
Vol.:(0123456789)

SN Applied Sciences (2020) 2:1609 | https://doi.org/10.1007/s42452-020-03405-7

Research Article

Chemical doping of  TiO2 Nano‑tube array for enhancing hydrogen 
production through photoelectrochemical water splitting

Mehdi Farahmand1 · Ali Allahverdi1 

Received: 24 March 2020 / Accepted: 21 August 2020 / Published online: 31 August 2020 
© Springer Nature Switzerland AG 2020

Abstract
Nano-tube array is one of the most important types of titanium dioxide-based nanostructures that attracted researchers’ 
attention because of its superior photocatalytic properties. In this research, a thin layer of a titanium dioxide nano-tube 
array was first prepared by a two-step electrochemical anodizing process by using a titanium sheet. The synthesized 
nano-tube array was then calcined to obtain a good crystalline structure for enhanced photocatalytic properties. The 
length, diameter, and thickness of the nano-tubes were measured using SEM imaging technique. In order to enhance the 
photocatalytic properties, the synthesized nano-tube array was then doped individually with three different chemicals 
including silver nitrate, potassium ferricyanide and copper sulfate using the chemical bath deposition technique. The 
photocatalytic properties of the synthesized nano-tube array and the doped samples were evaluated and compared by 
photoelectrochemical water splitting. The results show that the nano-tube array doped with copper sulfate increases 
the rate of hydrogen production by up to three times producing as much as 21.65 mmol after 5 h.
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1 Introduction

Hydrogen is an ideal, renewable and clean fuel that burns 
out and produces energy and water, and is likely to be a 
good alternative to fossil fuels due to the possibility of 
eliminating carbon emission [1, 2]. An environmentally 
friendly method of hydrogen production is photocatalytic 
water. Photocatalysts are semiconductors that are capable 
of creating electron–hole pairs upon absorbing light pho-
tons of sufficient energy. The energy absorbed from light 
photons results in the excitement of electrons generally 
filling the outermost shell of the atom (valence state) into 
higher energy orbitals (conduction state) that are gener-
ally empty [3, 4]. The produced electron–hole pairs are 
then capable of carrying out redox reactions including the 
water-splitting reaction to produce hydrogen and oxygen 
[5]. In 1972, titanium dioxide  (TiO2) was the first catalyst 

used by Fujishima and Honda as photoanode in photo-
electrochemical cells (PECs) for water splitting and hydro-
gen production [6]. In 2001, Grimes et al. [7] synthesized 
titanium dioxide nano-tubes array (TDNA) that attracted 
scientists’ attention due to its highly ordered structure, 
very high surface area, and chemical stability. Titanium 
dioxide is excited only by UV light because of its relatively 
large energy band gap of 3.2 eV [7]. In order to reduce its 
energy band gap and increase the hydrogen production 
rate, attempts have been devoted to dope TDNA with vari-
ous elements [8]. In addition, different techniques includ-
ing chemical vapor deposition (CVD), physical vapor depo-
sition (PVD), sputtering, and chemical bath doping (CBD) 
have been developed and used to dope TDNA [9]. Among 
all the applied techniques, CBD is not only very low cost 
and simply applicable, but also it has scalability potential 
for commercial applications. Therefore, in this research, 
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CBD was used as an appropriate and simple technique to 
dope TDNA with Ag, Fe, and Cu using silver nitrate, potas-
sium ferricyanide, and copper sulfate, respectively and to 
investigate the effect of doping on hydrogen production 
rate through photoelectrochemical water splitting.

In recent years, scientists have been able to increase 
the hydrogen production rate through photocatalytic 
and photoelectrochemical water splitting by applying 
the CBD technique [8–10]. In some of these investigations, 
according to the published data, doping with gold clusters 
increased the hydrogen production rate by approximately 
3.4 times [10], doping with cadmium sulfide increased the 
hydrogen production by almost 5 times [9], doping with 
chromium increased the hydrogen production by about 
13 times [11]. The doping technique has also been applied 
on TDNA by researchers. According to Lian et al. [12], In 
a different work, TDNA doping with carbon and nitrogen 
was able to increase the photoelectrochemical water split-
ting rate by 3.2 times with a bias voltage of 1 V [13]. It is 
also reported that cadmium sulfide and iron (III) oxide 
can improve the photoelectrochemical water splitting by 
5 times [14]. Doping TDNA with tungsten trioxide was also 
investigated, but a relatively lower increase (by about 2.23 
times) in hydrogen production rate [15]. Doping with zinc 
oxide was claimed to be more effective and increased the 
hydrogen production rate by almost 6.77 times [16]. Dop-
ing of TDNA with silver nano-particles after an annealing 
operation was able to increase the photoelectrochemical 
water splitting by 1.4 times at a bias voltage of 0.7 V. In 
a different work, titanium tungstate nano-tubes synthe-
sized by anodizing with a solution of dimethyl sulfoxide 
and hydrogen fluoride with sodium tungstate increased 
the photoelectrochemical water splitting rate by up to 2 
times when doped with iron using CBD technique [17].

