.

ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Capacitive performance of vertically aligned
reduced titania nanotubes coated with Mn,O5 by
reverse pulse electrodeposition

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 23040

Nurul Asma Samsudin, @2 Zulkarnain Zainal, ©**® Hong Ngee Lim, {2°
Yusran Sulaiman, ©2° Sook-Keng Chang, ©2° Ying-Chin Lim, ¢
Asmaa Kadim Ayal®® and Wardatun Nadrah Mohd Amin &2

In this study, a composite material, manganese oxide/reduced titania nanotubes (Mn,Oz/R-TNTs), was
synthesized through incorporation of Mn,Os onto R-TNTs via the reverse pulse electrodeposition
technique. The structural and
electrochemical performance of the surface was studied by varying the applied duty cycle from 10% to
90% for 5 min total on-time at an alternate potential of —0.90 V (E,,) and 0.00 V (Eog). FESEM analysis
revealed the uniform deposition of Mn,Oz on the circumference of the nanotubes. The amount of
Mn,O3 loaded onto the R-TNTs increased as a higher duty cycle was applied. Cyclic voltammetry and

galvanostatic charge—discharge tests were employed to elucidate the electrochemical properties of all

influence of pulse reverse duty cycles on the morphological,

the synthesized samples in 1 M KCL. The specific capacitance per unit area was greatly enhanced upon
the incorporation of Mn,Oz onto R-TNTs, but showed a decrease as a high duty cycle was applied. This
proved that low amounts of Mn,Os loading enhanced the facilitation of the active ions for charge
storage purposes. The optimized sample, Mn,O3/R-TNTs synthesized at 10% duty cycle, exhibited high
specific capacitance of 18.32 mF cm™2 at a current density of 0.1 mA cm™2 obtained from constant
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Introduction

Supercapacitors have attracted wide attention as promising
energy storage devices in many applications as they offer greater
power density and longer cycle life than batteries, and higher
energy density than conventional capacitors."” They can be
categorized into two ways of storing energy, either by ion
absorption (electrochemical double-layered capacitors) or by
surface redox reaction (pseudocapacitors). Studies on electro-
chemical double-layered capacitors mainly focus on carbon
materials with high surface area such as carbon, carbon aerogel,
activated carbon and carbon nanotubes.*® As for pseudocapa-
citors, electroactive materials with several redox states have
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Mn,O3/R-TNTs synthesized at 10% duty cycle was 6 times higher than bare R-TNTs.

been excessively studied such as RuO,,>'* NiO,"** C0,03,">**
MnO,,">** MoS,"” Sn0O,,"® NiS**** and conducting polymers.>*>*

Nanomaterials have garnered great interest as super-
capacitive materials as they may improve the power capabilities
and life cycles of supercapacitors due to their high surface
area.>?* One dimensional (1D) nanoarrays such as nanotubes,
nanowires and nanorods are extensively studied due to their
high interfacial area and suitability in the design of electrical
devices. Moreover, these nanomaterials promote binder-free
electrodes whereby samples were directly grown on conduc-
tive substrates that help in facilitating the diffusion of active
ions, and the coated films can be analyzed upon heat treatment
without any further processing steps.

Recently, highly ordered titania nanotubes (TNTs), synthe-
sized by an electrochemical anodization method, have received
a lot of interest for supercapacitor applications due to their
large surface area, high ion accessibility, controllable tube
structure and relatively low cost.>”-** However, TNTs suffer from
a very low specific capacitance due to their poor electrical
conductivity.*** In order to enhance the capacitive perfor-
mance of TNTs, many attempts have been carried out by various
electrochemical approaches® and thermal treatments.***® In
our previous study, we modified TNTs by an electrochemical
reduction method whereby oxygen vacancies were introduced

