J Solid State Electrochem (2017) 21:2349-2354
DOI 10.1007/s10008-017-3588-1

@ CrossMark

ORIGINAL PAPER

Electrodeposition of polyaniline in long TiO, nanotube arrays
for high-areal capacitance supercapacitor electrodes

Ji Xing'? - Weikang Zhang"' + Min Yin? « Xufei Zhu' - Dongdong Li* - Ye Song

Received: 4 January 2017 /Revised: 12 March 2017 / Accepted: 31 March 2017 /Published online: 7 April 2017

© Springer-Verlag Berlin Heidelberg 2017

Abstract Anodic TiO, nanotube arrays (TNTAs) were found
to be a suitable scaffold for the loading of other active mate-
rials for supercapacitors. The prepared coaxial nanostructured
composite-based TNTAs have been reported to show a re-
markable specific capacitance. However, owing to the
semiconductive nature of TiO, and the diffusion limits of
electrolytes in nanotubes, the electrodeposition of active ma-
terials was often found to preferentially occur at the upper
areas of TNTAsS, resulting in insufficient pore filling especially
for long nanotubes. Here, robust and long (over 100 pm)
TNTAs are served as a support template for electrodeposition
of polyaniline (PANI). After an electrochemical reduction pro-
cess of TNTAs, uniform and complete pore filling with PANI
using electrodeposition from bottom to top is realized by po-
tentiodynamic cycling successfully. The obtained PANI/
TNTAs composites show areal capacitances as high as
512.4 mF cm 2 due to the higher loadings of PANI. They also
have relatively good rate capability and cycling stability. This
work makes PANI/TNTAs composite electrodes really
scalable.
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Introduction

Anodic TiO, nanotube arrays (TNTAs) grown in situ on Ti
substrates, which can be utilized directly as an electrode with-
out the need for any binder, have found widespread applica-
tions in photovoltaic cells [1-5], photoelectrochemical water
splitting [6, 7], and supercapacitors [8, 9]. For application as
an electrode for supercapacitors, achieving higher capacitance
is always a key research target. Unfortunately, TNTAs show a
low specific capacitance (~10 mF cm 2 at best to date), which
is not yet competitive with typical materials for
supercapacitors such as RuO, [10, 11]. To enhance their spe-
cific capacitance, one of the most straightforward and com-
mon way is the manufacture of composites with other active
materials for supercapacitors because TNTAs were found to
be a suitable scaffold for the loading of these materials. The
prepared coaxial nanostructured composite-based TNTAs
have been reported to show a remarkable specific capacitance
[12—16]. However, it is not easy to attain the complete filling
of nanotubes with active materials. At present, electrodeposi-
tion is a frequently used method to fill the active materials into
nanotubes. Nonetheless, the active materials were often found
to reside dominantly at the upper areas of TNTAs, resulting in
insufficient pore filling, although there is electrically driving
force in this case (under the action of an applied electric field).
For instance, the electrodeposition of polyaniline (PANI) onto
TNTAs has been investigated heavily, but the SEM images
provided by many researchers demonstrated that PANI nano-
wires were only deposited on the surface of TNTAs instead of
inside nanotubes [15-19]. Due to the semiconductive nature
of TiO, and the diffusion limits of electrolytes in nanotubes,
the electrodeposition of PANI occurs more easily on the sur-
face of TNTAs than in nanotubes. Similar behavior can also be
observed in the electrodeposition of MnO, [12, 13] or WO,
[20] onto TNTAs. Furthermore, it should be noted that the
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TNTASs with short nanotubes (usually a few micrometers) was
utilized in those electrodeposition experiments reported previ-
ously [12, 15, 16, 19, 21]. For the TNTAs with long nano-
tubes, realization of sufficient pore filling would become more
difficult because of the longer diffusional path of electrolytes
along the nanotubes.

Most recently, we have successfully fabricated long
TNTAs (over 100 wm) with satisfactory mechanical adhesion
to Ti substrate [9]. The long TNTAs with a much higher sur-
face area of tubular structures can allow larger loading capac-
ity of active materials, resulting in a significant improvement
in specific capacitance. In this work, an effective approach
was developed to solve the abovementioned problem. As an
example, PANI was successfully electrodeposited into the
long TNTAs by potentiodynamic cycling. As expected, the
obtained PANI/TNTA composite electrodes yielded a drasti-
cally enhanced areal capacitance.

