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Using solar-powered water electrolysis systems for hydrogen generation is a key decision for the
development of a sustainable hydrogen economy. A facile approach is presented in the present
investigation to improve the solar-powered photoelectrochemical performance of water electroly-
sis systems by synthesising well-aligned and highly ordered TiO2 nanotube films without bundling
through the electrochemical anodisation technique. Herein, geometrical calculations were con-
ducted for all synthesised TiO2 nanotubes, and determination of the aspect ratio (AR) and geometric
surface area factor (G) was achieved. On the basis of the collected data, well-aligned TiO2 nano-
tubes with an AR of approximately 60 and G of approximately 400 m2 ·g−1 were successfully formed
in an electrolyte mixture of ethylene glycol with 0.3 wt% NH4F and 5 wt% H2O2 at 40 V for 60 min.
The nanotubes were subsequently annealed at 400 �C to form anatase-phase TiO2 nanotube films.
The resultant well-aligned and highly ordered TiO2 nanotube films exhibited a photocurrent density
of 1.5 mA ·cm−2 due to a large number of photo-induced electrons moving along the tube axis and
perpendicular to the Ti substrate, which greatly reduces interfacial recombination losses.

Keywords: Hydrogen, Titanium Dioxide, Electrochemical Anodisation, Aspect Ratio, Geometric
Surface Area Factor.

1. INTRODUCTION
At present, solar-powered water electrolysis systems for
hydrogen generation are the most flexible and tenable solu-
tion for storing renewable energy on a large, long-term
scale. Theoretically, the solar-powered photoelectrochemi-
cal response for hydrogen generation requires three basic
characteristics: (a) high stability against photocorrosion in
aqueous solution, (b) visible light photosensitivity with
low recombination charge carrier losses and (c) a metal
oxide semiconductor film with a conduction band that is
more electronegative than that of the hydrogen produc-
tion level (O2/H2O).

1–4 Several metal oxide semiconduc-
tor candidates have been investigated and studied to meet
the basic characteristics of a solar-powered photoelectro-
chemical system. Unfortunately, high photostability and
efficient visible light harvesting from solar energy cou-
pled with a favourable metal oxide semiconductor-redox

∗Author to whom correspondence should be addressed.

energetic have yet to be fully achieved. Some success
has been obtained by applying metal oxide semiconduc-
tor films with a wide band gap energy, especially titanium
dioxide (TiO2� films.5–8 TiO2 provides unique electronic
and functional properties compared with other metal oxide
semiconductor materials, such as ZnO, ZnS and GaN. The
main advantages of TiO2 as a photoelectrode when applied
to a solar-powered water electrolysis system include low
production cost, non-toxicity, strong photocatalytic activity
and exceptional photo-corrosion resistance in solution.3–9

However, TiO2 alone is impractical as a metal oxide
semiconductor photoelectrode for solar-powered photo-
electrochemical systems given its poor solar irradiation
response on account of its large band gap energy (3.2 eV
for the anatase polymorph and 3.0 eV for the rutile
polymorph) and photogenerated electron–hole pair recom-
bination, which is thermodynamically favourable.3�9–12

Because light-induced redox processes leading to the trans-
fer of excited electrons to the conduction band of a
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metal oxide semiconductor are a surface phenomenon
of selective oxidation and reduction processes, a large
aspect ratio (AR) and geometric surface area factor (G)
can be expected in the metal oxide semiconductor pho-
toelectrode. Additional excited electrons can be triggered
to flow toward the back contact of the photoelectrode
and then move to the cathode to further reduce H+ into
hydrogen gas. Therefore, a 1D nanostructure, such as
a well-aligned and highly ordered nanotubular structure,
is inferred to enhance solar-powered photoelectrochemi-
cal processes substantially in metal oxide semiconductor
films.10�12–13