This journal is © The Royal Society of Chemistry 2018
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into the lattice of the TNTs upon the reduction of Ti*" to Ti**.3
Attempts to incorporate metal oxides into the modified titania
nanotubes in order to further enhance the capacitive perfor-
mance of the samples have been conducted by the electrode-
position method. Electrodeposition is an advantageous method
as it can control the composition and thickness of the thin film,
consumes less energy, is inexpensive, simple and can be easily
implemented.>” Moreover, this method can easily control the
resulting morphology by adjusting the deposition parame-
ters.*®*° There are various electrodeposition modes that can be
employed to deposit metal oxide: cyclic voltammetry deposition
and potentiostatic (chronoamperometry), galvanostatic (chro-
nopotentiometry) and pulse electrodeposition. These different
electrodeposition modes have significantly affected the result-
ing surface morphology, crystal structure and the electro-
chemical performance of the prepared samples. However,
approaches using potentiostatic**> and galvanostatic*> modes
have caused the deposit to cover the openings of the nanotubes.
This has resulted in a lower surface area being generated, which
may lead to a reduction in specific capacitance values.

Reverse pulse electrodeposition is one of the electrodeposi-
tion modes that offers several advantages compared to the other
electrodeposition modes. This mode allows independent vari-
ation of pulse waveform, cathodic/anodic pulses, duty cycle and
applied potential in order to enhance the characteristics of the
deposits in terms of the morphology, adhesion, composition,
crystallinity and electrical properties.*** Smooth and homog-
enous deposits can be obtained by this technique as the charge-
transfer process is controlled by varying the duty cycle. By
adjusting the duty cycle of the deposition, the active deposition
time (T,p) and rest time (7o) can be controlled, and so the duty
cycle parameter plays a crucial role in ensuring the uniformity
of the deposition as well as the size of the deposits.*®

In this work, a reverse pulse electrodeposition method has
been used to deposit manganese oxide onto the modified titania
nanotubes (R-TNTs). The duty cycle of the electrodeposition was
varied in order to find the desired morphology that was able to
maintain the large surface area of the titania nanotubes and
exhibit high specific capacitance. To the best of our knowledge,
there is no comparative study that has reported previously on
the influence of duty cycle on the morphological, structural and
electrochemical performance of manganese oxide/modified
titania nanotubes. We highlighted that Mn,0O; nanoparticles
were successfully deposited on the circumference of the nano-
tubes and the surface morphology of each sample varied with
the applied duty cycle. It was demonstrated that the
morphology and the electrochemical performance of all the
synthesized samples were influenced by the applied duty cycle.

Experimental

Preparation of modified titania nanotubes (R-TNTs)

Pure Ti foil with an area of 1 cm x 2 cm (0.125 mm thick, 99.7%
purity, Sigma Aldrich) was cleaned by a series of ultra-
sonications in isopropanol, acetone and deionized water (DI)
followed by chemical etching in 3 M HNO; (65% MERCK) for
10 min. The clean Ti foil was rinsed with DI water and dried in
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air. Anodization of Ti was carried out using a two-electrode
electrochemical cell with high density graphite as the cathode
in ethylene glycol (EG) (99.8% purity, initial water content
<0.03 wt%, Fisher Scientific) electrolyte containing 0.5 wt%
NH,F (FLUKA) and 95 vol% of water at a constant voltage of 40 V
for 1 h using a DC power supply (Consort Mini, Cleaver Scien-
tific Ltd). The distance between both electrodes was fixed at
3 c¢m in all experiments. Then, the samples were immediately
rinsed with DI water, dried and calcined at 500 °C in air for 2 h
with a heating rate of 2 °C min™".

The sample was further modified by an electrochemical
reduction method using a two-electrode electrochemical cell
with the coated sample as the cathode, while the high density
graphite electrode was used as the anode. The electrochemical
reduction of the sample was performed in 0.5 M Na,SO,
(Bendosen) solution at 5 V for 30 s. The sample was dried at
room temperature.

