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Abstract: This article studies the role of electrochemical
parameters in controlling the morphology of oxidized TiO,
nanotubes and the electrochemical performance of modified
TiO, nanotubes. Humidity is a key factor for fabricating
TiO, nanotubes. When the relative humidity belows 70%,
the TiO, nanotubes can be successfully prepared. What’ s
more, by changing the anodization voltage and time, the
diameter and the length of TiO, nanotubes can be adjusted.
In addition, the TiO, nanotubes are modified through
electrochemical self-doping and loading Pt metal particles on
the surface of the nanotubes, which promotes the
performance of the supercapacitor. The sample anodized at
100 V for 3 h has a specific capacity of up to 2. 576 mF/cm’
at a scan rate of 100 mV/s after self-doping, and its capacity
retention rate still remains at 89.55% after 5 000 cycles,
demonstrating excellent cycling stability. The Pt-modified
sample has a specific capacity of up to 3.486 mF/cm’ at the
same scan rate, exhibiting more outstanding electrochemical
performance.
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0 Introduction

As an important type of an energy storage device'',
supercapacitor has become a research hotspot owing to its
high power densities, fast charging speeds and long cycle
life'**'. Supercapacitors can be categorized into electric
double-layer capacitors ( EDLCs) and pseudocapacitors
based on the charge storage mechanisms. For EDLCs,
electric charge is stored electrostatically at the interface
between the active electrode and the electrolyte, with
non-Faradic behavior. For pseudocapacitors, charge
storage is via a reversible Faradic redox reaction ™.
Obtaining high-performance electrode materials is the key
to the development of supercapacitors. TiO, is a

semiconductor material with stable physical and chemical
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properties. Compared to other nanostructures, one-
dimensional TiO, nanotubes have a larger specific surface
area, a stronger adsorption capacity and a unique electron
transport pathway. These advantages make them widely
used in solar cells, photocatalysis, water splitting and
supercapacitors "', Among  the  methods  of
manufacturing TiO, nanotubes, Ti foil anodization is an
easy way to achieve self-organized TiO, nanotubes "',
Therefore, anodized TiO, nanotubes have become a good
choice for supercapacitor electrodes due to their stable
electrochemical performance, good cycling performance,
wide voltage window and low cost''" . The self-
assembling properties of TiO, nanotubes provide excellent
templates for electrode active materials, enhancing their
specific surface area and increasing the capacitance of
supercapacitors. Additionally, the tubular structure of
TiO, nanotubes serves as a fast pathway for electrolyte
transportation, promoting efficient contact between
electrode active materials and the electrolyte”™'” | and
thus improving the capacitance of the electrode active
materials under fast charging and discharging conditions.

Studies have shown that TiO, nanotubes with various
morphology can be obtained by controlling anodization
voltage, time, etc., and the microstructure and the
conductivity of TiO, nanotubes play a crucial role in
charge storage'” **"". Berger et al. "**' anodized Ti foils
at a voltage of 10, 20 and 40 V, respectively.
Experimental results revealed that as the anodization
voltage increased, the diameters of the TiO, nanotubes
expanded, and the orderliness of the TiO, nanotubes also
improved. Park et al. "™ conducted experiments in an
NH,F ethylene glycol solution with a mass fraction of
0.3% at a voltage of 60 V for 20, 30 and 40 min,
resulting in nanotube lengths of 18.0, 25.2 and
30. 8 wm, respectively. The diameter of the nanotubes
remained around 40 nm in all cases. They concluded
that with the increasing duration, the length of the
nanotubes would gradually increase, while the diameter
showed minimal variation. Ozkan et al. >’ anodized Ti
foils at 30 V for 1 and 6 h in the dimethyl sulfoxide
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(DMSO) electrolyte, and fabricated 3 and 10 pm TiO,
nanotubes, respectively. The 10 wm TiO, nanotubes
exhibited a higher capacity than the 3 pm TiO,
nanotubes apparently.