Oxidation and dissolution reactions during electrochem-
ical anodisation remarkably influence the morphologi-
cal and structural characteristics of 1D nanotubes and
their properties. Although excess fluoride (F−) can stim-
ulate the growth rate of TiO2 nanotubes to achieve the
desired length, pore diameter and wall thickness, dise-
quilibrium reactions between oxidation and dissolution
remain must be addressed. To acquire the appropriate
dimensions and morphologies of TiO2 nanotube films
for enhanced solar-powered photoelectrochemical perfor-
mance, a controlled synthesis procedure for producing
well-aligned and highly ordered TiO2 nanotubes must
be developed; such development, however, remains chal-
lenging. In general, highly ordered TiO2 nanotube arrays
exhibit undesirable bundling, which substantially reduces
the photoelectrochemical performance of the system due
to poor absorption of photons from solar irradiation into
the inner portions of the tube structures. Thus, producing
a highly efficient solar-powered water photoelectrochem-
ical system including TiO2 nanotubes without bundling
problems as a photoelectrode is difficult unless the above-
mentioned issues are addressed.
In our previous study, field-assisted oxidation, field-

assisted dissolution and chemical dissolution were
improved by �OH and HO�

2 radicals when sufficient H2O2

was introduced to the electrolyte; such addition, in turn,
promoted the growth of strong and bundle-free nanotubes
on a Ti substrate,17 and the resultant nanotubes had suffi-
cient force to sustain the coefficients of thermal expansion
and shrinkage that eventually lead to a peeling-off prob-
lem after drying. In the present investigation, the influ-
ence of adding H2O2 to ethylene glycol as an oxygen
provider to supply sufficient amounts of O2− to accelerate
the anodic oxidation for growing highly ordered nanotube
arrays was studied in detail. Geometrical calculations were
used to obtain the aspect ratio (AR) and geometric sur-
face area factor (G) of TiO2 nanotubes, and the effects
of anodisation time, anodisation potential and F− content
of the electrolyte on the surface morphology of the oxide
layer on Ti foil were evaluated. This study demonstrates
the validity of the proposed approach to determine the
active surface area of highly ordered TiO2 nanotube arrays
by combining field-emission scanning electron microscopy

(FESEM) with model calculations. The newly developed
method utilised a rapid determination calculation to deter-
mine the geometric surface area.

2. EXPERIMENTAL DETAILS
In the present study, pure Ti foil (99.7% purity, 0.127 mm
thickness; Sigma Aldrich) was selected as the substrate.
The foil was cut into the desired dimensions of 50 mm×
10 mm and then degreased by sonication in acetone for
30 min using a Thermo-6D ultrasonic cleaner (40 kHz,
180 W). Next, the foils were dried in ambient tempera-
ture. The electrolyte composition plays a crucial role in
determining the dimensions and morphologies of TiO2

nanotubes synthesised via electrochemical anodisation.
The structural morphology of the resulting nanostructure
is either compact nanotubular or porous. Herein, ethy-
lene glycol was used as the electrolyte. Prior to anodi-
sation, 0.3 wt% NH4F and 5 wt% H2O2 were dissolved
in the electrolyte, and the mixed solution was stirred for
30 min via magnetic agitation to dissolve the solid reagents
homogeneously.
For electrochemical anodisation, Ti foil (20 mm ×

50 mm) was connected to the positive terminal of a DC
power supply (CBS Scientific EPS-200X) as the anode in
a two-electrode configuration. Pt foil (20 mm× 50 mm)
was applied as the counter (cathode) electrode and con-
nected to the negative terminal of the power supply. Sub-
sequently, the foils were exposed to the prepared ethylene
glycol electrolyte (100 ml), and the distance between the
electrodes was fixed at ∼20 mm. Anodisation was car-
ried out through manual switching of the power supply on
and off. Monitoring of the exposure time at the desired
potential was performed. The smooth transfer of air bub-
bles supplied from the bottom of the anodisation tanker
at a flow rate of 600 ml min−1 helped homogenise the
electrolyte and maintained a uniform current during elec-
trochemical anodisation. Meanwhile, an air pump forced
sufficient oxygen into the anodisation tank by increas-
ing surface agitation. Upon completion of anodisation, the
as-anodised TiO2 foil was cleaned with deionised water
and immersed in acetone for sonication (Thermo-6D ultra-
sonic cleaner, 40 kHz, 180 W) for 1 min to remove the
remaining electrolyte on the surface of the foil and elim-
inate debris and precipitation layers on the surface of the
formed nanostructures.14 A schematic of the electrochem-
ical anodisation set-up is shown in Figure 1.
Next, heat treatment of the as-anodised TiO2 foils was

conducted to convert amorphous TiO2 structures into crys-
talline structures. Anatase TiO2, which can be obtained
by annealing at 400 �C for 4 h in an air atmosphere, is
the most desirable structure of the compound. Based on
our previous studies and investigations, complete trans-
formation from amorphous TiO2 into anatase crystalline
TiO2 could be achieved under the above conditions.15