Preparation of Mn,0O;/R-TNTs

Electrodeposition of Mn,0; was carried out using a reverse
pulse electrodeposition method in manganese sulphate
(MnSO,4, 5 mM) aqueous solution containing sodium sulphate
(Na,SO,). A potentiostat-galvanostat (Autolab PGSTAT204/
FRA32M module) was used for the electrodeposition, where R-
TNTs was the working electrode, Ag/AgCl (3 M KCl) was the
reference electrode and platinum wire was the counter elec-
trode. The electrochemical deposition was performed at
a constant potential of —0.90 V (on-time) and 0.00 V (off-time) (E
vs. Ag/AgCl) at ambient temperature. The deposition time (total
Ton) Was constant at 5 min and the duty cycle was varied from
10% to 90%. The duty cycle used in this study was defined as the
following equation:

T 100 (1)

Duty cycle =
vy Ton + Toff

where T,, and T, represent the period at pulse-on potential
and pulse-off potential, respectively. The details of the duty
cycles used in this study are listed in Table 1. The as-deposited
Mn,0;/R-TNTs sample was rinsed with DI water and subse-
quently dried in an oven at 90 °C for 1 h.

Material characterisations and electrochemical
measurements

The morphology and the microstructure of the samples were
examined by field emission scanning electron microscopy
(FESEM, JSM-7600F, JOEL, Japan). X-ray diffraction patterns of

Table 1 The details of the duty cycles used in the study

Duty cycle Number of
(%) On-time (s) Off-time (s) cycles

10 1 9 300

25 1 3 300

50 1 1 300

75 3 1 100

90 9 1 33
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the samples were collected by an X-ray diffractometer (Shi-
madzu, D60000, Japan) using Cu Ko (1 = 1.5406 A) to investigate
the phase and composition of the prepared samples.

A three-electrode cell system composed of Pt wire as the
counter electrode, Ag/AgCl (3 M KCl) as the reference electrode
and the coated samples as the working electrode were used in
1 M KCI aqueous electrolyte. The electrochemical performance
of the coated electrodes was evaluated by cyclic voltammetry
(CV) and a galvanostatic charge-discharge test using a poten-
tiostat-galvanostat (Autolab PGSTAT204/FRA32M module). The
specific capacitance (SC) values of the synthesized samples were
calculated using the following equation:

AQ A

SC=JAV ™~ Anv )

where AQ is total amount of charge accumulated over the
potential windows AV, A is the area of the sample, I is the
respondent current, and A¢/AV is the CV scan rate.

Results and discussion

Morphological and structural determination of the Mn,0;
nanoparticles on R-TNTs (Mn,O;/R-TNTs)

The surface morphologies of R-TNTs and Mn,0;/R-TNTs
synthesized at various duty cycles are shown in Fig. 1a-f. The
synthesized R-TNTs consist of highly ordered tubes with an
average inner diameter and inner wall thickness of 80 nm and
8 nm, respectively. Obvious surface morphology changes could
be seen before and after the incorporation with Mn,0;. The
synthesized Mn,03/R-TNTs showed that the Mn,0; nano-
particles were successfully deposited on the circumference of
the nanotubes and the obtained morphological structure of
each sample varied with the applied duty cycle. At a low duty
cycle (10%), as shown in Fig. 1b, the Mn,0; nanoparticles were
well dispersed on the opening of the nanotubes. Clear cut
nanotubes were still obtained upon incorporation with the
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nanoparticles. However, at higher duty cycles (25%, 50%, 75%
and 90%), the deposition of Mn,0; nanoparticles was partially
covering the nanotubes, as displayed in Fig. 1c-f. This leads to
a decrease in the surface area of the samples to occur. Image J
software was used to measure the inner diameter and wall
thickness of the synthesized samples. The inner diameters of
the synthesized samples decreased as the wall thicknesses
increased. This phenomenon can be observed when the applied
duty cycle increases, as shown in Fig. 2. Based on this result, it
was confirmed that the amount of deposited Mn,0O; increases
with applied duty cycles. In addition, an enhancement in the
atomic percentage of Mn with duty cycle was also observed in
the EDX analysis results, as displayed in Table 2.

