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hydrogenated TiO2 nanotube
arrays decorated with 3D cotton-like porous MnO2

enables superior supercapacitive performance†

Jiaqin Liu,*acd Juan Xu,ab Yan Wang,ac Jiewu Cui,ac Hark Hoe Tan d

and Yucheng Wu *ac

Highly ordered TiO2 nanotube arrays (TNTAs) have shown great promise to serve as an efficient current

collector as well as an outstanding support for the application of constructing high performance

supercapacitor electrode materials. In this study, a novel-structured MnO2/EH-TNTAs electrode with

superior supercapacitive performance was developed by galvanostatic electrodeposition of MnO2

nanoflakes onto both the outer and inner walls of electrochemically hydrogenated TNTAs (EH-TNTAs).

The as-fabricated MnO2/EH-TNTAs electrode could achieve a specific capacitance of up to 650.0 F g�1

at 1.0 A g�1 with 86.9% of the initial capacitance remaining after 5000 charge/discharge cycles at 5 A

g�1, outperforming other reported TNTAs-based electrodes. The prominent supercapacitive

performance of MnO2/EH-TNTAs electrode could be attributed to the unique 3D cotton-like porous

structure and high specific surface area of MnO2 deposit as well as the remarkably improved electrical

conductivity and electrochemical performances of EH-TNTAs induced by the introduction of oxygen

vacancies during the electrochemical hydrogenation process. This work offers theoretical insight and

practical guidelines for TNTAs-based electrodes applied for high-performance supercapacitors as well as

other energy storage devices.
Introduction

Supercapacitors (SCs), also called electrochemical capacitors,
store energy using either reversible ion adsorption (electrical
double layer capacitors, EDLCs) or fast surface redox reactions
(pseudo-capacitors, PCs). They can ll the gap between batteries
and conventional solid state and electrolytic capacitors due to
their high power density, rapid charge/discharge rates and long
cycling life. Compared to the EDLCs, whose capacitances are
restricted by the limited charge accumulation in the electrical
double layer, PCs achieved substantially much higher specic
capacitances through surface redox reactions, and thus, have
a potential to meet the requirements of future energy storage
systems.1–4 Electrode materials are the most critical component
determining the performance and the cost of the SCs. For
EDLCs, carbon-based materials are commonly used as
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electrodes due to their high electrical conductivity, long-term
electrochemical stability and moderate cost, while for PCs,
conducting polymers and transition metal oxides, hydroxides
and suldes are the two main categories of pseudo-capacitive
active materials. Many kinds of conducting polymers (e.g.,
polyaniline,5,6 polypyrrole7,8 and their derivatives) have been
widely studied as pseudo-capacitive materials and have shown
high gravimetric and volumetric pseudo-capacitance in various
non-aqueous electrolytes. When used as bulk materials, con-
ducting polymers generally suffered from a limited cycle
stability. Recently, transition metal oxides,9–12 hydroxides13,14

and suldes15–18 received more attentions owing to their high
specic pseudo-capacitance and low-cost, but suffered from the
high electrical resistance, resulting in the low power density. At
present, nanostructuring redox-active materials to increase
pseudo-capacitance and building hybrid systems to achieve
high energy density are the two most effective strategies to
develop high performance electrode materials for SCs
application.

MnO2 is one of the most promising pseudo-capacitive
materials due to its high theoretical capacity of �1400 F g�1,
wide operating potential window, low-cost, natural abundance
and environmental compatibility.19–21 However, the actual value
of specic capacitance is deviated far from the theoretical value,
which is ascribed to its poor electrical conductivity and slow
ion diffusion rate. To overcome this limitation, deposition of
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Schematic illustration for the synthesis of MnO2/EH-TNTAs
electrode.
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View Article Online
nanostructured pseudo-capacitive MnO2 onto highly ordered,
high-surface-area and high conductivity nano-frameworks
(acting as current collectors) such as carbon nanotubes22,23 and
nanobers,24,25 graphene,26,27 and transition metal oxides
nanostructures28–31 etc., has been well demonstrated to be an
effective and promising approach.