Annealing is crucial because anatase TiO2 is a well-known
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Figure 1. Schematic of the electrochemical anodisation set-up.

crystalline structure in solar-powered photoelectrochemical
systems.15–16 Herein, three stages of heat treatment were
conducted, i.e., heating, soaking and cooling. Heating and
cooling rates of 5 �C/min were applied during the anneal-
ing process, and the soaking time was fixed at 4 h.

The surface and cross-sectional morphologies of the
anodised samples were observed via FESEM using a
JEOL JSM 7600-F instrument operated at 5 kV with a
working distance of approximately 1 mm. Then, phase
determination of the anodised samples was performed
by X-ray diffraction (XRD) using a Bruker AXS D8
Advance instrument with a Cu target (Ni filter) and K�
radiation (� = 0.1546 nm) over the 2� range of 20�–
70�. The solar-powered water electrolysis characteristics
of the anodised samples were characterised using a three-
electrode cell under a 150 W Xe arc lamp with an intensity
of 800 W/m2 to produce a uniform spectrum across the
entire UV-visible-infrared wavelength range. In this case,
the anodised samples served as the working electrode, a Pt
rod served as the counter electrode and Ag/AgCl in sat-
urated KCl served as the reference electrode. The elec-
trodes were dipped in an electrolyte of 1 M KOH aqueous
solution and connected to a potentiostat (Autolab PGSTAT
204, The Netherlands). The current range was fixed from
10 mA to 10 nA, and PEC measurements were obtained
using NOVA software.

3. RESULTS AND DISCUSSION
3.1. Influence of H2O2 Content
The electrochemical anodisation method was used to pro-
duce highly ordered bundle-free TiO2 nanotube array
films. The influences of H2O2 addition, anodisation time,
anodisation potential and F content of the ethylene gly-
col electrolyte on the surface morphology of the oxide
layer were evaluated in detail. The top-surface morpholo-
gies of Ti foils anodised with different weight percentages
of H2O2 and cross-sectional views of the oxides are pre-
sented in Figure 2 and the corresponding insets, respec-
tively. All of the data, including pore size diameter, tube

length, wall thickness, AR and G, of the resultant anodic
TiO2 nanoarchitectures are summarised in Table I. AR and
G are calculated as follows:

AR= L/�D+2w�

G= �4	L�D+w�
/��
√
3��D+2w�2
+1

where L = tube length in nm; D = pore size diameter;
w = wall thickness.
As shown in Figure 2, the top-view appearance of the

resultant anodic TiO2 nanoarchitectures is strongly depen-
dent on the weight percentage of H2O2. Nanotubes mea-
suring 800 nm in length were obtained in the sample
anodised in 1 wt% H2O2. The arrays were bundled at
the top layer of the nanotubes and caused pore blockage.
When 2 wt% H2O2 was applied, incomplete nanotubes
were formed, and the nanotubular layer slightly increased
to 1.1 �m. When 3 wt% H2O2 was applied, nanotubes with
enlarged diameters (approximately 50 nm) and a length
of 1.9 �m were obtained. The external layer covering the
nanotubes was minimised, and random interconnected pits
began to grow. Interestingly, the diameter of the resultant
tubular structures increased to 64 nm and their lengths
grew to 2.3 �m when the H2O2 content was raised to
4 wt%. At 5 wt% H2O2, circular tubular structures with
an average diameter of 76 nm and length of 5.6 �m were
formed. The pH of the electrolyte in this particular is
6.5, which is near-neutral in comparison with the pH of
the electrolytes incorporating <5 wt% H2O2. However,
the circular tubular structures were damaged, and irreg-
ular porous layers of ∼0.8 �m thickness emerged when
the H2O2 content was raised to 10 wt% (Fig. 2(f)). When
additional H2O2 is added to the electrolyte mixture, the pH
of the electrolyte slightly decreases to 6.2 because of H+

formation.
To obtain a high AR for the nanotube arrays, H2O2, a

known powerful oxidant, was added to the electrolyte to
act as an oxygen provider. At ambient conditions, H2O2 is
unstable and decomposes to HO−