The resulting FESEM images proved that by adjusting the
duty cycle of the electrodeposition process, a desired morpho-
logical structure could be obtained. By varying the duty cycle,

80

—=— Tubes diameter
—v— Wall thickness

70
60
50

40

Width (nm)

30 4

20

100

Duty Cycle (%)

Fig. 2 Nanotube diameter and wall thickness of Mn,Oz/R-TNTs as
a function of duty cycle.

Fig.1 FESEM images of (a) R-TNTs and Mn,O3 deposited onto R-TNTs at different duty cycles: (b) 10%, (c) 25%, (d) 50%, (e) 75% and (f) 90% at

—0.90 V (Eon) and 0.00 V (Eqg) for 5 min.
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Table 2 Elemental analysis for Mn,O3z/R-TNTs as a function of duty
cycle

Atomic percent (%)

Duty cycle

% Ti O Mn
10 31.98 67.44 0.58
25 30.40 68.83 0.77
50 31.75 67.14 1.11
75 31.55 67.02 1.43
90 31.40 66.86 1.74

the deposition time interval known as on-time and off-time can
be controlled as these settings may affect the size and
morphology of the deposit. At 10% duty cycle, when the
potential at —0.90 V was supplied during on-time for 1 s, Mn,0;
nuclei were formed on the active site of the nanotube walls.
When the off-time (9 s) was applied, re-establishment of the ion
concentration to achieve a balanced condition inside the
nanotubes may have occurred. During the off-time, the partial
dissolution or removal of the passive intermediate species took
place longer than the deposition time. Therefore, relatively low
amounts of Mn,0; nuclei will successfully be deposited at the
end of the cycle. In the next deposition cycle, new Mn,0O; nuclei
will form at the other active site of the nanotube walls leading to
a very small number of Mn,0; nanoparticles being successfully
deposited. It is believed that a longer off-time promotes better
ion diffusion into the nanotubes, leading to the formation of
homogeneous deposition occurring inside the tubes. In
comparison to the higher duty cycles, for example the 90% duty
cycle, the on-time applied was longer than the off-time (T, ~
9's, Tofr ~ 1 s), hence this leads to a longer deposition period
compared to relaxation time. During the on-time, once a certain
amount of Mn,0; nuclei were formed at the initial stage of
deposition, this process will keep on occurring at the same
active site as the pulse cycle continues, due to a longer depo-
sition time. The off-time applied is too short to remove the
excess passive intermediate species. Therefore, as the new
deposition cycle starts, new Mn,0O; nuclei are deposited on the
previously deposited nuclei leading to the growth of Mn,0;
nanoparticles.

The plausible formation mechanisms during the reverse
pulse electrodeposition involved reduction and oxidation reac-
tions during the on-time and off-time, respectively. At the first
pulse cycle, when the on-time was applied, pulse potential was
supplied to the system, and the reduction reaction occurred on
the surface of the R-TNTs, as below:

Mn?* +2¢~ — Mn (3)

It is postulated that some of the remaining Mn>" ions in the
electrolyte were oxidised to Mn** during the off-time. In addi-
tion, the oxidation reaction also involved Mn(OH), and
Mn(OH);. Further oxidation to Mn,O; may have occurred as
well.

Mn — Mn*" + 2e~ 4)

This journal is © The Royal Society of Chemistry 2018
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Mn?* —» Mn** + ¢~ (5)
Mn(OH), + OH™ — Mn(OH); + e~ (6)
2Mn?" + 3H,0 — Mn,O; + 6H" + 2e™ 7)

As the pulse cycle continues, the reduction reaction resumes
during the on-time.