Experimental

TNTAs with a thickness of ~100 um were fabricated by gal-
vanostatic anodization of Ti foils (99.9% purity, 0.5-mm
thickness) in an ethylene glycol (EG) electrolyte containing
0.3 wt% NH4F and 2 vol% deionized water at a current den-
sity of 10 mA ¢cm 2 for 4 h at room temperature (~24 °C).
Then, the prepared TNTAs were anodized again in 5 wt%
H3PO, in EG electrolyte to reinforce the adhesion of nano-
tubes to Ti substrate [22] and crystallized by annealing at
450 °C in argon atmosphere for 3 h. Here, this second anod-
ization treatment is similar to the bottom sealing procedures
reported by Lee et al. [23]. After this step, it was found that the
long TNTAs become robust and more adherent to Ti substrate
and can withstand the subsequent annealing. A detailed de-
scription of preparation and treatment of long TNTAs can be
found elsewhere [9].

Before electrodeposition of PANI, long TNTA films with
active area of 0.5 cm? were electrochemically reduced by cy-
clic voltammetry (CV) in 1 M NH,4CI aqueous solution from
—1.2t0 —0.2 Vat a scan rate of 100 mV s~ for 10 cycles [24].
This electrochemical reduction process can make the bottom
layer of TNTAs more conductive than their walls so that PANI
is expected to be electrodeposited starting from the bottom
[24]. The electropolymerization of aniline was performed in
a solution containing 0.1 M aniline and 0.5 M H,SO,, either
potentiostatically (at 0.7 V) or by CV (from —0.2to 1.0 Vata

Fig. 1 Schematic diagram of
fabrication protocol for the

PANI/TNTA composite films Reduction

of bottoms
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scan rate of 25 mV s 1). Prior to the capacitive performance
tests, an electrochemical hydrogenation doping of the as-
prepared PANI/TNTAs composite films was performed in
0.5 M Na,SOy, solution at —1.5 V for 60 s to further enhance
the conductivity of TNTAs [25, 26]. The whole process is
illustrated in Fig. 1. All the electrochemical experiments were
carried out in a three-electrode configuration with a saturated
calomel electrode (SCE) as reference electrode and a carbon
rod as counter electrode.

The morphology of samples was examined by field-
emission scanning electron microscope (SEM, FEI Quanta
250FEG). The crystal structure of the TiO, samples was ex-
amined by X-ray diffractometer (XRD, Bruker-AXS D8
ADVANCE at 40-kV voltage and 40-mA current with Cu-
Ko radiation). Mott-Schottky plots were measured at
10 kHz in 0.5 M Na,SO, solution. Supercapacitive perfor-
mances of the samples were evaluated in 0.5 M H,SO, solu-
tion using AUTOLAB PGSTAT302 N/FRA2. CV tests were
performed between —0.3 and 0.6 V at different scan rates over
the range from 10 to 200 mV s ', and galvanostatic charge-
discharge tests were carried out over the same potential range
at different current densities from 0.5 to 10 mA cm >,

Results and discussion

Figure 2 shows SEM images of the prepared long TNTAs
obtained for 4-h galvanostatic anodization at 10 mA cm 2. It
can be found that the inner diameter of the nanotubes de-
creases gradually from top to bottom by comparing Fig. 2a—
c. In fluoride-containing electrolytes, the nanotube wall thick-
ness is inevitably affected by chemical etching during anodi-
zation. As the etching is exposure time dependent, the inner
diameter of the nanotubes decreases gradually from top to
bottom, exhibiting a V-shaped sidewall thickness profile
[27]. As shown in Fig. 2d, TNTAs with a thickness of over
100 um can be obtained after 4-h anodization at 10 mA cm 2.
It should be mentioned that anodization at 10 mA c¢m > not
only has higher growth rate of TNTAs but also does not lead to
cracks or collapse of nanotube layer [9]. This is the reason
why this current density was applied here for fabricating
TNTAs using a constant current anodization technique.