Many different elements have been doped onto tita-
nium dioxide to enhance its photocatalytic properties, 
the most effective of which are Pt, Au, Ag, Pd, Rh, Ni, and 
Cu [18]. Silver and copper are among the elements that 
have a significant effect on the photocatalytic properties 
of titanium dioxide.  Fe3+ also is very suitable for titanium 
dioxide doping and has the potential to participate in the 
crystalline structure of titanium dioxide due to its ionic 
radius (0.64 Å) compared to the ionic radius of and  Ti4+ 
(0.68 Å). These elements enhance the photocatalytic activ-
ity of titanium dioxide by reducing the recombination of 
electrons and holes [19]. For this reason, silver, copper, and 
iron have been considered as the most effective elements 
for titanium dioxide doping by many researchers.

In the present study, TDNA was first synthesized by the 
anodizing method and characterized by scanning elec-
tron microscopy (SEM) and X-ray diffractometry (XRD). 
The TDNA was then doped with silver, iron and copper 
using silver nitrate, potassium ferricyanide, and copper 

sulfate solution by applying CBD method at different 
times. Finally, the effect of doping on the hydrogen pro-
duction by photoelectrochemical water splitting method 
was investigated and compared. The differences between 
the present work and previews similar works have been 
discussed in details in the “Results and discussion” section.

2  Materials and methods

2.1  Materials

In this research, the titanium sheet from Sigma-Aldrich 
company (99.7% purity, 0.127-mm thick), ethylene gly-
col ((CH2OH)2, 99.5% purity), ammonium fluoride  (NH4F, 
98% purity), hydrogen fluoride (HF, 48% purity), nitric 
acid  (HNO3, 65% purity), sulfuric acid  (H2SO4, 96% purity), 
sodium hydroxide (NaOH, 97% purity), ammonium nitrate 
 (NH4NO3, 95% purity), silver nitrate  (AgNO3, 98% purity), 
potassium ferricyanide  (K3Fe(CN)6, 99% purity), copper(II) 
sulfate  (CuSO4·5H2O, 99% purity), and agar, all from Merck, 
KGaA, Darmstadt, deionized water, platinum sheet (Pt, 
99.9% purity, 0.5 mm thick) were used.

2.2  TDNA synthesis and characterization

The Ti sheet was cut into small pieces of the size 2.5 × 1 
 cm2 and used for electrochemical anodization and TDNA 
formation. For this purpose, the Ti sheet was first polished 
[20] and then rinsed with acetone, alcohol and deionized 
water for three 15 min-subsequent time periods in an 
ultrasonic bath and then left in air for drying. In the next 
step, the Ti sheet was etched chemically by immersion into 
a solution of (HF/HNO3/H2O) with a volume ratio (1:4:5) for 
30 s and then washed with deionized water and dried in air 
[10]. Electrochemical anodization was done in two steps. 
The first step was done at 60 V for 30 min in 100 ml electro-
lyte solution of 0.1 M ammonium fluoride containing 98 ml 
of ethylene glycol (EG) and 2 ml of deionized water [12]. 
The anode was a Ti sheet, and the cathode was a Pt sheet 
of the same dimensions (2.5 × 1  cm2) placed at a distance 
of 3 cm from each other in the electrolyte solution with an 
equal active surface area of 2 × 1  cm2.

After the first step of electrochemical anodization, the 
synthesized TDNA was washed with deionized water and 
then ultrasonicated in ethanol bath for 5 min to remove 
the nano-tubes on the surface. After that, the sheet was 
washed again with deionized water, and the second step 
of anodization was performed in the same electrolyte solu-
tion for 15 min [10]. The prepared TDNA was washed again 
with deionized water and dried in air before doping.