2 and H+ (Eq. (1)), which
then react to form �OH and HO�

2 radicals (Eqs. (1)–(3)).
These radicals increase the oxidation rate of the anodisa-
tion process (Eqs. (4) and (5)). Field-assisted and chemical
dissolution are improved by �OH and HO�

2 radicals during
the anodisation process. Hence, the growth of strong and
bundle-free nanotubes on the Ti substrate was observed
with increasing H2O2 content in the electrolyte.17

In an anodisation process, O2− ions initially migrate
towards the Ti-induced growth of passivation layer with a
high electric field across the thin layer. This high electric
field further induces electric-field dissolution and forms
random pits along with the breakdown of the passivation
layer. The formation of random pits through electric-field
dissolution on the oxide surface in the present study is
assisted by polarisation of the Ti–O bond. F− in the elec-
trolyte serves as an etchant, reacting with the random pits
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Figure 2. FESEM images of TiO2 nanoarchitectures obtained under varying H2O2 contents in an electrolyte composed of 0.3 wt% NH4F at 40 V for
60 min: (a) 1 wt%, (b) 2 wt%, (c) 3 wt%, (d) 4 wt%, (e) 5 wt% and (f) 10 wt%. The inset in each subfigure shows the side views of the samples.

to induce their growth into pores via the formation of the
[TiF6]

2− complex (Eq. (6)).18 The optimal amount of H2O2

leads to a high growth rate of self-ordered nanotubular
structures. Further increases in H2O2 are detrimental to
the system, as excessive H2O2 causes the production of
high levels of H+ in the electrolyte and reduces the pH
of the system to 6.2 (Eq. (1)). High chemical dissolution
rates also diminish the formation of nanotubular structures
(Eq. (6)). Thus, 5 wt% H2O2 was considered the optimal
amount for forming circular TiO2 nanotubular structures
with lengths of approximately 5.6 �m.

H2O2 → HO−
2 +H+ (1)

H2O2+ e− → �OH+OH− (2)

H2O2+�OH→ H2O+HO�
2 (3)

Ti→ Ti4++4e− (4)

Ti4++2H2O→ TiO2+4H+ (5)

TiO2+6F−+4H+ → �TiF6

2−+2H2O (6)

Table I. Pore diameter, length, wall thickness, aspect ratio, and geo-
metric surface area factor of TiO2 nanoarchitectures synthesised in elec-
trolytes with different H2O2 contents.

H2O2 Wall Aspect Geometric surface
content Diameter Length thickness ratio, area factor,
(wt%) (nm) (�m) (nm) AR G (m2g−1)

1 – 0.8±0.1 – – –
2 – 1.1±0.1 – – –
3 50±2.3 1.9±0.1 20±1.4 21�1 120�13
4 64±2.6 2.3±0.2 13±1.3 25�5 159�63
5 76±2.4 5.6±0.1 10±0.9 58�3 380�13
10 57±1.4 0.8±0.1 23±1.8 7�8 44�77