Mn** + ¢~ —» Mn?* (8)
Mn,0; + 6H" + 2¢~ — 2Mn*" + 3H,0 (9)

The oxidation and reduction reactions continued until the
end of the electrodeposition process. Even though oxidation
and reduction reactions continuously occurred upon electro-
deposition, some of the Mn,0; nanoparticles are successfully
deposited, as confirmed by the XRD results. The schematic
representation of the proposed mechanisms of reverse pulse
electrodeposition is shown in Fig. 3.

X-ray diffractograms of the R-TNTs and Mn,03/R-TNTs
synthesized at a 10% duty cycle are shown in Fig. 4a. It was
found that Mn,0;/R-TNTs were thin film samples with a thick-
ness of approximately ~2 pm. Therefore, the corresponding
diffraction peak for Mn,0O; was not very prominent. A small
peak around 26 ~ 62.71° was attributed to the main charac-
teristic feature of the [620] plane of the Mn,O; phase, indexed to
JCPDS no. 002-0902. Another three peaks corresponding to
Mn,0; were observed at 26 ~ 38.26°, 70.68° and 82.29°, which
also overlapped with the diffraction peaks of the Ti substrate.
However, these peaks that generated from Mn,O3/R-TNTs
appeared to be slightly shifted (£0.05) from the X-ray diffrac-
tion peaks of R-TNTs. The crystallite sizes of the synthesized
samples were calculated using the Debye-Scherrer equation, as
below:

0.894

d= Feos § (10)
where d is the crystallite size, 1 is the wavelength of the Cu K,
radiation (1.542 A), 6 is the Bragg diffraction angle and @ is the
full width of the half maximum (FWHM) of the diffraction peak.
The diffraction peaks of TiO, (2 = 25.25°) and Mn,0; (26 =
62.71°) were selected for the calculation of the crystallite size.
The crystallite size of TiO, was found to be 38.0 nm, while
Mn,0; nanoparticles synthesized at 10%, 25%, 50%, 75% and
90% duty cycles were 13.6 nm, 18.5 nm, 21.3 nm, 22.7 nm and
23.1 nm, respectively.

Fig. 4b displays the XRD of Mn,O3/R-TNTs synthesized at
various duty cycles for the diffraction peak of Mn,0; (20 =
62.71°). It can be observed that the intensity of the diffraction
peak of Mn,O; increased as a function of duty cycle as this
confirmed that the amount of Mn,0O; deposited onto the R-
TNTs increased at higher duty cycles.

Electrochemical performance

The electrochemical performance of the synthesized samples
was measured in 1 M KCI aqueous electrolyte with the applied

RSC Adv., 2018, 8, 23040-23047 | 23043
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Fig. 3 The schematic representations of the proposed mechanisms of reverse pulse electrodeposition.
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Fig. 4 XRD patterns of (a) R-TNTs and Mn,Oz/R-TNTs synthesized at 10% duty cycle and (b) Mn,Os/R-TNTs synthesized at various duty cycles

for the diffraction peak of Mn,Os (260 = 62.71°).

potential ranging from —0.4 to 0.8 V vs. Ag/AgCl. Fig. 5 displays
the voltammograms of R-TNTs and R-TNTs/Mn,0; deposited at
various duty cycles at a scan rate of 5 mV s~ '. The synthesized
samples exhibited a capacitive-like-current-potential response
by displaying rectangular CV profiles with the presence of redox
peaks. The observed shape can be attributed to the combination

(a) 0.0010
——R-TNTs
0.0008 10%
—25%
0.0006 50%
< —T75%
£ 0.0004 0%
<
£ 00002
2
£ 0.0000 -
=
[
T-0.0002
€
[
£-0.0004 -|
3
o
0.0006
0.0008
T T T T T T T
-0.4 -0.2 04 0.6 0.8