The morphology of the synthesized TDNA was inves-
tigated using images of scanning electron microscopy 
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(SEM). For this, a MIRA3 TESCAN SEM in SE mode and 
with an accelerating voltage of 30 kV was used. XRD 
analysis (35 kV, 20 mA, Cu-Kα radiation) was performed 
for phase analysis of the synthesized TDNA and for 
anatase phase confirmation. For this test, a sample of 
0.5 × 0.5 cm was exposed to bombarding X-rays and a 
diffraction pattern was obtained. Comparing it with 
standard diffraction patterns, the crystalline phase of the 
sample was identified. The XRD test in this research was 
conducted by “X’ Pert Pro” from “Panalytical” company.

2.3  Doping TDNA with Ag, Fe, and Cu

Before doping, the prepared TDNA was soaked in a 0.1 M 
sulfuric acid solution for 90 min to remove any probable 
impurity. Then, silver doping was performed by soaking 
the TDNA in a water/ethanol solution (4:1) containing 
0.05 M silver nitrate at 70° C for different time periods of 
1, 3, 5, 7 and 9 h [10, 13]. Afterwards, the doped TDNA 
was washed with deionized water and dried in ambient 
air [15]. In the next step, the TDNA was calcined at 450 °C 
for 2 h with a heating rate of 2 °C/min [18]. Exactly the 
same procedure with the same concentrations, tempera-
tures and times were applied to TDNA to dope it with 
Fe and Cu using potassium ferricyanide and copper (II) 
sulfate, except doping time that were 1, 3, and 5 h. The 
resulting doped TDNAs were displayed with X/TDNAn, 
in which X and n represent the doped element and the 
doping time, respectively.

2.4  Photoelectrochemical activity test

Figure 1 shows a simple demonstration of the labora-
tory photoelectrochemical equipment used for water 
splitting. As seen, it consists of two half-cells and a 
salt bridge and a power supply for applying bias volt-
age. TDNA and Pt pieces with active areas of 2 × 1 cm2 
were used as anode and cathode, respectively and the 
distance between the UV light source (160 W mercury 
NARVA lamp) and the TDNA was adjusted for a luminous 
intensity of 100 mW/cm2 on TDNA surface [21]. For col-
lecting and measuring the amounts of hydrogen and 
oxygen gases produced, two graduated cylinders were 
used upside down as seen in Fig. 1.

The bias voltage was obtained by multiplying the pH 
difference of the half-cell electrolytes by a constant value 
of 0.059 that is equivalent to (13.15–1.2) 0.059 = 0.7 V and 
adding an optimum value of 1.4 V, which yields a value 
of 2.1 V in accordance with Monforth et al. [21].

3  Results and discussion

In this section, we firstly discuss the results of SEM and 
XRD characterization analyses performed on TDNA and 
then after representing and comparing the results of 
photoelectrochemical water splitting and the amounts of 
hydrogen and oxygen gases produced, the stability of the 
most effective and the optimally doped TDNA over time 
will be discussed.

3.1  TDNA characterization

Figure 2 shows a number of typical SEM images from the 
top surface and cross section of the two-step anodized 
TDNA at different magnifications. According to images 
represented in Fig.  2, which are prepared at different 
magnifications, the synthesized TDNA exhibits a rela-
tively uniform top surface consisting of closely packed 
nano-tubes with internal diameters ranging from 40 nm 
to about 75 nm. The SEM image from the cross section of 
TDNA, shown in Fig. 2d, represents the nano-tubes with 
the length and the wall thickness, estimated to be in the 
ranges 7 to 8 µm and 28 to 55 nm, respectively.

Table 1 compares the geometric dimensions of TDNA 
synthesized by other researchers using two-step ano-
dization technique, as well as the conditions applied in 
each of the two steps. A comparison of these data helps 
in determining the effect of anodizing parameters on 

Fig. 1  Schematic of the laboratory equipment used for photoelec-
trochemical water splitting
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the geometric dimensions of the TDNA. As see in Table 1, 
the diameter and the length of nano-tubes are strongly 
affected by the applied anodizing voltage and time and 
they increase, while higher anodizing voltage and time are 
applied. Recent research has shown that the photocata-
lytic property of the TDNA is also enhanced by enlarging 
the diameter and the length of the nano-tubes [17]. This 
means that enhanced photocatalytic properties can be 
achieved by simple adjusting the anodizing parameters 
and controlling the TDNA geometric dimensions. Com-
pared to these data, the TDNA synthesized in this study is 
a relatively thick-walled TDNA with almost average sizes 
in diameter and length.