The conductivity of TiO, nanotubes can be improved
partially through the above-mentioned morphological
control. However, the capacitance value of the native
TiO, nanotube supercapacitors is relatively low and cannot
be commercialized due to the limitations of the native
TiO,. Specifically, the high electrical resistivity of native
TiO, leads to a high internal resistance in TiO, nanotube
supercapacitors. Therefore, modifying native TiO, has
become an urgent problem to be solved. Introducing
oxygen vacancies is a common method to modify native
TiO,. At present, the introduction of oxygen vacancies
mainly relies on the methods including annealing
treatment in a hydrogen atmosphere''™*’ annealing
treatment in an inert atmosphere ( such as nitrogen and
argon) ™" | reducing solution treatment'™ | hydrogen
plasma treatment™ and electrochemical self-doping
under the cathode bias voltage'™'. Furthermore, metal
element doping is also a common method of modifying
native TiO,. It uses physical or chemical ways to
introduce highly conductive metal elements onto the
surface of TiO, nanotubes, or introduce metal ions into
the TiO, lattice, in order to introduce new charges, form
defects, or change the lattice type in the lattice structure.
The metal elements that have been extensively studied for
modifying TiO, nanotubes include precious metals such as
Ag, Au and Pt"*".

Few previous studies explored the influence of
humidity on the preparation of TiO, nanotubes via
anodization. Herein, we study the role of electrochemical
parameters in controlling the morphology of oxidized
TiO, nanotubes, including relative humidity, voltage and
time. In addition, TiO, nanotubes are modified through
electrochemical self-doping and Pt metal particle loading,
which would promote the performance of the
supercapacitor.

1 Materials and Methods

1.1 Synthesis of TiO, nanotubes

The Ti foils with a thickness of 0. 2 mm and a purity
higher than 99. 5% ( Baoji Ruicheng Co., Ltd., China)
were ultrasonically cleaned in acetone, ethanol and
deionized water for 30 min successively, and then dried
in air before anodization. A mixed solution of 0. 2 mol/L
HF ( Sigma-Aldrich, USA, a volume fraction of 48% )
and 0. 12 mol/L H,O,( Sigma-Aldrich, a mass fraction of
3%) dissolved in ethylene glycol ( Hushi, China, a
volume fraction higher than 99.5%) was as the
electrolyte. The electrolyte was aged for 12 h at 60 V
before use. In a two-electrode electrochemical cell, with
the Ti foil as the working anode and the Pt gauze as the

counter electrode, electrochemical anodization was
carried on the surface of the Ti foil and then TiO,
nanotubes were attained. The Ti foil was pressed together
with an Al foil against an O-ring, which defined a
working area of 1.5 cm’. Powered by Keithley 2400
Sourcemeter (USA) , anodization happened at a constant
voltage. A series of samples were obtained at 80 V for
2 h, 80 V for 3 h and 100 V for 3 h, respectively. The
obtained TiO, sample was rinsed with deionized water and
ethanol after anodization, and then dried in air. The as-
anodized TiO, sample was annealed at 450 C in air for
4 h at a heating rate of 3 C/min to crystallize amorphous
TiO, into anatase TiO,. This heat treatment was
performed in a muffle furnace, and the sample placed
inside an alumina crucible with an alumina cover to avoid
contamination.
1.2 Electrochemical doping

As-annealed TiO, films first underwent an activation
treatment (5 V for 30 min) in the mixed solution of
0.2 mol/L HF and 0. 12 mol/L H,0O,. Then a cathodic
voltage (=2 V for 50 min) was adopted for the
electrochemical self-doping process in a mixed solution of
0.5 mol/L Na,SO, ( Hushi, China, a mass fraction
higher than 99.0% ) and ethylene glycol ( the volume
ratiois 1 : 1).
1.3 Pt loading

Samples were subjected to anodization at a voltage
of 100 V for 3 h. Subsequently, after annealing and
electrochemical self-doping, small-sized Pt metal
particles were loaded onto the surface and the sidewalls of
the samples. At room temperature, in a 10 mL beaker,
0. 5 mmol/L chloroplatinic acid aqueous solution (5 mL)
was added. Then, the as-doped TiO, nanotubes were
placed into the beaker and stand in the dark for 4 h.
Following this, the samples were rinsed with deionized
water and ethanol to remove the residual chloroplatinic
acid aqueous solution from the surface, and finally air-
dried at room temperature.
1.4 Morphological and chemical characterization