0 0.2
Potential (V)

of two different simultaneous charge storage mechanisms: (i)
electric double-layer in R-TNTs and (ii) pseudocapacitance in
Mn,0;. The capacitive current increases with the incorporation
of Mn,0; and this leads to higher specific capacitance of the
synthesized samples.”® However, it was observed that the
capacitive current generated decreases as the applied duty cycle

(b)

0.0008
0.0006
0.0004 -
0.0002
0.0000 -
-0.0002

-0.0004

Current Density (mA cm'z)
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Fig. 5 Cyclic voltammograms of (a) R-TNTs and Mn,Os/R-TNTs deposited at different duty cycles at a scan rate of 5 mV s~ and (b) Mn,Os/R-
TNTs deposited at a 90% duty cycle at a scan rate of 5 mV s~ for a longer cycling process.
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Fig. 6 Cyclic voltammograms for Mn,O3z/R-TNTs deposited at 10%
duty cycle.

Table 3 Specific capacitance of Mn,O3s/R-TNTs synthesized at 10%
duty cycle as a function of scan rate

Specific capacitance

Scan rate (mV s™%) (mF cm™?)
100 4.86
50 9.36
20 12.57
10 14.05
5 18.32

increases to 25%, 50% and 75%, indicating that the high
amount of Mn,0; nanoparticle loading was not fully utilized in
the charge storage. Moreover, as shown in Fig. 1b-d, the
openings of the nanotubes are partially covered by the Mn,0;
nanoparticles which lead to lower surface area and blocking ion
diffusion through the nanotubes. The specific capacitance
values of all the synthesized samples were calculated and
recorded at 19.85 mF cm ™2, 4.86 mF cm ™2, 1.15 mF cm ™2, 3.43
mF cm™? and 18.95 mF cm ™~ for Mn,05/R-TNTs synthesized at
10%, 25%, 50%, 75%, and 90% duty cycle, respectively.
Although Mn,0,/R-TNTs synthesized at 90% duty cycle display

(a) 1.0
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Table 4 Specific capacitance of Mn,O3z/R-TNTs synthesized at
various duty cycles at the current density of 0.1 mA cm™2

Specific capacitance

Samples (mF cm?)
R-TNTs 3.05
10% 18.32
25% 2.97
50% 2.88
75% 2.93
90% 18.79

outstanding capacitive performance, it was found that this
sample exhibits low capacitive retention even after 10 CV cycles,
as shown in Fig. 5b, due to the blocked nanotubes. The XRD
results showed that the crystallite size of Mn,O; synthesized at
90% duty cycle displays the largest size compared to other
samples. This is caused by the deposition of a huge amount of
Mn,03;, whereby the sample becomes a thick film and leads to
insufficient diffusion of the active ion throughout the sample.
Therefore, an applied high duty cycle was not recommended for
this study.

Fig. 6 displays the current density vs. potential profile as
a function of scan rate for R-TNTs/Mn,0O; synthesized at a 10%
duty cycle. The current response showed a slight compression
as the scan rate decreased. The degree of compression could be
correlated to the ionic diffusion on the electrode surface, sug-
gesting that prolonged duration was required to charge the
capacitor.”” This sample displays significant diffusion rate
capability as it was able to maintain a consistent shape with
increasing scan rate without any pronounced shape distortion.
The specific capacitance value of this sample decreases as the
scan rate increases (Table 3).

Galvanostatic charge-discharge was performed at a constant
current density of 0.1 mA cm™ > with the potential window of
—0.4 V to 0.8 V to study the electrochemical behaviour of the
synthesized samples. The specific capacitance (SC) is calculated
based on the charge-discharge curves using the following
equation:
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Fig. 7 Galvanostatic charge—discharge of (a) R-TNTs and Mn,Oz/R-TNTs deposited using various duty cycles at the current density of
0.1 mA cm~2 and (b) Mn,Os/R-TNTs deposited at 10% duty cycle at different current densities.
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i X At

SC= SEx4

(11)
where 7 is the discharge current in amperes, At is the discharge
time in seconds, AE is the difference in discharge voltage in
volts and A is the area of the active electrode (cm?).