Highly ordered TiO2 nanotube arrays (TNTAs) anodized from
Ti foils hold great promise as supercapacitor electrode mate-
rials owing to their high-surface-area, chemical stability, direct
electron transport pathways and simple fabrication. Moreover,
TNTAs may serve as a good support for nano-structured high
specic capacitance materials to form hybrid systems. However,
the poor electric conductivity of TNTAs that derives from the n-
type semiconductor nature rendered them not the ideal current
collectors for the application of constructing high performance
SCs. In our previous work, annealing in H2-contained atmo-
sphere32 and carbon layer33 modication of TiO2 nanotubes
(NTs) have demonstrated electrical conductivity enhancement
of dozens of times than that of the pristine TNTAs. Then Nickel
oxide,32 Cu2O34 and Co3O4

35 layer were successfully loaded onto
both the inner and outer walls of TiO2 NTs for constructing
various TNTAs-based electrodes with high supercapacitive
performance.

Herein, a novel-structured MnO2/EH-TNTAs electrode with
superior supercapacitive performance was developed by galva-
nostatic electrodepositing MnO2 nanoakes (NFs) onto both the
outer and inner walls of electrochemically hydrogenated TNTAs
(EH-TNTAs). The as-fabricated MnO2/EH-TNTAs electrode
yields a specic capacitance of up to 650.0 A g�1 at 1.0 A g�1 with
86.9% of the initial capacitance remaining aer 5000 charge/
discharge cycles at 5 A g�1, outperforming the best performance
of reported MnO2–TNTAs hybrids. Now that facile and cost-
effective fabrication of high performance MnO2/EH-TNTAs
electrode for SCs application could be achieved via a full elec-
trochemical approach. More importantly, impacts of different
strategies for TNTAs hydrogenation and MnO2 depositing on
the electrochemical performance of the resulting MnO2/TNTAs
electrodes as well as the corresponding mechanism are also
proposed in detail. Our research results will provide theoretical
and technical guideline for the application of TNTAs-based
electrode in the SCs.

Experimental section
Preparation of TNTAs

Highly ordered and well-separated TNTAs were directly grown
on a Ti foil (0.1 mm, 99.7%) using electrochemical anodization.
Prior to anodization, Ti foils were ultrasonically cleaned in
acetone, ethanol, and deionized water, respectively, for 20 min.
Electrochemical anodization was conducted on a two-electrode
setup using a DC voltage of 60 V for 6 h in ice bath. A Ti foil was
used as the working electrode, a graphite foil as the cathode,
a solution of 0.25 M NH4F in ethylene glycol with 8 vol% H2O as
the electrolyte. Aer anodization, the as-fabricated amorphous
TNTAs were annealed in air at 500 �C for 2 h with a heating
rate of 2 �Cmin�1, and the corresponding sample was named as
air-TNTAs.
This journal is © The Royal Society of Chemistry 2017
Electrochemical hydrogenation of TNTAs

Electrochemical hydrogenation of TNTAs to obtain the EH-
TNTAs was conducted on a two-electrode setup using a DC
voltage of 4 V for 20 min at room temperature. The as-fabricated
air-TNTAs sample was used as the cathode, a graphite foil as the
anode, and an aqueous solution of 0.1 M Na2SO4 as the elec-
trolyte. For comparison, hydrogenation was also conducted by
means of annealing the amorphous TNTAs in H2-contained
atmosphere (10% H2 + 90% Ar), and the corresponding sample
was labelled as H2-TNTAs.
Preparation of MnO2/EH-TNTAs

A galvanostatic electrodeposition (GED) approach was adopted
for the fabrication of MnO2/EH-TNTAs composites. In a typical
synthesis, MnO2 depositing was performed on a three-electrode
system at 0.5 mA cm�2 for 120 s with the EH-TNTAs, a Pt wire,
and a Ag/AgCl (saturated KCl) electrode as working, counter,
and reference electrodes, respectively, using a 0.01 M MnSO4

aqueous solution as electrolyte. Actually, impacts of current
density, depositing time as well as the electrolyte concentration
on the microstructure, morphology and pseudocapacitive
performance of MnO2/EH-TNTAs were systematically studied in
our research work. Owing to space limitation, we will discuss in
detail elsewhere. MnO2/EH-TNTAs electrode discussed in this
work was fabricated with optimized parameters. The fabrication
process of electrode materials is illustrated in Fig. 1.