Sample morphologies (top view and cross section )
were observed by a field emission scanning electron
microscope ( FESEM, Hitachi, S-4800, Japan). X-ray
diffraction (XRD) patterns of the samples were measured
using a D/max-2550VB +/PC  X-ray diffractometer
(Rigaku, Japan, A = 0.154 056 nm). The chemical
composition of samples was characterized by an energy
dispersive spectrometer ( EDS ) equipped with a JSM-
7500F FESEM (JEOL, Japan).
1.5 Electrochemical measurements

Electrochemical measurements including cyclic
voltammetry ( CV ) and galvanostatic charge/discharge
( GCD ) were achieved in a three-electrode
electrochemical glass cell of 50 mL capacity by the
electrochemical ~ workstation ~ ( Shanghai ~ Chenhua
Instrument Co., Ltd., China) at room temperature. The
sample was used as the working electrode. The counter
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electrode and the reference electrode used a pure Pt foil
(2 cm x 2 cm) and a saturated calomel reference
electrode ( SCE ), respectively. Na,SO, solution
(0.5 mol/L) was used as the supporting electrolyte. CV
was tested from 0 to 0. 8 V at different scan rates (5, 20,
50 and 100 mV/s). GCD was tested at a current density
of 50, 100, 150 and 200 wA/cm’. The cycling stability
of the supercapacitors was tested by using continuous CV
cycling at a scan rate of 100 mV/s for 5000 cycles.

2 Results and Discussion

2.1 Influence of relative humidity on morphology of

TiO, nanotubes

The influence of relative humidity on the
morphology of TiO, nanotubes was studied. Relative
humidity mainly regulates the morphology by affecting
the effective current during the anodic oxidation process.
Generally, the effective current is primarily determined
by the applied voltage or current*’ . It is found that when
the relative humidity is high enough, a large number of
bubbles are generated in the electrolyte, indicating that
the effective current increases significantly. When the
relative humidity is approximately 50% , the current
stabilizes at around 1 mA after 2 h anodic oxidation. As
the relative humidity increases, the current gradually
rises. When the relative humidity reaches 75%, the
current approaches 2 mA. Numerous experiments reveal
that when the relative humidity is maintained below 70% ,
samples with an area of 1.5 cm’® can be successfully
prepared, and these samples exhibit a uniform light
yellow color and smooth surface, as shown in Fig. 1(a).

) r
100" nm
|

(d)
Fig.2 FESEM images of TiO, nanotubes; (a)—(b) 80 V for 2 h; (c¢)-(d) 80 V for 3 h; (e)-(f) 100 V for 3 h

After 2 h anodization at a constant voltage of 80 V,
the resulting nanotubes exhibit relatively thin and smooth
tube walls with a diameter of 40 nm and a length of
approximately 2.5 pum. When the anodization time

(b)

However, when the relative humidity exceeds 70% during
the anodic oxidation process, the large number of bubbles
caused by the high current may potentially damage the
already formed TiO, nanotubes. For instance, at room
temperature and a constant voltage of 80 V, numerous
small depressions initially appear on the surface of the
formed nanotubes. As the reaction time increases, these
depressions rupture and some parts of the TiO, film
ultimately fall off, exposing the Ti substrate underneath
(Fig. 1(b) ). Based on the observed effects of humidity
on anodic oxidation, a moderate relative humidity
(=<50% ) environment was maintained for all subsequent
experimental procedures.

(a) (b)
Optical photos of TiO, film obtained at relative
humidity: (a) 50%; (b) 75%

Fig. 1

2.2 Morphologic analysis

Figure 2 displays FESEM images of TiO, nanotubes
prepared via constant-voltage anodization in the ethylene
glycol electrolyte at room temperature. It is observed that
the nanotubes are densely packed with uniformly sized
nanopores and smooth tube walls. These nanotubes grow
in a closely packed arrangement, exhibiting self-
organization and controllable tubular structures.