The charge-discharge profiles of all synthesized samples are
displayed in Fig. 7a. The charge-discharge curves of R-TNTs and
Mn,O0;3/R-TNTs synthesized at 25%, 50% and 75% duty cycles
were almost identical and this represents the similar energy
storage within these samples. On the other hand, different
charge-discharge profiles could be observed in Mn,03/R-TNTs
synthesized at 10% and 90% duty cycles, whereby an unsym-
metrical triangle can be observed as the charge and discharge
curves displayed a slight bend with a longer discharge time that
was attributed to the typical faradaic reaction of the oxides. The
specific capacitance values obtained from the galvanostatic
charge—discharge analysis are tabulated in Table 4. The results
showed a drastic decrement in specific capacitance value as
duty cycle increased. Although the specific capacitance of R-
TNTs/Mn,O; synthesized at a 90% duty cycle exhibited an
insignificant difference compared to that of R-TNTs/Mn,O;
synthesized at a 10% duty cycle, it was notable to mention that
Mn,0;/R-TNTs synthesized at a 90% duty cycle displayed
instability for a longer cycling number. Therefore, R-TNTs/
Mn,O; synthesized at a 10% duty cycle were selected as the
optimised sample.

Fig. 7b shows the charge-discharge curves of R-TNTs/Mn,03
deposited at a 10% duty cycle at various current densities from
0.1 mA cm 2 to 0.5 mA cm™ % Evidently, the obtained specific
capacitance values decreased with increasing current density,
as shown in Fig. 8a. This may be due to an insufficient response
time for the electrolyte ions to reach the active surface of this
particular sample at a high flow rate of current.** R-TNTs/Mn,0;
deposited at a 10% duty cycle present the highest specific
capacitance as the Mn,O; nanoparticles were deposited
homogeneously without covering the opening of the nanotubes,
and this provides a clear pathway for electrochemical reactions
to occur.

Fig. 8b displays the specific capacitance of bare R-TNTs and
Mn,O0;3/R-TNTs synthesised at a 10% duty cycle. Remarkably,

23046 | RSC Adv., 2018, 8, 23040-23047

Mn,0;/R-TNTs synthesised at a 10% duty cycle exhibit an
impressive specific capacitance of 18.32 mF cm ™2, which was 6
times higher than the bare R-TNTs. This confirmed that the
capacitive performance of the R-TNTs can be improved with the
incorporation of a superior morphology of the Mn,0; nano-
particles. The obtained specific capacitance value in this work
was comparable to MnO,/self-doped TiO, nanotubes (14.8 mF
em %), the MnO,/Al-TiO, composite (~17 mF ecm >f** and
a MnO,/TiO, nanotube composite (12.51 mF cm ™ ?).%!

Conclusions

Mn,0;/R-TNTs were synthesised via the reverse pulse electro-
deposition technique and the influence of duty cycle on the
morphological, structural and electrochemical performance
was studied. It was proven that by adjusting the duty cycle of the
electrodeposition process, a desired, tuneable morphology
could be obtained. Electrodeposition at 10% duty cycle gave
a homogeneous deposition whereby the Mn,0O; nanoparticles
were well dispersed on the opening of the nanotubes. In addi-
tion, the shapes of the nanotubes were maintained upon Mn,0;
electrodeposition. These nanotubes exhibited high surface area
characteristics and contributed to the excellent ionic diffusion
process. The presence of the Mn,O; nanoparticles significantly
enhanced the specific capacitance of Mn,0O3;/R-TNTs. It was
highlighted that Mn,O3/R-TNTs synthesized at a 10% duty cycle
achieved a specific capacitance value of 18.32 mF cm ™ at the
current density of 0.1 mA cm™ 2, which was 6 times higher than
that of bare R-TNTSs.
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