Before calcination, TDNA exhibits an amorphous 
structure [24] and calcination at a suitable temperature 
is required to achieve the photocatalytic active phase of 
anatase. Figure 3 shows the X-ray diffraction pattern of 
TDNA after calcination at 450° C for 2 h. As seen, calcina-
tion operation has transformed the amorphous titanium 

dioxide into the desired phase of anatase and this is in 
agreement with the works of Tipparach et al. [25] and Li 
et al. [26]. The diffraction pattern of the calcined TDNA 
shows peaks at 2θ = 25.37°, 37.90°, 48.16°, 54.05°, 55.20°, 
62.87°, 68.98°, 75.28° that are consistent with standard XRD 
pattern of anatase (JCPDS: 21-1272).

3.2  Ag‑doped TDNA performance

Figures 4 and 5 show the amounts of hydrogen and oxy-
gen gases evolved by photoelectrochemical water split-
ting using non-doped TDNA and Ag-doped TDNAs over a 
time period of 5 h, respectively. As seen in Fig. 4 and com-
pared to TDNA, the three Ag/TDNAs including Ag/TDNA1, 
Ag/TDNA2, and Ag/TDNA3 exhibited stronger photocata-
lytic properties resulting in higher amount of hydrogen 
evolution by about 6.8%, 16.5%, and 28.0%, respectively. 
The optimum doping time for Ag using a 0.05 molar silver 
nitrate solution, therefore, is 5 h that increased the amount 

Fig. 2  Typical SEM images of: a, b, c top surface of titanium dioxide nano-tube array at different magnifications of 5000× , 25,000× , 
200,000× ; d cross section of titanium dioxide nano-tube array at a magnification of 200,000× 
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of hydrogen evolution from 7.38 mmol for non-doped 
TDNA to 9.45 mmol for Ag/TDNA5 showing 28.0% increase. 
Longer doping times weakened the photocatalytic 

Table 1  Geometric dimensions of titanium dioxide nano-tube arrays synthesized by other researchers

References [9] [22] [11] [10] [23] [12] [24] [16]

Inner diameter 
of the nano-
tubes (nm)

90 50 90–140 90 80 43 50–100 100

Outer diam-
eter of the 
nano-tubes 
(nm)

– – 120–170 – 120 – 80–200 –

Wall thickness 
of the nano-
tubes (nm)

16 10 20–50 – – 11 – –

Length of 
nano-tubes 
(nm)

380 920 24,000 9000 6000–7000 2400 – 50,000

The first step 
anodizing 
electrolyte

0.5 wt% HF
in EG

1 M  H2O
0.1 M  NH4F 

in EG

EG = 98 ml
0.1 M  NH4F
H2O = 2 ml

EG = 198 ml
0.3 wt%  NH4F
H2O = 4 ml

3 wt%  H2O
0.15 M  NH4F 

in EG

2 vol%  H2O
0.5 wt%  NH4F 

in EG

2 vol%  H2O
0.3 wt%  NH4F 

in EG

0.3% (w/v) 
 NH4F

3% (v/v)  H2O 
in EG

The first step 
anodizing 
voltage

20 V 35 V 60 V 50 V 60 V 60 V 50 V 80 V

The first step 
anodizing 
time

0.5 h 2 h 6 h 2 h 15 min 1.5 h 2, 4, 6 h 2 h

The sec-
ond step 
anodizing 
electrolyte

– 8 Molar  H2O 
0.2 Molar HF

in EG

– EG = 198 ml
0.3 wt%  NH4F
H2O = 4 ml

– 2 vol%  H2O
0.5 wt%  NH4F 

in EG

– 0.3% (w/v) 
 NH4F

3% (v/v)  H2O 
in EG

The second 
step anodiz-
ing voltage

– 50 V – 50 V – 30 V – 80 V

The second 
step anodiz-
ing time

43 min 0.5 h 0.5 h 1 h

Fig. 3  X-ray diffraction pattern of titanium dioxide nano-tube array 
after calcination

Fig. 4  Amount of hydrogen evolved by photoelectrochemical 
water splitting using TDNA and Ag-doped TDNAs (active surface 
area: 2  cm2)
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property of TDNA and resulted in lower amounts of hydro-
gen gas evolution. Oxygen evolution, shown in Fig. 5, also 
represented a similar trend with higher oxygen gas evolu-
tion by about 26% for Ag/TDNA5 (4.62 mmol) compared 
to non-doped TDNA (3.66 mmol). Considering the stoichi-
ometry of hydrogen and oxygen elements in water, the 
amount of oxygen gas evolved should be exactly half of 
the amount of hydrogen gas evolved. The relatively small 
deviation between the amounts of hydrogen (9.45 mmol) 
and oxygen (4.62 mmol) evolution from the stoichiometry 
ratio is due to errors in reading the gas volumes and con-
verting them into gas amounts in mmol assuming ideal 
gas behavior and using ideal gas law.

