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Introduction

ABSTRACT

Anodic TiO, (ATO) nanotube arrays have been considered as promising elec-
trode materials for super capacitors. However, their specific capacitance value is
still not comparable with conventional super capacitor materials. Here, we
demonstrate a convenient method for improving the capacitive properties of
ATO nanotube arrays for super capacitors, which can be realized simply by
soaking the as-anodized ATO nanotube arrays in water at room temperature for
a sufficiently long time. The nanotube wall for the soaked ATO nanotube arrays
becomes rough, resulting in increased specific surface area. After an electro-
chemical hydrogenation doping process using potentiodynamic cycling for the
ATO samples, the soaked ATO electrodes exhibit a very high average specific
capacitance of 20.96 mF cm ™ at a current density of 0.05 mA cm ™2, about a
threefold improvement over those unsoaked ones that just treated by the elec-
trochemical hydrogenation doping. The presented results demonstrate that the
soaking treatment is a facile and cost-effective way to change the morphology of
ATO nanotubes and increase specific capacitance, which would be of great
industrial interest.

Ti foil substrate and can be employed directly as a
super capacitor electrode. However, TiO, electrodes

Anodic TiO, (ATO) nanotube arrays have attracted
considerable attention because of their high surface
area, unique electronic properties, excellent chemical
stability, and environmental friendliness [1-7].
Recently, ATO nanotube arrays have gained growing
interest as a promising electrode material for super
capacitors [8-11], because the vertically oriented
nanotube arrays provide a direct pathway for elec-
tron transport along the long axis of nanotubes to the
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generally exhibit inferior capacitive behavior due to
poor electrochemical activity and low electrical con-
ductivity [12-17]. To promote their super capacitive
performances, attempts have been made through a
variety of materials engineering approaches includ-
ing doping (hydrogen, niobium, and nickel) or
modification of TiO, material, decorating the struc-
ture with an extra layer nanoparticles, and fabricating
special geometry of TiO, nanotubes [18-23]. Recently,
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Figure 1 FESEM images of a fop view, b side view of the
unsoaked ATO and c¢ fop view, d side view of the soaked ATO.
The insets show the corresponding nanotube length of the

Lu et al. [8] have shown that hydrogenation, i.e.,
annealing in hydrogen atmosphere at high tempera-
tures can improve significantly the electrochemical
performance of ATO as super capacitor materials.
They found that ATO nanotube arrays hydrogenated
at 400 °C achieved the highest specific capacitances of
3.24 mF cm ™2 with excellent rate capability and long-
term stability. We have demonstrated that a plasma-
assisted hydrogenation method can improve the
electronic conductivity and electrochemical perfor-
mances of ATO nanotube films [18]. The doped ATO
nanotubes deliver a very high average specific
capacitance of 7.22 mF cm ™2 at a current density of
0.05 mA cm™2. Zhou et al. [13] also showed that the
electrochemically doped ATO nanotubes achieved a
capacitance of 0.949 mF cm™? at a current density of
10 pA cm™2 Nevertheless, these specific capacitance
values are still not comparable with conventional
active materials such as RuO, [24-26]. Hence, it is
highly desirable to further increase their specific
capacitance.

ATO nanotubes were found to store charge mainly
via a double-layer capacitor fashion rather than a
pseudo capacitive redox process [27, 28]. Increasing
the effective surface area of ATO nanotubes should
result in a higher areal specific capacitance [29].

3147

mesoporous

unsoaked and soaked ATO nanotubes. Both ATO samples were
treated by thermal annealing and the electrochemical hydrogena-
tion doping.

Therefore, one of the most straightforward and effec-
tive methods for enhancing capacitance of ATO nan-
otubes is to increase their surface areas. Recently, a
water treatment process to change geometry of TiO,
nanotubes has been reported [30, 31]. This motivated
us to explore the effect of the water treatment process
on the specific capacitance of ATO nanotubes. In this
study, we present a facile approach to tune the mor-
phology of nanotubes and improve their surface areas
simply by soaking the as-anodized ATO nanotube
arrays in water at room temperature for a sufficiently
long time. It was demonstrated that the soaked ATO
nanotube arrays showed a markedly improved
capacitance compared with the unsoaked ones.