For comparison, MnO2/air-TNTAs and MnO2/H2-TNTAs were
also prepared by galvanostatic electrodepositing MnO2 onto the
walls of air-TiO2 NTs and H2–TiO2 NTs respectively. Further-
more, MnO2 was also deposited onto both the bare Ti foil and
the walls of EH-TiO2 NTs using our previously reported chem-
ical bath deposition (CBD) technique,36 and the resulting
samples were labelled as MnO2/Ti and EH-TNTAs@MnO2

respectively.
Material characterization

Morphologies were observed using FESEM (SU-8020, operated
at 5.0 kV) and TEM (JEM-2100F, operated at 200 kV) equipped
with an Oxford INCA energy dispersive X-ray (EDX) analyser.
Structural features of as-prepared samples were identied by
XRD (Rigaku D/Max-2500 V) and Raman spectroscopy (Lab-
RAM HR Evolution). The chemical constituents were investi-
gated by XPS (ESCALAB250Xi). Nitrogen adsorption isotherms
were conducted at 77.15 K on a SA3100 Micromeritics analyzer
aer degassing samples at 373.15 K for 2 h, and the BET
surface area was estimated in a relative pressure range from
0.05 to 0.2.
RSC Adv., 2017, 7, 31512–31518 | 31513
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Electrochemical evaluation

All electrochemical measurements were carried out on an
electrochemical workstation (Autolab PGSTAT302N) in a three-
electrode system using the tested sample, a Pt wire, an Ag/AgCl
(3 M KCl) electrode as the working, counter, and reference
electrodes, respectively, and using 0.5 M Na2SO4 aqueous
solution as electrolyte. The electrochemical properties of the
tested samples were investigated by cyclic voltammetry (CV) and
galvanostatic charge–discharge (GCD) testing. Electrochemical
impedance spectroscopy (EIS) measurements were conducted
in the frequency ranging from 10 mHz to 100 kHz at open-
circuit potential with a AC-voltage amplitude of 5 mV. The
cycling stability of the electrode was evaluated by GCD at 5 A g�1

for 5000 cycles.
Results and discussion

Highly ordered and well-separated TiO2 NTs were fabricated by
anodization of Ti foils, and then annealed in air. The as-formed
TiO2 NTs have a uniform diameter of�180 nm, a wall thickness
of �25 nm (Fig. 2a) and a length of �10 mm (Fig. S1†). The
obvious difference to the conventional TNTAs is that the TiO2

NTs are free-standing and well-separated from each other with
intertube spacings ranging from 8 to 20 nm. The free space
among the tubes allows for more exposed outer surface for the
deposition of a secondary material as well as efficient mass
transport. Aer electrochemical hydrogenation (EH), the ob-
tained EH-TNTAs display no differences in tubular structure
compared to air-TNTAs (Fig. 2b). Worth mentioning here is that
the EH-TNTAs evidence a dark blue colour versus the grey air-
TNTAs, indicating a strong absorption in the visible region due
to hydrogen diffusion into TiO2 lattice during the EH process.
All microstructures of EH-TNTAs enable them to serve as a good
support for the capacitive active materials to form composite
structures. Besides, XRD patterns of both air-TNTAs, and EH-
TNTAs show almost the same diffraction patterns (Fig. 2d), and
Fig. 2 FESEM images of (a) air-TNTAs, (b) EH-TNTAs, and (c) MnO2/
EH-TNTAs (insets are the corresponding side-view images), (d) XRD
patterns of air-TNTAs, EH-TNTAs and MnO2/EH-TNTAs.

31514 | RSC Adv., 2017, 7, 31512–31518
all diffraction peaks could be well indexed to the characteristic
peaks of anatase TiO2 (JCPDS#21-1272) except for the Ti peaks.
That means amorphous structure transforms to anatase phase
upon thermal treatment, while no phase transformation occurs
during the EH process. Then, depositing MnO2 onto EH-TiO2

NTs was achieved via GED approach (Fig. 2c and S1†). FESEM
analysis revealed that both the outer and inner walls of the EH-
TiO2 NTs were fully and uniformly coated with large amounts of
tiny NFs. These NFs intersect with each other, thus constructing
a 3D porous cotton-like structure. Moreover, the tube-mouths
were not blocked by MnO2 deposit and the intertube spacings
remained interconnected. TEM observation further revealed
that compare to the smooth surface of EH-TiO2 NTs, surface of
MnO2/EH-TiO2 NTs became rough and bumpy due to the full
dispersion of tiny MnO2 NFs (Fig. 3a). In HRTEM image
(Fig. 3b), d space of 3.50 Å corresponding to the (101) planes of
anatase TiO2 could be observed clearly, while no well-dened
lattice fringes for MnO2 crystal. This demonstrated the high
crystallinity for TNTAs but amorphous or low crystallinity for
MnO2. XRD analysis also conrmed the amorphous structure
for MnO2. No identiable peaks related to MnO2 crystal emerge
in the MnO2/EH-TNTAs pattern. Energy-dispersive X-ray spec-
trometry (EDS) mapping analysis for a hybrid single nanotube
(Fig. 3c–f) further conrmed the MnO2/EH-TNTAs hybrid with
elements Ti, O, andMn resulting from TiO2 NTs andMnO2 NFs.
More dense element distribution of Ti and O than that of Mn
indicates the element Mn resulting from MnO2 fully and
uniformly distributed on the surface of EH-TiO2 NTs.