In an attempt by Lian et al. [12], a TDNA acquired via 
anodizing method was doped with silver nano-particles 
by applying pulse electrodeposition method. The doped 
TDNA showed 40% increase in photoelectrochemical 
water splitting when tested under a bias voltage of 0.7 V 
with a 300-W Xenon lamp at a distance of 10 cm.

3.3  Fe‑doped TDNA performance

Figures 6 and 7 compare the performance of Fe-doped 
TDNAs and non-doped TDNA in evolving hydrogen and 
oxygen gases through photoelectrochemical water 
splitting over a time period of 5 h, respectively. As seen 
in Fig. 6, Fe/TDNA3 exhibited the best performance by 
evolving 18.50 mmol hydrogen, which shows about 150% 
increase compared to non-doped TDNA that evolved 
7.38 mmol hydrogen. Fe/TDNA5 resulted in a significantly 
smaller amount of hydrogen gas evolution (13.06 mmol) 
compared to Fe/TDNA3. As seen in Fig. 7, oxygen evolution 
represented a similar trend. Fe/TDNA3 evolved 7.77 mmol 

oxygen gas that shows 112% increase compared to non-
doped TDNA that evolved 3.66 mmol hydrogen. The dif-
ference in the percentages of increase in hydrogen and 
oxygen gas evolutions for Fe/TDNA3 compared to non-
doped TDNA is due to errors in measuring the gas vol-
umes and converting them into mmol assuming ideal gas 
behavior. In a similar study [22], a TDNA doped with an iron 
(III) oxide  (Fe2O3) through CBD exhibited 50% increase in 
photoelectrochemical water splitting compared to con-
trol TDNA when tested with a 400 W mercury lamp. The 
significantly high difference in enhancing photoelectro-
chemical water splitting between this study and the pre-
sent study can be attributed to many influencing factors 

Fig. 5  Amount of oxygen evolved by photoelectrochemical water 
splitting using TDNA and Ag-doped TDNAs (active surface area: 2 
 cm2)

Fig. 6  Amount of hydrogen evolved by photoelectrochemical 
water splitting using TDNA and Fe-doped TDNAs (active surface 
area: 2  cm2)

Fig. 7  Amount of oxygen evolved by photoelectrochemical water 
splitting using TDNA and Fe-doped TDNAs (active surface area: 2 
 cm2)
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including the geometry of the TDNA, the type of doping 
material, the conditions of doping, the intensity of the UV 
light impinging on the TDNA surface, and the bias voltage 
applied. In another study [13], an array of titanium tung-
state nano-tubes was prepared by anodizing Ti sheet with 
a solution of dimethyl sulfoxide, hydrogen fluoride and 
sodium tungstate and doped with Fe via the CBD method. 
In this study, the array of titanium tungstate nano-tubes 
was able to enhance the photoelectrochemical water split-
ting by 2 times (100% increase) with the aid of a 200 W 
Xenon lamp, located at a distance for a light intensity of 
100 mW/cm2 on the photocatalyst surface.

3.4  Cu‑doped TDNA performance

The performance of Cu-doped TDNAs and non-doped one 
in evolving hydrogen and oxygen gases through photo-
electrochemical water splitting over a time period of 5 h is 
shown in Figs. 8 and 9, respectively. As Fig. 8 displays, the 
highest amount of hydrogen evolution is 21.65 mmol that 
belongs to Cu/TDNA1 and is 193% higher than the amount 
evolved by non-doped TDNA (7.38 mmol). Similarly, as 
seen in Fig. 9, Cu/TDNA1 evolved a value of 9.09 mmol 
oxygen that is 148% higher than the amount evolved by 
non-doped TDNA (3.66 mmol). Cu/TDNA3 and Cu/TDNA5 
evolved significantly lower amounts of hydrogen and oxy-
gen gases compared to Cu/TDNA1.