3.2. Influence of Anodisation Duration
Figure 3 shows FESEM images of the samples anodised
for different durations from 10 min to 120 min under
constant process parameters in ethylene glycol containing
5 wt% H2O2 and 0.3 wt% NH4F at 40 V. After 10 min
of anodisation, the circular nanotubular structure was visi-
ble but poorly defined and featured a thickness of 1.2 �m
(Fig. 3(a)). Small oxide pits randomly form on the oxide
layer due to breakdown of the passivation layer under
the action of chemical and field-assisted dissolution at a
local point of high energy. After 20 min of anodisation,
the observed pits showed further oxidation and localised
dissolution to produce an interconnected pore structure.
Nanotubes of approximately 46 nm diameter and 2.0 �m
thickness emerged (Fig. 3(b)). After 30 and 40 min of
anodisation, the anodic oxide layer was composed of nan-
otubular structures with average diameters of up to 50 and
56 nm and average lengths of 3.2 and 4.1 �m, respectively
(Figs. 3(c and d), respectively). Anodisation for 50 min
resulted in larger and longer uniform nanotubes (diame-
ter, 74 nm; length, 5.1 �m), as shown in Figure 3(e). In
Figure 3(f), the anodic oxide layer formed after 60 min
of anodisation was composed of round and isolated nan-
otubular structures. The average diameter and length of
these structures were 77 nm and 5.8 �m, respectively.
At 120 min of anodisation, the resultant circular tubular
structure showed a decrease in growth rate and revealed a
slightly increased length of up to 7.3 �m and average pore
size of 84 nm.
Given these results, we can conclude that a high growth

rate of anodic nanotubular structures can be achieved
within 60 min of anodisation. This result is mainly
attributed to the presence of H2O2 in the electrolyte.
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Figure 3. FESEM images of TiO2 nanoarchitectures obtained under varying anodisation durations in an electrolyte composed of 0.3 wt% NH4F and
5 wt% of H2O2 at 40 V: (a) 10 min, (b) 20 min, (c) 30 min, (d) 40 min, (e) 50 min, (f) 60 min and (g) 120 min. The inset in each subfigure shows
the side views of the samples.

As explained in the previous section, the presence of �OH
and HO�

2 radicals likely triggers high dissolution rates at
the bottom of the nanotubes, eventually leading to the pro-
duction of well-aligned and highly ordered circular tubu-
lar structures on the Ti thin films. Indeed, these radicals
increased the formation of deep pores and formed high-
AR and -G nanotubes within 60 min of anodisation. After
60 min of anodisation, most of the H2O2 is decomposed
to form short-lived �OH radicals and consumed in the
early stages of the anodisation process.17�19 Hence, the
growth rate of the nanotube arrays decreased. Data related
to the resultant anodic TiO2 nanoarchitectures under dif-
ferent anodisation times are summarised in Table II.

3.3. Influence of Anodisation Voltage
Continuing from the previous portion of the experiment,
we fixed the anodisation time and amount of H2O2 added
to the electrolyte to the optimal process parameters. The
anodisation voltage plays a crucial role in controlling field-
assisted oxidation and the dissolution rate during elec-
trochemical anodisation. Herein, the applied voltage for

anodisation was varied from 10 V to 60 V in fluori-
nated ethylene glycol with 5 wt% H2O2 for 60 min.
As shown in Figure 4(a), nanotubes with a diameter of
approximately 13 nm and length of approximately 500 nm
were successfully produced at a voltage of 10 V. At
20 V, the pore diameter of the circular tubular structures
increased up to about 24 nm, and their length grew to
about 800 nm (Fig. 4(b)). The Ti foil anodised at 30 V

Table II. Pore diameter, length, wall thickness, aspect ratio and geo-
metric surface area factor of TiO2 nanoarchitectures synthesised under
varying anodisation durations in ethylene glycol containing 5 wt% H2O2.

Wall Aspect Geometric surface
Anodisation Diameter Length thickness ratio, area factor,
duration (min) (nm) (�m) (nm) AR G (m2g−1)

10 – 1.2±0.1 – – –
20 46±2.6 2.0±0.1 25±1.5 20.8 112.79
30 50±2.3 3.2±0.1 20±1.8 35.5 201.64
40 56±2.1 4.1±0.2 19±1.4 43.6 253.49
50 74±1.6 5.1±0.1 14±1.2 50.0 313.97
60 77±1.4 5.8±0.2 10±0.9 59.7 390.09
120 83±2.7 7.3±0.1 10±1.3 70.9 465.28
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Figure 4. FESEM images of TiO2 nanoarchitectures obtained under different anodisation voltages in an electrolyte composed of 0.3 wt% NH4F
and 5 wt% H2O2 for 60 min: (a) 10 V, (b) 20 V, (c) 30 V, (d) 40 V, (e) 50 V and (f) 60 V. The inset in each subfigure shows side views of the
samples.