As mentioned above, uniform pore filling with PANI by
electrodeposition from the tube bottom to the top is hard to
achieve. To solve this problem, a reductive doping process for
TNTAs was carried out to form a high-conductivity bottom
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Fig. 2 SEM images of long TNTAs taken a at the top, b in the middle,
and c close to the bottom of nanotubes. d Cross-sectional view showing a
whole image of the TNTA layer

layer of nanotubes before electrodeposition (Fig. 1). Thus, the
electrochemical polymerization of aniline should occur
starting from the bottom of nanotubes. In this study, the elec-
trodeposition of PANI in long TNTAs was tried by both
potentiostatic and potentiodynamic cycling techniques.
Figure 3a shows a typical chronoamperogram during the
potentiostatical deposition of PANI at 0.7 V for 600 s. It is
seen that the current rapidly decays to a minimum after an
initial current pulse, which corresponds to a period of induc-
tion where the double-layer charge and the monomer

oxidation occur [28]. The current begins to increase obviously
after 300 s, indicating an increased electrodeposition rate ow-
ing to the self-catalyzing effect of PANI [29, 30]. After
potentiostatical deposition of 600 s, a layer of black products
on the surface of TNTA films was observed with the naked
eye, demonstrating the formation of PANI on the film surface.
However, SEM observations reveal that no electrodeposition
product can be found inside the nanotubes although the sur-
face of TNTAs is covered by PANI films as shown in Fig. 3c,
d, showing that an attempt to fill nanotubes with PANI by the
potentiostatical electrodeposition failed.

Fortunately, a uniform growth of PANI in nanotubes from
bottom to top can be realized by CV at a scan rate of
25 mV s '. While using CV technique, no product on the
surface of TNTAs was observed with the naked eye after 15
potentiodynamic cycles, but the cyclic voltammograms re-
corded during electropolymerization showed typical redox
peaks of PANI (Fig. 3b), implying the existence of PANI
inside the nanotubes. Unlike the electropolymerization of an-
iline on flat substrates [31], it is seen from Fig. 3b that the
increment of redox peak currents during each cycle tends to
decrease gradually with cycle number and the oxidation
(reduction) peak slightly shifts toward a more positive
(negative) potential. The result implies that the
electropolymerization of aniline into TNTAs becomes more

Fig. 3 Curves of electrochemical a b 15
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and more difficult as the cycle number increases, possibly
because the diffusion rate of aniline monomer into nanotubes
is lower than the scan rate. For the potentiodynamic electro-
deposition, the electropolymerization of aniline occurs only at
a high anodic potential, whereas the electropolymerization
proceeds continuously for the potentiostatic method. Thus,
there is a break in deposition in between two consecutive
potential sweeps, which is beneficial to diffusion of monomer
into nanotubes. Besides, unlike the potentiostatic case, the
formed PANI can be in the highly conducting state during
potentiodynamic cycling; this facilitates the subsequent elec-
trodeposition of PANI on the formed PANI within nanotubes.
Consequently, the complete filling of nanotubes with PANI is
available. Figure 3e, f shows the morphology of the tube tops
of TNTAs and the TNTAs taken from the fractures in the
middle of nanotubes after electrodeposition of PANI, respec-
tively. As can be seen, almost all nanotubes near the middle
part of the TNTA layer are filled with PANI completely, indi-
cating that PANI/TNTA composite structures can be achieved
by potentiodynamic cycling (Fig. 3f). In contrast, there is
nothing in nanotubes near their surface as shown in Fig. 3e,
confirming the above-observed result by the naked eye, i.c.,
no electrodeposition product on the surface of TNTAs. This
indicates that PANI does not grow out of the nanotubes after
15 potentiodynamic cycles. In fact, too much potentiodynam-
ic cycles may lead to the formation of PANI on the nanotube
surface; thus, one cannot distinguish whether the electrodepo-
sition of PANI occurs within nanotubes or on their surface. To
avoid this problem, the electrodeposition of PANI was carried
out by CVonly after 15 cycles in this work. In conclusion, the
above SEM images demonstrate that PANI grows in nano-
tubes indeed from bottom to top.