Experimental

ATO nanotube array films were fabricated by two-
step anodization of Ti foils in a two-electrode con-
figuration. The first-step anodization was performed
at 60 V for 2 h in an ethylene glycol electrolyte con-
taining 0.5 wt% NH4F and 2 vol% H,O. The as-ob-
tained nanotube films were removed from the Ti foil
with adhesive tape. The second-step anodization was
performed at 60 V for 1 h. The details were described
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Figure 2 a XRD patterns of ATO nanotube samples. b Cyclic voltammograms of the soaked ATO films obtained at a scan rate of 100 mV

s~ before and after thermal annealing.

elsewhere [18, 32, 33]. Afterward, the as-anodized
ATO nanotube films were soaked in deionized water
at room temperature for 80 h. The soaked ATO
samples were annealed in air at 150 °C for 2 h, then
up to 450 °C for 3 h to fully form TiO, anatase phase.
Finally, an electrochemical hydrogenation doping for
ATO samples was performed in 0.5 M Na,SO, solu-
tion by potentiodynamic cycling between —2.2 and
0V at a scan rate of 100 mV s~ '. The ATO samples
were characterized by field emission scanning elec-
tron microscopy (FESEM, NOVA Nano SEM 230) and
X-ray diffraction (XRD) measurements (Bruker D8
Advance diffractometer with Cu—Kuo radiation). All
electrochemical measurements were carried out in
2M LiSO4 aqueous solution in three-electrode
compartments at room temperature using AUTOLAB
PGSTAT302 N/FRA2. ATO samples (exposed area
1 x 1 cm?), saturated calomel electrode (SCE), and Pt
mesh served as the working, reference, and counter
electrodes, respectively. Unless otherwise noted, all
ATO samples were annealed in air and treated by the
electrochemical hydrogenation doping before elec-
trochemical tests. Cyclic voltammetry (CV) and gal-
vanostatic charge-discharge tests were performed
over a potential range from —0.3 to 0.6 V. The cycling
stability was tested using a continuous charge—dis-

charge cycling at a current density of 0.10 mA cm ™2

Results and discussion

The FESEM micrographs of the unsoaked and soaked
ATO nanotube arrays are shown in Fig. 1. For the
unsoaked ATO nanotube arrays, it is shown from
Fig. 1a that they possess a smooth top surface, with
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an inner diameter of ~70 nm, a wall thickness of
~40 nm, and a tube length of about 9.8 pm. The
unsoaked ATO nanotubes also have a smooth tube
wall without any specific structure, as evident in
Fig. 1b. After the soaking in water over 80 h, there
exist so many small particles on the top surface of
ATO nanotubes that they nearly block the nanopores
of nanotube arrays, as shown in Fig. 1c. A length of
about 10.2 pm of the soaked ATO nanotubes is quite
similar to that of the unsoaked ones (9.8 um), indi-
cating that the soaking treatment does not change the
length of ATO samples. Nevertheless, the tube wall
becomes so thick and rough that hollow tubular-like
structure is hard to observe (Fig. 1d); that is, nan-
otubes are converted into nanoparticulate aggrega-
tions. Obviously, the soaked ATO nanotubes with
this microscopic morphology should have higher
surface area than that of the unsoaked ones, which is
consistent with literature reports [30, 31].

XRD patterns of the unsoaked and soaked ATO
nanotube films are shown in Fig. 2a. For comparison,
the XRD patterns of both ATO nanotubes before
thermal annealing are also given in Fig. 2a. Clearly,
the as-anodized (i.e., the unsoaked and unannealed)
ATO nanotubes are in a fully amorphous state
because of the absence of diffraction peaks. After
thermal annealing, the unsoaked ATO films are
transformed from amorphous to anatase phase. For
the soaked ATO samples regardless of whether they
were further annealed or not, the anatase TiO, peaks
can be clearly observed (JCPDS No. 21-1272). There-
fore, in addition to thermal annealing, the as-an-
odized amorphous ATO films can also be
transformed into crystalline anatase TiO, by the
soaking treatment. Besides, the phase transformation
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Figure 3 a Consecutive cyclic voltammograms of the soaked
ATO samples during potentiodynamic cycling process at a scan
rate of 100 mV s~ '. b Cyclic voltammograms of the pristine,