showed a nanotube diameter and length of up to ∼55 nm
and 2.5 �m, respectively. Interestingly, when the Ti foil
was anodised at 40 V, nanotube arrays with a maxi-
mum G (389.11 m2 · g−1� and AR (60.4) and measuring
∼74 nm in diameter and 5.8 �m in length (Fig. 4(d)) were
obtained. The growth rate of the circular tubular structures
decreased remarkably when the applied potential was set
to 50 V, forming nanotube arrays with an average diam-
eter of 84 nm and length of ∼6 �m (Fig. 4(e)). When
a potential of 60 V was applied, short and small tubular
structures with a diameter of ∼54 nm and length of 3 �m
were produced.
The decrease in nanotube size at 60 V may be caused

by an imbalance in field-assisted dissolution and oxida-
tion at the anodic oxide layer. A high chemical dissolution
rate can etch the top surface of the TiO2 nanotubes via
the formation of a F− complex (Eq. (6)). High anodisation
voltages also provide a large driving force for the etchants
H+ and F− to promote the chemical dissolution of Ti and
TiO2 (Eq. (6)).20 The diameter and length of the circular
tubular structures are strongly dependent on the applied
potential during electrochemical anodisation and closely
related to the formation of pits on the oxide layer.21 Thus,
formation of additional pits could be triggered by a high
potential through acceleration of the electric field dissolu-
tion rate during anodisation. An increased number of pits
and further etching produce larger pores under the action
of a higher voltage. In this case, pore formation becomes
dominant, it was resulting the tubular nanoarchitecture on
the anodic oxide layer.22–23

At a lower potential, short nanotubes were formed on
the Ti foil due to insufficient electric field dissolution

during electrochemical anodisation. Further increases in
anodisation voltage augmented the nanotube length. This
effect may be attributed to the availability of a large driv-
ing force for ionic transport through the barrier layer at
the bottom of the pores. Hence, faster movement of the
Ti/TiO2 interface into the Ti metal was achieved. The
length of the nanotubes further increased until the rate of
chemical dissolution of the nanotubes equalled the rates
of field-assisted dissolution and oxidation.3�10�13�24 In the
present study, TiO2 nanotubes with an AR and G of 60.4
and 389.11 m2 ·g−1, respectively, were formed in the elec-
trolyte with 5 wt% H2O2 under an applied voltage of
40 V over 1 h of anodisation. These conditions favoured
the formation of well-aligned and highly ordered TiO2

nanotubes. Data on the resultant anodic TiO2 nanoarchi-
tectures obtained under different anodisation voltages are
summarised in Table III.

Table III. Pore diameter, length, wall thickness, aspect ratio, and geo-
metric surface area factor of TiO2 nanoarchitectures synthesised under
varying anodisation voltages in ethylene glycol containing 5 wt% H2O2

for 60 min.

Wall Aspect Geometric surface
Anodisation Diameter Length thickness ratio, area factor,
voltage (V) (nm) (�m) (nm) AR G (m2 ·g−1�

10 13±3.6 0.5±0.1 9±1.0 16.1 84�05
20 24±2.9 0.8±0.1 14±0.9 15.4 82�57
30 55±3.7 2.5±0.1 30±1.2 21.7 117�58
40 74±1.7 5.8±0.2 11±1.5 60.4 389�11
50 84±2.1 6.0±0.2 10±1.4 57.7 379�32
60 54±2.7 3.0±0.1 17±2.3 34.1 200�56
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Figure 5. FESEM images of TiO2 nanoarchitectures obtained under varying F− contents in electrolyte containing 5 wt% H2O2 at 40 V for 60 min:
(a) 0.1 wt%, (b) 0.2 wt%, (c) 0.3 wt%, (d) 0.4 wt% and (e) 0.5 wt%. The inset in each subfigure shows side views of the samples.