500 nm

- — g 200 nm
§ paw{

2 um
I

®

increases to 3 h, the length of the prepared nanotubes
increases to 5.0 wm (Fig. 2(d) ), while the diameter is
around 43 nm (Fig. 2(c)). Remarkably, during the
additional hour of anodization, the diameter of the
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nanotubes remains relatively unchanged, but the length of
the nanotubes increases by 2.5 pm which is nearly
equivalent to the length grown during the previous two
hours. This indicates that the growth rate during the third
hour is twice as fast as that during the first two hours.
Previous studies have shown that the diameter of
nanotubes is primarily determined by the anodization
voltage, while the length is determined by the growth
rate'”*) . During the initial stage of anodization, a dense
oxide film is first formed on the Ti substrate. As the
anodization time increases, nanopores emerge on the
surface of the oxide film, further forming regularly
hexagonal-distributed nanotubes. Therefore, the initial
stage of nanotube formation proceeds slowly, and as the
formation and the etching of the TiO, film reach
equilibrium, a stable growth rate is achieved' ™. This
explains why the growth rate during the first two hours is
only half of that in the third hour. Subsequent
experimental results are also consistent with previous
research findings. Figures 2(e) and 2(f) present the top
view and the cross section of TiO, nanotubes prepared by
anodization for 3 h at a voltage of 100 V, revealing that
the nanotube diameter approaches 60 nm and the length
reaches approximately 6. 2 pm. Compared to Figs. 2(c)
and 2(d), it is evident that both the diameter and the
length of TiO, nanotubes can be adjusted by the voltage
and the anodization time.
2.3 Electrochemical self-doping analysis

Figure 3 depicts the XRD spectra of as-anodized
TiO, nanotubes, as-annealed TiO, nanotubes and as-
doped TiO, nanotubes. The results indicate that the XRD
spectrum of the as-annealed TiO, nanotubes exhibits
typical characteristic peaks of anatase TiO,, appearing at
positions 25.5° (101), 37.9° (004), 47.8° (200),
54.0° (105) and 55.0° (211). The XRD spectrum of
as-anodized TiO, nanotubes only shows characteristic
peaks of the Ti substrate, indicating that the non-annealed
TiO, nanotubes are amorphous. Therefore, the annealing

process at 450 C enables the transformation of TiO, from

an amorphous state to a crystalline anatase phase ™" .

® Ti ¢ Anatase

*  As-doped

Intensity
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Fig. 3 XRD spectra of as-anodized, as-annealed and as-doped TiO,

nanotubes

The influence of different crystal structure types on
self-doping was also studied. Freshly prepared TiO,
nanotubes from anodization are amorphous. When the
resulted nanotubes were directly subjected to cathodic bias
self-doping, the originally light-yellow TiO, film
gradually turns black. However, upon removal of the
voltage, the black color fades completely within a few
minutes. Therefore, in this study, thermal treatment in
air at 450 C was conducted on the as-anodized TiO,
nanotubes, transforming the amorphous TiO, into a more
stable anatase phase, and the TiO, film turned deep blue,
as depicted in Figs. 4 (a) and 4 (b). When the
crystalline TiO, obtained after annealing was subjected to
electrochemical cathodic doping, its color deepened
further, as shown in Fig. 4(c), ultimately resulting in
stable black TiO,. In addition, the XRD spectrum reveals
that the as-doped TiO, nanotubes still maintain the anatase
crystal phase (Fig. 3).

(a) (b)
Fig.4  Optical photos: (a) as-anodized TiO, film; (b) as-
annealed TiO, film; (c) as-doped TiO, film

2.4 Electrochemical analysis

Figure 5 illustrates the electrochemical performance
of samples through anodization. All the samples were
followed by annealing at 450 C in air and subsequent
electrochemical  cathodic self-doping treatment.
According to the different anodization conditions of 80 V
for 2 h, 80 V for 3 h and 100 V for 3 h, they were
labeled as samples Al, A2 and A3, respectively.
Figure 5(a) presents the CV curves of the three samples
at a scan rate of 100 mV/s. It can be seen that all the
curves are approximately rectangular, which indicates
that there are only a few Faradaic reactions occurring
within the studied potential window for all the samples.
This suggests that the capacitors act dominated by
EDLC".