resulting from the soaking treatment leads to the
morphology change of ATO films (Fig. 1). However,
the crystallinity of the soaked samples is obviously
enhanced after thermal annealing, which can be
demonstrated by the increase of the peak intensities
and the decrease of half-width in the anatase
diffraction patterns (Fig. 2a). This means that the as-
anodized ATO films can only be transformed into
crystalline anatase TiO, partially via water soaking.
Moreover, the soaked samples that were not sub-
jected to thermal annealing show a sloping cyclic
voltammogram as shown in Fig. 2b, suggesting a
poor performance of super capacitors with a higher
electrode resistance [34]. In contrast, the soaked
samples exhibit a nearly rectangular cyclic voltam-
mogram with a greatly increased integrated area
upon annealing. Therefore, prior to the electrochem-
ical hydrogenation doping, all ATO samples were
thermally annealed in this work.

As mentioned in “Introduction” section, the
hydrogenation treatments can improve significantly
the electrochemical performance of ATO as super
capacitor materials due to an increased conductivity
of TiO, through self-doping [8, 18]. By contrast, the
hydrogenation doping based on the electrochemical
approach is more convenient and cost efficient for
the treatment of ATO nanotube films. For instance,
Zhou and Zhang [13, 35] reported a simple cathodic
polarization method to achieve self-doped ATO
nanotubes. They found that ATO nanotubes, polar-
ized cathodically at —1.4 V (vs. SCE) for the period
of 10 min at room temperature, exhibited the high-
est capacitance of 1.84 mF cm™? at a scan rate of
5mV s~ ' (39 times higher than that of the pristine
TiO,). Here, we modified their electrochemical

unsoaked, and soaked ATO nanotubes. ¢ Cyclic voltammograms
of the soaked ATO nanotubes at different scan rates.

hydrogenation method, ie., the electrochemical
doping process was performed by potentiodynamic
cycling rather than by potentiostatic approach. Thus,
the electrochemical hydrogenation process can be
monitored by consecutive cyclic voltammograms of
the samples. Once the recorded cyclic voltammo-
grams tended to be stable and overlap, the electro-
chemical doping process would be finished.
Figure 3a illustrates the typical cyclic voltammo-
grams for the soaked ATO samples during the
electrochemical doping process, where the cyclic
voltammograms start to overlap after four poten-
tiodynamic cycles. Usually, the electrochemical
doping process for ATO samples can be completed
within ten potentiodynamic cycles. Figure 3b pre-
sents cyclic voltammograms for the pristine (.e.,
undoped), unsoaked ATO, and soaked ATO elec-
trodes at a scan rate of 100 mV s™', respectively. It
can be seen that the electroactivity of pristine ATO
is very low at the anodic end of the cycles owing to
its high resistance at high potentials [36], indicating
its poor capacitive behavior. After the electrochem-
ical doping, the unsoaked ATO electrode shows the
excellent electroactivity over the whole potential
range and a nearly rectangular cyclic voltammo-
gram typical of double-layer capacitors [37, 38].
Clearly, the cyclic voltammogram of the unsoaked
ATO electrode exhibits a larger integrated area and
higher current response than that of the pristine
ATO electrode, implying a markedly enhanced
capacitive behavior after the electrochemical doping
as reported previously [1, 13, 35]. The improved
performances can be attributed to an increase in
conductivity of TiO, due to the introduced oxygen
vacancies [13, 32].
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Figure 4 a Comparison of galvanostatic charge—discharge plots
of both ATO samples collected at a current density of 0.05 mA
cm 2. Galvanostatic charge—discharge curves of the soaked ATO
nanotubes obtained from b 0.05 to 0.50 mA cm™2 and ¢ 1.00 to
4.00 mA cm 2. d The average areal capacitances for both ATO