3.4. Influence of F− Content
F− content is known to play a key role in the forma-
tion of anodic TiO2 nanoarchitectures via electrochemical
anodisation. Therefore, different amounts of NH4F in ethy-
lene glycol containing 5 wt% H2O2 were investigated. The
content of NH4F was varied from 0.1 wt% to 0.5 wt%,
and all samples were anodised at the optimal process
parameters (60 min at 40 V) on the basis of the results
obtained from the previous portions of the experiment. As
shown in Figure 5(a), a thin compact TiO2 oxide layer was
formed on the surface of the Ti foil when 0.1 wt% NH4F
was added to the electrolyte. This result suggests that the
amount of F− in the system was insufficient to acceler-
ate chemical dissolution for pit formation on the anodic
oxide layer. When the amount of NH4F was increased to
0.2 wt%, an irregular nanoporous structure layer with an
average diameter and length of 49 and 600 nm, respec-
tively, formed on the Ti foil (Fig. 5(b)). This layer is
believed to result from incomplete chemical dissolution
at the interface between the Ti-electrolyte interface. With
0.3 wt% NH4F, a hollow cylindrical oxide with an aver-
age diameter of 78 nm and length of 5.5 �m was suc-
cessfully obtained (Fig. 5(c)). This result indicates that the
amount of F− in the system is sufficient to increase the rate
of chemical dissolution and led to further acidification to
develop a nanotubular structure. When the NH4F content
was further increased to 0.4 wt%, destructive effects on
the resultant anodic oxide layer were observed. The nano-
tubes were shortened (1.2 �m), and an average diameter
of 73 nm was obtained (Fig. 5(d)). Continuous increases
in NH4F content to 0.5 wt% generated smaller pits.
Shorter nanotubular structures of approximately 700 nm

length were also formed (Fig. 5(e)), which is attributed
to excessive chemical etching on the anodic oxide layer
in the presence of excess F−.25–26 Therefore, the opti-
mal F− content for the formation of well-aligned and
highly ordered nanotubes was determined to be 0.3 wt%.
Data on the resultant anodic TiO2 nanoarchitectures
obtained under different NH4F contents are summarised in
Table IV.

3.5. Crystallinity and Phase Analysis
XRD analysis was conducted to determine the compounds
existing in the as-prepared and annealed TiO2 nanotubes.
In fact, the as-prepared TiO2 nanotubes were amorphous
in nature.16 In the present study, heat treatment at 400 �C
was conducted to promote crystallisation of TiO2 from the
amorphous phase into the crystalline anatase phase.15–16

Figure 6 illustrates the XRD patterns of the as-prepared
and annealed TiO2 nanotubes. The presence of anatase
and metallic Ti within the TiO2 nanotubes after heat treat-
ment at 400 �C in air could be noted. The presence of

Table IV. Pore diameter, length, wall thickness, aspect ratio and geo-
metric surface area factor of TiO2 nanoarchitectures synthesised in elec-
trolyte with 5 wt% H2O2 and varying F− contents at 40 V for 60 min.

Fluoride Wall Aspect Geometric surface
ion content Diameter Length thickness ratio, area factor,
(wt%) (nm) (�m) (nm) AR G (m2 ·g−1�

0.1 – – – – –
0.2 49±1.6 0.6±0.1 21±2.8 6�6 37�80
0.3 78±2.7 5.5±0.2 10±0.7 56�1 366�63
0.4 73±2.4 1.2±0.1 17±1.9 11�2 64�88
0.5 – 0.7±0.1 – – –
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2θ (º)

Figure 6. XRD patterns of (a) TiO2 nanotubes annealed at 400 �C in
air and (b) as-prepared TiO2 nanotubes formed in ethylene glycol with
0.3 wt% NH4F and 5 wt% H2O2 at 40 V for 60 min [T=Ti; A= anatase].

anatase TiO2 was confirmed by diffraction peaks located at
25.37�, 38.67�, 48.21�, 54.10�, 55.26�, 62.66� and 68.74�,
which correspond to the (101), (112), (200), (105), (211),
(204) and (116) crystal planes, respectively (JCPDS No.
21-1272). The diffraction peaks of the Ti substrate were
observed at 35.1�, 38.4�, 40.2� and 53.0�, corresponding
to the (100), (002), (101) and (102) crystal planes, respec-
tively. Thus, 400 �C of heat treatment was considered
sufficient to convert amorphous TiO2 into anatase TiO2,
which exhibits thermodynamic stability and increased sur-
face stability for photoelectrochemical activity.14–15 Given
the results, highly crystalline anatase-phase TiO2 nano-
tubes were successfully fabricated through electrochemical
anodisation and heat treatment at 400 �C.

