds vibration mode, we also observed other 
vibration spectrums related to O–H, C–O, and C–H alkanes. 
The O–H bond, derived from water vapor on TiO2 crystals, 
appears in the wavenumber of 3200 cm− 1 – 3600 cm− 1 with 
absorption peaks at 3381 cm− 1. The C–H alkane bond that 
is originated from acetic acid is shown at a wavelength of 
3000 cm− 1 – 2850 cm− 1 with absorption peaks at 2939 cm− 1 
and 2875 cm− 1 [34]. Meanwhile, the absorption peak of 
C–O is found at 1645 cm− 1 and 1700 cm− 1. Although the 
co-existence of these vibrational modes, this phenomenon 
is normal and does not affect the intrinsic properties of the 
Te–TiO2 sample.

3.2 � Photoelectrocatalytic performance

We evaluated the photoelectrocatalytic properties of the 
prepared electrode by conducting linear sweep voltammetry 
(LSV) analysis in 0.1 M solution NaNO3 under irradiation 
of UV and visible light. Figure 3 shows the typical LSV 
response of the Te–TiO2/Ti and TiO2/Ti electrode when 
being subjected to UV and visible light illumination. As 
the figure reveals, the TiO2/Ti electrode indicates active 
photoelectrocatalytic properties under irradiation of UV 
light, which is normal and has widely reported with similar 
behavior. As also shown in Fig. 3A, the TiO2/Ti electrode 

Fig. 2   A Surface morphology 
of the TiO2/Ti electrode, and 
B Surface morphology of the 
Te–TiO2/Ti electrode, C EDX 
elemental spectrum of Te–TiO2/
Ti electrode and D FTIR spec-
trum of Te-TiO2/Ti electrode
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is not photoelectrocatalytical active when illuminated by a 
visible light source as that it produces a small current along 
with the potential windows. This response is more or less 
similar to the one recorded in the dark. To our surprise, the 
Te–TiO2/Ti electrode shows highly active photoelectrocata-
lytic properties under visible irradiation that witness a high 
current increment during LSV measurement. Also to our 
surprise, the Te–TiO2/Ti does not show a photoelectrocata-
lytic activity under UV irradiation where its LSV response 
is simply similar to the LSV under dark. The modification 
of the photoelectrocatalytic properties of the Te–TiO2/Ti to 
visible is a strong verification of effective photoelectrical 
properties modification of TiO2 when being doped with Te 
cation. Thus, this electrode may be potential for cheap and 
efficient dye agent photoelectrocatalytic degradation under 
visible light.

We then evaluate the photoelectrocatalytic properties of 
the Te–TiO2/Ti electrode in the degradation of Reactive yel-
low 105 dye. Figure 4 shows photoelectrocatalytic degrada-
tion kinetic of the dye under visible light irradiation. The 
figure also presents the degradation kinetic of dye under 
UV light irradiation. As the figure shows, as also expected, 
the photoelectrocatalytic degradation of dye is much more 
active under visible light irradiation where it can completely 
remove the dye within only 60 min time of reaction. For 
comparison, it is only 95% degradation under UV light irra-
diation. This is impressively higher than the performance 
demonstrated by the TiO2/Ti where only 95% degradation 
under UV light irradiation and even much lower if under 
visible light irradiation (70%). This fact is certainly a piece 
of strong evidence that the Te–TiO2/Ti electrode system 
can drive highly active degradation of dye activated by low 

Fig. 3   Linear Sweep Voltammetry (LSV) profile of TiO2/Ti Electrodes (A) and Te-TiO2/Ti (B) electrodes in 0.1 M solution NaNO3 under irra-
diation of UV and visible light irradiation

Fig. 4   Photoelectrocatalytic degradation of Reactive yellow 105 compound using TiO2/Ti (A) and Te–TiO2/Ti (B) electrodes under UV and vis-
ible light irradiation
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energy visible light irradiation, enabling facile and cheap 
dye contamination eradication. And even, the present pho-
tocatalytic system far outperforms the performance that is 
demonstrated by other photocatalysts system, such as doped-
ZnO nanostructures [35], Al2O3/ZrO2 nanocomposite [36] 
and CuFe2O4 modified activated carbon [37] and a mem-
brane-based system [38], in degrading the Reactive yellow 
105 dye or other azo dye derivatives.

Photoelectrocatalytic oxidation kinetics of organic com-
pounds are then fitted with the Langmuir-Hinshelwood 
(L-H) equation. Using this equation, we can determine the 
reaction rate constant by plotting the logarithmic natural of 
initial concentration over concentration at a certain reaction 
time, ln(C0/Ct), versus the reaction time. The reaction rate 
constant (k) is the slope of the curve. We found that the k 

value for the photoelectrocatalytic reaction in the presence of 
Te–TiO2/Ti electrode under visible and UV light irradiation 
is 0.0611 and 0.037 min− 1, respectively. This value is doubly 
higher than the reaction using TiO2/Ti electrode, of which it 
is only 0.0299 and 0.0361 min− 1 in TiO2/Ti electrode under 
visible and UV light irradiation respectively.