As for the area enclosed by the curves, sample Al
has the smallest area, while sample A3 has the largest
area, indicating that sample A3 has the best capacitance
performance as a supercapacitor electrode. Therefore,
increasing the anodization time at the same voltage or
increasing the anodization voltage within the same time
frame can improve the electrochemical performance of
TiO, nanotubes. This is further confirmed by Figs. 5(b) -
5(d). The GCD curves (Fig. 5(b)) exhibit excellent
symmetry, indicating their outstanding reversibility. In a
specific voltage range and at a discharge current density,
the smoother the discharge curve of a sample is, the



Morphology Control of TiO, Nanotubes towards High-Efficient Electrodes for Supercapacitor

381

longer it takes to complete the discharge, indicating that
the sample has a larger capacitance value'* . Sample A3
exhibits the longest discharge time which reveals its best
electrochemical performance. Figure 5(c) demonstrates
the specific capacitance characteristics of each sample at
different scan rates. As the scan rate increases from
5 mV/s to 100 mV/s, the area-specific capacitances of
samples Al, A2 and A3 decrease by 16.6%, 11. 1% and
16. 3% , respectively, showing good rate performance.
Figure 5(d) shows the CV cycle stability at a scan rate
of 100 mV/s. After 5 000 cycles, the capacity retention
rates of samples A1, A2 and A3 are 87. 35% , 68. 92%

electrochemical performance among these three samples
are attributed to their differences in the microstructure.
Sample Al has the shortest nanotube length of about
2.5 pm, while sample A3 has a relatively large specific
surface area and active material mass due to its longest
nanotube length of 6.2 wm. Energy storage in double-
layer capacitors is achieved through charge separation
and accumulation at the electrode-electrolyte interface,
and the capacitance is proportional to the electrode area
and the mass of the active material. Therefore,
increasing the specific surface area of TiO, nanotubes is
an effective way to enhance the performance of double-

and 89.55%, respectively. The differences in layer capacitors.
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Fig. 5 Electrochemical performance of samples Al, A2 and A3: (a) CV curves at a scan rate of 100 mV/s; (b) GCD

curves at current density of 50 pA/ em?; (¢) specific capacitance; (d) CV cycle performance at a scan rate of

100 mV/s

In order to further test the influence of metal
heteroatoms on electrochemical performance, the as-
anodized TiO, nanotubes by 100 V for 3 h were selected
and subjected to sequential thermal annealing, self-doping
and loading small-sized Pt particles on the surface to form

a heterojunction structure. The performance of different
samples was compared. The preparation parameters of
different samples are listed in Table 1 and the samples are
labeled as samples B1, B2 and B3.

Table 1 Sample preparation parameters

Sample As-anodized As-annealed Activation As-doped Pt-loaded
B1 100V, 3h 450 C, 4 h — — —
B2 100 V, 3 h 450 C, 4 h 5V, 30 min -2V, 50 min —
B3 100V, 3h 450 C, 4 h 5V, 30 min -2V, 50 min Stand for 4 h

Figures 6 and 7 show the surface scanning EDS
spectra of samples B1 and B3, respectively. It can be
observed that the elemental mappings of both samples
exhibit uniform distributions of O and Ti elements.

However, a small amount of uniformly distributed Pt is
detected on the surface of sample B3. As evident from
the enlarged inset in Fig. 7(d), the mass fraction of the
loaded Pt accounts for approximately 0. 37%.
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Element : :
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n 39.85 66.48
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Fig. 6 EDS results of sample B1; (a) total element distribution;
(b) EDS mapping of Ti; (c) EDS mapping of O

(©)

(d)

Fig. 7 EDS results of sample B3: (a) total element distribution; (b) EDS mapping of
Ti; (c¢) EDS mapping of O; (d) EDS mapping of Pt