Figure 4a shows the evolution of the XRD patterns of
TNTAs during the whole process illustrated in Fig. 1 for the
fabrication of the PANI/TNTA composite structures. Clearly,
the as-anodized TNTAs are amorphous because no diffraction
peak can be observed except for the peaks originated from Ti
substrates, in agreement with previous works [32, 33]. It is
seen that the TNTAs were transformed from amorphous to
anatase phase with the strongest (004) diffraction peak after

annealing in argon. Moreover, all of the XRD patterns show
no noticeable distinction during the subsequent treatment pro-
cedures, including the electrochemical reduction of nanotube
bottoms, the electrodeposition of PANI, and the electrochem-
ical hydrogenation doping. The results suggest that these treat-
ments have no effect on the crystal structure of TNTAs, in
accordance with previous studies [9, 26, 34]. Especially, due
to the amorphous nature of PANI, the TNTA/PANI samples
have similar XRD pattern as TNTAs. In addition, the
TNTA/PANI samples were found to have no noticeable
change in the morphology and crystal structure after the elec-
trochemical hydrogenation doping [24]. Nevertheless, it has
been demonstrated that this treatment step can significantly
enhance the conductivity of TNTAs due to the increased ox-
ygen vacancies (or Ti**) and the introduction of the interstitial
ionized hydrogen [9, 26]. Furthermore, the increase in carrier
density of TNTAs after the electrochemical doping can be also
confirmed by Mott-Schottky analysis. Figure 4b shows Mott-
Schottky plots of the TNTA samples before and after the elec-
trochemical doping, which were obtained from capacitances
derived from the electrochemical impedance data at each po-
tential. Based on Mott-Schottky equation [12, 35], the carrier
density of the samples after the electrochemical doping was
calculated to increase from 1.1 x 107 t0 3.0 x 10} ecm .
Cyclic voltammograms and the corresponding areal capac-
itance at various scan rates for the as-prepared PANI/TNTA
composites are shown in Fig. 5a, b, respectively. The shape of
the voltammograms remains relatively unchanged, and the
areal capacitance decreases slowly as the scan rate increases,
suggesting a high rate capability. The PANI/TNTA compos-
ites exhibit a pair of distinct redox peaks originated from
PANI, leading to a larger pseudocapacitance. Therefore, the
composites achieve a greatly increased areal capacitance of
5124 mFcem 2at 100 mV s ™! (Fig. 5b). Owing to the utiliza-
tion of long TNTAs, this areal capacitance is 5.5 times larger
than that of previously reported PANI/TNTA composites
made from shorter nanotubes [36], confirming a higher load-
ing of PANI in the TNTAs. Also, this areal capacitance is 4.5
times higher than that of bare TNTAs themselves because of
the addition of PANI [9]. The as-prepared PANI/TNTAs

Fig. 4 a Evolution of the XRD a b
patterns of TNTAs during the AQ0%) 16
whole process illustrated in Fig. 1. A:Anatase
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b Mott-Schottky plots of the 3 % 12
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composites can be steadily operated over a wide range of
current densities from 0.5 to 10 mA cm > (Fig. 5c), which
exhibits only 30.9% loss in capacitance with a 20 times in-
crease in the discharge current density, also implying excellent
rate capability. In addition, the nearly symmetrical charge-
discharge curves at various current densities demonstrate good
coulombic efficiency. As seen in Fig. 5d, the as-prepared
PANI/TNTAS can remain 72.2% of the initial capacitance af-
ter 2000 cycles, suggesting a relatively good long-term cy-
cling stability.

Conclusions

In summary, over 100-um-thick TNTAs were served as suitable
support templates for electrodeposition of PANI via electrochem-
ical polymerization of aniline. After the electrochemical reduc-
tion process of TNTAs, uniform and complete pore filling with
PANI by electrodeposition from bottom to top was achieved
using potentiodynamic cycling. The prepared PANI/TNTA com-
posites exhibit an areal capacitance of 512.4 mF cm 2, well
above that of the PANI/TNTA systems based on usually short
TNTAs due to the higher loadings of PANI. Also, they have
relatively good rate capability and cycling stability. Besides, the
areal capacitance of the PANI/TNTASs is expected to improve
further by tuning aniline concentration in polymerization solu-
tions and potential sweep rates.
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