The soaked ATO nanotubes with nanoparticulate
morphology, as described above, should have higher
surface area, which in turn leads to a much higher
capacitance. Wang et al. [30] reported that the soaked
ATO nanotubes have a markedly improved surface
area, about 5.5 times higher than that of the as-an-
odized ATO nanotubes. The cyclic voltammogram of
the soaked ATO nanotubes in Fig. 3b confirms this
conclusion. The cyclic voltammogram for the soaked
ATO electrode has a considerably larger integrated
area compared with the unsoaked one, revealing a
dramatically enlarged capacitance after the soaking
treatment. Figure 3c shows the cyclic voltammo-
grams for the soaked ATO electrode at different scan
rates over the wide range from 0.2 to 0.8 V s, Sig-
nificantly, the curves can still keep quasi-rectangular
shape as the scan rate is up to 0.8 V s™', suggesting
the excellent capacitive behavior and high rate
capability of the soaked ATO electrode.

The super capacitive performances for the soaked
ATO nanotubes are also evaluated by galvanostatic
charge-discharge tests at different current densities.
Figure 4a compares the charge—discharge curves of
the unsoaked and soaked ATO nanotubes collected at

@ Springer

nanotubes at different discharge current densities. e The voltage
drops for both ATO nanotubes at different discharge current
densities. f Capacitance retention versus cycle number for the
soaked and the unsoaked ATO electrodes over 2000 cycles.

a current density of 0.05 mA cm > Evidently, the
charge—discharge curve of the soaked ATO electrode
is substantially broadened compared to the unsoaked
one, confirming an enhanced capacitance. As shown
in Fig. 4b, c, the nearly symmetric and linear charge—
discharge curves at different current densities indi-
cate good coulombic efficiency of the soaked ATO
electrodes. Figure 4d compares the average specific
capacitances at various current densities for the
unsoaked and soaked ATO electrodes. The soaked
ATO electrode delivers a high average specific
capacitance of 20.96 mF cm 2 at 0.05mA cm?
almost three times larger than that of the unsoaked
one. As expected, for both ATO electrodes, the
specific capacitance decreases with increasing current
density because of the limited ion diffusion.
Nonetheless, both ATO electrodes show a slight
decrease in capacitance, i.e., an outstanding rate
capability. For example, the soaked electrode has a
capacitance retention of 80.1% as the discharge cur-
rent density increases from 0.05 to 4.00 mA cm 2,
though it has a higher specific capacitance than the
unsoaked one. Besides, voltage drops for the both
ATO electrodes are relatively small at all operated
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current densities and very close to each other as
shown in Fig. 4e. This indicates that both ATO elec-
trodes have an excellent conductivity after the elec-
trochemical doping process, although there may be a
risk of increasing contact resistance for the soaked
ATO electrode owing to its nanoparticulate mor-
phology. Figure 4f shows the cycling stability of the
unsoaked and soaked ATO electrodes. Clearly, both
unsoaked and soaked electrodes have a similar
cycling stability, indicating that the soaking treatment
will not reduce the cycling stability of ATO nan-
otubes. The specific capacitance of the soaked ATO
electrode decreases slowly with cycle number and
still retains more than 78.0% of initial capacitance at
the end of 2000 cycles, which is still 2.38 times larger
than the initial capacitance of the unsoaked
counterpart.

Conclusions

Soaking ATO nanotube arrays in deionized water at
room temperature for a long time can markedly
improve their specific surface area. After thermal
annealing and potentiodynamically electrochemical
doping for the soaked ATO nanotube arrays, they can
deliver an areal capacitance of 20.96 mF cm ™2, nearly
three times larger than that of the unsoaked coun-
terparts. The specific capacitance of the soaked ATO
electrode decreases slowly with cycle number and
still retains more than 78.0% of initial capacitance at
the end of 2000 cycles, which is still 2.38 times higher
than initial capacitance of the unsoaked one. The
technique presented here provides a facile and cost-
effective way to change the morphology of ATO
nanotubes and increase specific capacitance, making
it suitable for industrial applications.
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