TiO, nanotubes of samples B1, B2 and B3 were
employed as electrode materials for supercapacitors, and
their electrochemical performances were investigated.
Figure 8 (a) presents the CV curves for the three
samples at a scan rate of 100 mV/s. All curves exhibit
nearly rectangular shapes, indicating the behavior of
EDLC dominating within the studied potential window.
Additionally, sample B1 displays the smallest enclosed
area in the CV curve, suggesting the minimal capacity

and the poorest capacitive performance. In contrast, the
enclosed area of the CV curve of sample B2 is
noticeably larger than that of sample B1, indicating that
electrochemical cathodic self-doping treatment
effectively enhances the capacitive performance of TiO,
nanotubes. The enhancement in capacitance could be
attributed to the significant decrease in charge-transport
resistance, which is accomplished by introducing oxygen
vacancy sites through electrochemical cathodic self-
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doping treatment' ™. Researches have shown that samples display linear voltage changes and good
hydrogenation of TiO, nanotubes leads to an increase in symmetry, indicating their excellent double-layer

the density of hydroxyl groups on the TiO, nanotube
surface, thereby enhancing its specific capacitance' "™ .
Furthermore, the electrochemical cathodic self-doping
process of TiO, nanotubes forms pathways for the
insertion/deinsertion of H' ions, which may facilitate
the insertion/deinsertion of H" and Na” ions when TiO,
nanotubes are used as
supercapacitors ** .

Moreover, loading Pt onto the as-doped TiO,
nanotubes further enhances the capacity of TiO, nanotubes
as electrodes for supercapacitors, which is demonstrated
by the largest enclosed area of the CV curve of sample
B3, as shown in Fig. 8 (a). At a scan rate of
100 mV/s, the specific capacitance of sample B1 is only
0.230 mF/cm’, while that of sample B2 reaches
2.576 mF/cm’, and the specific capacitance of sample
B3 increases to 3. 486 mF/cm’.

Figure 8 (b) exhibits the GCD curves of samples
Bl, B2 and B3 at a current density of 50 wA/cm’.
During charging and discharging processes, all three

active  materials in

capacitance characteristics. The results are consistent with
the performance features reflected in the CV curves in
Fig. 8(a). Sample B3 clearly exhibits a longer discharge
time, indicating a larger capacitance value. Figure 8(c)
demonstrates the variation of specific capacitance with the
scan rate. It can be observed that the specific capacitance
of samples B1, B2 and B3 remains stable as the scan rate
increases. Specifically, as the scan rate increases from
5 mV/s to 100 mV/s, the specific capacitance of sample
B3 retains 73.5%, demonstrating its excellent rate
capability. Furthermore, Fig. 8 (d) shows the GCD
measurement results for sample B3. At a charge-discharge
current density of 50 wA/cm’, the specific capacitance is
calculated to be 5.812 mF/cm’. When the charge-
discharge current density increases to 100 wA/cm’, the
specific capacitance is 3.725 mF/cm’, and it decreases
slightly to 3.424 mF/cm’ when the charge-discharge
current density increases to 200 pA/cm’, further proving
the excellent rate performance of Pt-loaded TiO,
nanotubes.
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Fig. 8 Electrochemical performance of samples B1, B2 and B3: (a) CV curves at a scan rate of 100 mV/s; (b) GCD

curves at a current density of 50 pA/cm?®; (c¢) specific capacitance; (d) GCD curves of sample B3 at different

charge-discharge current densities of 50, 100, 150 and 200 wA/ cm?

The charge storage mechanism is regulated by both
diffusion and surface capacitive processes. The Trasatti’ s
method offers a quantitative approach to discern
contributions of diffusion-controlled effects and surface-
controlled effects, respectively ™ . The total capacitance
C, is delineated as the sum of diffusion-controlled

capacitance C, and surface-controlled capacitance C, :

C,=C +C,. (1)

The pseudocapacitance ( PC ) characterizes the
diffusion-controlled capacitance, stemming from charge
transfer within the bulk materials through insertion/
extraction processes. While the surface-controlled
capacitance, identified as capacitance of EDLC, occurs
on the surface of materials. The specific capacitance
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C(v) as a function of the scan rate v is proportional to
v™"?, assuming the semi-infinite linear diffusion **'" ;