In another study, Cu(OH)2 nano-particles were doped 
onto a calcined TDNA using CBD technique. Compared to 
control TDNA, the doped TDNA was able to increase the 
photoelectrochemical water splitting by almost 20 times 
with a 300-W Xenon lamp at a distance of 10 cm [23]. These 
results show doping with copper and it’s compounds 

for enhancing photocatalytic property of TDNA is much 
more effective compared to many other elements and 
compounds, and also compared to the relatively limited 
effects that can be brought about by all the other influenc-
ing factors including TDNA geometry, CBD conditions, UV 
light intensity, bias voltage, etc. The mechanism by which 
copper doping result in drastically enhanced photocata-
lytic activity of anatase phase of titanium dioxide is still 
uncertain. Assadi and Hanaor [27] used density functional 
theory to simulate surface units of copper-doped (101) 
planes of anatase to understand the mechanism by which 
copper doping enhances the photoactivity of anatase 
surface in aqueous media. Their results suggest that the 
mechanism is more probably through electronic effects 
including band-gap narrowing and extension of surface 
electron–hole lifespan rather than the surface chemistry 
modifications brought about by adsorbed water.

3.5  Stability of Cu‑doped TDNA

Stability of photocatalytic property is very important 
because it determines the lifetime of the photocatalyst 
in practical and industrial applications. In order to evalu-
ate the stability of Cu/TDNA1, as the most effective pho-
tocatalyst selected in this study, five consecutive runs of 
photoelectrochemical water splitting were performed 
using a newly prepared Cu/TDNA1. Table 2, shows the 
amount of hydrogen evolution in these five consecutive 
runs. As seen, the amount of hydrogen evolution remained 
the same in every of the five runs. These results indicate 
that the stability of Cu/TDNA1 is relatively high and can 
retain its photocatalytic property in a significant period of 
time. Other researchers also reported a good stability for 

Fig. 8  Amount of hydrogen evolved by photoelectrochemical 
water splitting using TDNA and Cu-doped TDNAs (active surface 
area: 2  cm2)

Fig. 9  Amount of oxygen evolved by photoelectrochemical water 
splitting using TDNA and Fe-doped TDNAs (active surface area: 2 
 cm2)
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photocatalytic properties of TDNAs doped with zinc oxide 
(ZnO) and chromium metal by repeating consecutive 
runs of photoelectrochemical water splitting [10]. Similar 
results confirm a relatively good stability for photocatalytic 
properties of TDNA.

3.6  Performance comparison

Compared to non-doped TDNA, Ag/TDNA5 and Fe/TDNA3 
with doping times of 5 and 3 h, respectively, increased the 
amount of hydrogen evolution by about 28.0% and 150%. 
Cu/TDNA1, however, showed significantly better perfor-
mance by evolving the highest amount of hydrogen, i.e. 
21.65 mmol, which is 193% higher than the amount hydro-
gen (7.38 mmol) evolved by non-doped TDNA. Therefore, 
TDNA doped with copper (II) sulfate performs better by 
increasing the amount of hydrogen evolution by up to 
three times in a 5-h photoelectrochemical water splitting 
operation.

4  Conclusion

In this research, a titanium dioxide nano-tube array (TDNA) 
was synthesized by a two-step electrochemical anodizing 
method using a proportioned solution of ammonium fluo-
ride, ethylene glycol, and deionized water. The TDNA was 
then calcined to achieve anatase crystalline phase, and 
after characterization, it was doped individually with three 
different 0.05 M solutions of silver nitrate, potassium fer-
ricyanide and copper (II) sulfate at different time intervals 
by CBD method to enhance its photocatalytic properties 
for photoelectrochemical water splitting. The optimum 
doping time for silver nitrate, potassium ferricyanide and 
copper (II) sulfate solutions were 5, 3, and 1 h, resulting in 
increased hydrogen evolution amounts by 28%, 150%, and 
193%, respectively, in a 5-h photoelectrochemical water 
splitting operation compared to control non-doped TDNA. 
The results confirm that compared to control non-doped 
TDNA, the TDNA doped with copper (II) sulfate increases 
the amount of hydrogen evolution by up to three times 
producing as much as 21.65 mmol after 5 h of photoelec-
trochemical water splitting. Also, the results show TDNA 
doped with copper (II) sulfate solution for 1 h does not 
show any reduction in its photocatalytic activity after 
five consecutive 5-h runs of photoelectrochemical water 
splitting.
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