To understand the extent of the effect photoelectrocata-
lytic properties of Te–TiO2/Ti electrode in the dye degra-
dation, we examined the photolysis degradation kinetic of 
dye under UV and visible light irradiation in the absence of 
photocatalyst. The result is shown in Fig. 5. As can be seen 
from the figure, the UV and visible light irradiation can also 
degrade the dye where the dye degrades up to 42% under 
UV light irradiation and 32% under visible light irradiation. 
The degradation of dye molecules under light irradiation is 
normal in the process that it is the result of hydroxyl radical 
formation when water absorbs photon energy. In turn, the 
hydroxyl radical functions as an oxidizing agent to attack 
and degrade the dye molecules [39]. This process is light 
energy-dependent where a high energy light source may 
produce a high density of active radical in the solution for 
rapid dye molecules degradation, the phenomenon that is 
also observed in this study. One thing we should note here 
is that the visible-light-driven degradation in the absence 
of a catalyst is relatively low compared with the one shown 
in Fig. 4. This describes the excellent photoelectrocatalytic 
properties of the Te–TiO2/Ti electrode.

While the photolysis degradation result explains the 
extent effect of light irradiation in degrading the dye mol-
ecules, we further evaluated the photocatalytic degrada-
tion of dye in the presence of Te–TiO2/Ti and TiO2/Ti 
photocatalyst and under irradiation of UV and visible light 
sources. Figure 6 A shows the corresponding photocata-
lytic degradation kinetics of dye molecules results. As the 
figure suggests, in good agreement with the result shown 

Fig. 5   Photolysis degradation of Reactive yellow 105 under UV and 
visible light irradiation

Fig. 6   Photocatalytic degradation of Reactive yellow 105 over TiO2/Ti (A) and Te-TiO2/Ti (B) electrode under UV and visible light irradiation
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in Fig. 6, the photocatalytic activity of Te–TiO2/Ti photo-
catalyst is much more energetic under visible irradiation 
than under UV light irradiation. In the typical result, we 
recorded the degradation up to 90% in the reaction driven 
by the visible light irradiation. Meanwhile, only 82% deg-
radation is documented in the reaction influenced by UV 
light irradiation. For comparison, the photocatalytic deg-
radation of dye is much lower in the reaction using TiO2/Ti 
photocatalyst (Fig. 6b) with photodegradation preference 
under UV light irradiation.

Based on these results, we remark that the Te–TiO2/Ti 
system offers highly active photoelectrocatalytic properties 
in the visible light activation the result of Te cation doping. 
Doping in many cases modifies the valence or conduction 
level density of state due to equilibrating of charge. In the 
case of Te with 6 valence electrons, it creates excess elec-
trons in the TiO2 system and forms an impurity level below 
the conduction band. With such a high density of state of 
the electron at the conduction band edge, it may be actively 
excited to the conduction band by the visible light energy 
and then react with water to produce hydroxyl radical. Such 
a circumstance of high-density hydroxyl radical in the reac-
tion accelerates the degradation of dye molecules. There-
fore, considering the simplicity of the materials preparation 
process and the unusual high performance of visible-driven 
photoelectrocatalytic activities, the Te–TiO2/Ti system 
should become a potential platform for environmental con-
tamination control.

4 � Conclusion

The synthesis and the evaluation of the photoelectrocatalytic 
activity of Te doped TiO2/Ti in the degradation of Reactive 
yellow 105 dying agents have been carried out. Elemental 
analysis and FTIR spectroscopy results have verified the suc-
cessfulness of the Te doping into the TiO2/Ti matrix with 
doping atomic percent as high as 2.48%. The Te–TiO2/Ti 
electrode exhibits highly active photoelectrocatalytic proper-
ties under visible light excitation, witnessing the complete 
degradation of 0.5 ppm Reactive yellow 105 dye within 
60 min time of reaction with degradation rate constant as 
high as 0.0611 M− 1 min− 1. This value is doubly higher if 
compared to its photoelectrocatalytic activity under UV light 
irradiation or to undoped TiO2/Ti electrode under UV light 
irradiation of which their degradation rate constants are only 
as low as 0.037 and 0.0361 M−1 min−1, respectively. We 
assumed that the visible light-driven activities are the result 
of increased electron density of state at the conduction band 
edge upon being doped with Te. The Te doped TiO2/Ti pho-
toelectrocatalyst can be a new platform for rapid Reactive 
yellow 105 dye contamination in the environment.
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