Clv)=kv™"? +C,, (2)

where k£ and C, are constants. The diffusion into bulk
materials becomes more unfeasible at higher scan rates,
therefore the capacitance equals C, when the scan rate
approaches infinity (v — o ). Consequently, the
C-intercept of the plot between C(v) and v~ "* can be
regarded as C, . As shown in Fig. 9 (a), the C-intercept
of the fitted linear is 2. 445 and 3. 165 for samples B2 and
B3, respectively. Accordingly, the EDLC capacitance
values are obtained. Further, the capacitance ratio of

EDLC capacitance to PC can be obtained based on
Eq. (2). As shown in Figs.9 (b)-9(c), as the scan rate
increases, the proportion of EDLC capacitance gradually
increases. Compared to sample B2, sample B3 exhibits a
higher PC proportion, indicating that the doping of Pt
enhances the Faradaic redox reactions within the bulk TiO,
nanotubes. When the scan rate increases from 5 to
100 mV/s, the PC proportion of sample B2 decreases from
20.6% to 5.1%, and for sample B3, the PC proportion
decreases from 33.3% to 9.2%. This is because that as the
scan rate increases, the efficiency of ion insertion into the
interior of the electrode material is affected, thus
impacting the efficiency of the redox reaction.

33 = Sample B2
50F ® SampleB3
C=1.448v"2+2 445 ?
45} C=3.577v 12+3.165
Ea40}
= °
E, 35 ¢
30F /
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20 1 1 1 1
0.1 0.2 0.3 0.4
v 12[(mV/s) 12
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Fig. 9 Capacitance analysis: (a) correlation of C vs v™"

proportion for sample B3

The enhanced performance of TiO, nanotube
electrodes after Pt loading can be elucidated utilizing the
band theory. The bandgap of anatase TiO, is 3.2 eV,
with a work function of 4.2 eV'**' | while Pt possesses a
work function of 5.65 eV. The work functions of both
the semiconductor and the metal are crucial for the
resulting state upon their contact. As illustrated in Fig.
10, the band alignment between anatase TiO, and Pt
depicts that the work function of TiO, is lower than that
of Pt. Upon contact, a Schottky barrier is formed at the
interface between TiO, and Pt. Pt-loaded TiO, nanotubes

are employed as electrodes in supercapacitors. During

333%  26.6% 20.8% 14.1% 9.2%

100

Contribution proportion/%

5 10 20 50 100
Scan rate/(mV/s)

(©)

2. (b) contribution proportion for sample B2; (c¢) contribution

charging and discharging processes of the capacitor, a
significant number of electrons can either pass through the
Schottky barrier or overcome the built-in barrier,
facilitating the transport throughout the entire composite
material of Pt-loaded TiO, nanotubes under the influence
of the electric field. The Schottky junction formed at the
Pt-TiO, interface enhances the conductivity of TiO,
nanotubes, thereby significantly improving their
electrochemical  performance as electrodes in
supercapacitors. This effectively proves that electrodes
with heterogeneous atom doping can improve their charge

storage capacity .
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E=-420eV

E=-565eV

Anatase TiO, Pt
(a)

________________

Anatase TiO, Pt

(b)

E.—conduction band; E,—valence band; E;—Fermi level.

Fig. 10 Energy-band diagrams of anatase TiO, and Pt: (a) before contact; (b) after contact

3 Conclusions

In summary, a
anodization at different voltages and time was carried out
to explore the effect of anodization voltage and time on
the morphology of TiO, nanotubes, as well as the
electrochemical performance of TiO, nanotubes with
different diameters and lengths prepared at 80 V for 2 h,
80 V for 3 h and 100 V for 3 h. Electrochemical self-
doping was conducted on the anatase TiO, nanotubes,
which significantly improved the electrochemical
performance of TiO, nanotubes as the electrode for
supercapacitors. With all doped samples being applied to
the supercapacitor, the sample prepared at 100 V for 3 h
showed the maximal -capacitance.  Additionally,
Pt-loading further enhanced capacity of TiO, nanotubes
for supercapacitors.

study of TiO, nanotubes via
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