3.6. Photoelectrochemical Measurements
To gain insights into the correlation between the AR
and G of the anodic TiO2 and their photoelectrochem-
ical properties, we selected two samples as photoelec-
trodes to evaluate their responses under illumination. The
jp −V characteristic curves of the selected anodised sam-
ples are presented in Figure 7. Interestingly, the pho-
tocurrent density of the system was substantially enhanced
when the applied voltage was increased from −1 V to
0.5 V under illumination. In particular, TiO2 nanotubes
with AR ≈ 56 and G ≈ 366 m2 · g−1 exhibited a higher
jp (1.5 mA · cm−2� than TiO2 nanotubes with AR ≈ 7
and G ≈ 38 m2 · g−1. The high specific surface area of
the nanotubular structure may induce additional light-
scattering effects with superior incident light absorption
from any direction.27–28 Hence, additional photo-induced
electrons can be released towards the back contact of TiO2

and eventually shifted to the counter electrode, leading
to further reduction of H+ into hydrogen gas.29–32 Nano-
tubes without bundling offer the preferred dimensions for
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Figure 7. The jp−V characteristic curves of highly ordered TiO2 nano-
tubes with (a) aspect ratio, AR ≈ 56 and geometric surface area factor,
G ≈ 366 m2 · g−1 and (b) AR ≈ 7 and G ≈ 38 m2 · g−1 obtained from
electrolyte with 5 wt% H2O2 at 40 V for 60 min. The electrolyte used
contained different F− contents of (a) 0.3 wt% and (b) 0.2 wt%.

TiO2 back contact and can improve the transport rate
and minimise interfacial recombination of charge carri-
ers considerably.33–34 In fact, this statement is evidenced
by the more-negative photo-potential obtained from sam-
ple (a) (−0.9 V) in comparison with that observed from
sample (b) (−0.5 V), as presented in Figure 7. A more-
negative photo-potential implies a higher electron den-
sity on the conduction band of highly ordered TiO2

nanotubes. These results suggest that the sample with
a higher AR and G also features the highest density
of electrons that reach a steady state when no potential
and current are applied to the solar-powered photoelec-
trochemical system. The photocurrent density observed
from highly ordered TiO2 nanotubes without bundling is
higher than that observed in other works. In 2016, Zhang
et al. reported that sensitised TiO2 nanotubes can achieve
a photocurrent density of 0.87 mA · cm−2 under white-
light irradiation (5.9 mW · cm−2�.35 Wang et al. and Das
et al. reported in 2011 that the use of modified TiO2

nanotube photoelectrodes yields poor photocurrent den-
sity responses (0.04–0.1 mA · cm−2� under a 150 W Xe
lamp with monochromatic excitation (�: 250–600 nm).36–37

These results may be attributed to their use of sam-
ples with a non-uniform pore size (not circular), pres-
ence of ridges along the circumference of the nanotubes,
and short tube length. Thus, uniform and highly ordered
TiO2 nanotubes function as efficient photoelectrodes
with good photoelectrochemical responses. Based on our
data, TiO2 nanotubes with short irregularly serrated sur-
faces (b) showed poor solar-powered photoelectrochemical
responses due to structural disorder and grain boundaries
at the oxide layer. These features act as numerous defect
and trapping sites. The recombination losses of charge car-
riers are increased and the photo-induced electrons col-
lected at the TiO2 back contact are considerably reduced
in the presence of porous networks.38–39 Thus, the jp of
the system incorporating these nanostructures decreased
substantially.
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4. CONCLUSION
In summary, the optimal electrochemical parameters for
the anodisation of Ti foil to form highly ordered and
smooth TiO2 nanotubes with high AR and G were suc-
cessfully determined. The optimal processing parameters
included 0.3 wt% NH4F, 5 wt% H2O2, 60 min of anodi-
sation and applied potential of 40 V. The anodic TiO2

nanotubes obtained under these conditions showed supe-
rior solar-powered photoelectrochemical performance due
to their large specific surface area, which enables enhanced
incident photon absorption during illumination.
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