X-ray photoelectron spectroscopy (XPS) and Raman spec-
troscopy studies were conducted to reveal the effect of EH
process on the chemical composition and oxidation state of
TNTAs. Fig. 4a compares the normalized Ti 2p core level XPS
spectra of air-TNTAs (black curve) and EH-TNTAs (red curve),
together with their difference spectrum. Two peaks centered at
465.33 and 459.13 eV that correspond to the characteristic Ti
2p1/2 and Ti 2p3/2 peaks of Ti

4+ are observed for both samples. In
contrast to air-TNTAs, both Ti 2p1/2 and Ti 2p3/2 peaks for EH-
TNTAs shi to the lower binding energy, suggesting that they
Fig. 3 TEM (a) and HRTEM (b) images of MnO2/EH-TNTAs, TEM image
of one single MnO2/EH-TiO2 NT (c) and the corresponding EDS
mapping of Ti (d), O (e), Mn (f).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XPS spectra of (a) Ti 2p, (c) O 1s and (b) Raman spectra of air-
TNTAs and EH-TNTAs, (d) XPS spectra of Mn 2p of MnO2/EH-TNTAs.

Fig. 5 Nyquist plots (a), CV curves (b), capacitance retention (c), and
GCD curves (d) of air-TNTAs, H2-TNTAs and EH-TNTAs electrodes,
two insets in (a) are the magnified view of the high-frequency region
and the equivalent circuit for all TNTAs electrodes, respectively.
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have different bonding environments. By subtracting the
normalized Ti 2p spectra of EH-TNTAs with air-TNTAs, two extra
peaks centered at 463.78 and 458.48 eV are clearly observed.
These two peaks are attributed to the characteristic Ti 2p1/2 and
Ti 2p3/2 peaks of Ti

3+, proving that Ti3+ sites (oxygen vacancies)
are created during EH process.37–39 Same conclusion was also
obtained from Raman analysis (Fig. 4b). The characteristic
peaks at 145.12 cm�1 (Eg), 198.40 cm�1 (Eg), 397.32 cm�1 (B1g),
517.28 cm�1 (A1g/B1g) and 639.07 cm�1 (Eg) in the air-TNTAs are
assigned to anatase TiO2. Interestingly, a slightly blue-shi of Eg

peaks at 146.95 cm�1 and 199.77 cm�1 can be identied in EH-
TNTAs, suggesting the increased amount of oxygen vacancies
that originate from Ti4+ reduction.40–42 Moreover, O 1s XPS
spectra of air-TNTAs (black curve) and EH-TNTAs (red curve) are
shown in Fig. 4c. The peaks centered at 529.90 and 531.53 eV for
both air-TNTAs and EH-TNTAs are attributed to Ti–O and
surface Ti–OH groups.40,43,44 There is no noticeable difference in
the peak at 531.53 eV between air-TNTAs and EH-TNTAs,
implying that the hydrogenation process does not change the
surface species of EH-TNTAs. Mn 2p XPS spectra of MnO2/EH-
TNTAs reveals two peaks located at 642.3 and 654.0 eV (Fig. 4d),
which are consistent with the characteristic Mn 2p3/2 and Mn
2p1/2 binding energies of MnO2 and conrm the successful
MnO2 deposition.25,39,45

To evaluate the electrical properties of various TNTAs elec-
trodes, EIS measurements were subsequently performed at
open circuit potential with an amplitude of 5 mV. Fig. 5a shows
the Nyquist plots of the air-TNTAs, H2-TNTAs and EH-TNTAs
electrodes. It is obvious that EH-TNTAs electrode shows much
lower impedance value than both air-TNTAs and H2-TNTAs
electrodes. Moreover, note that the plot of EH-TNTAs exhibits
an even steeper impedance line (nearly vertical) in comparison
to H2-TNTAs, which demonstrates the superior capacitive
performance for EH-TNTAs electrode. For quantitative analysis,
experimental data of impedance spectra were tted to the
model depicted by the equivalent circuit (inset in Fig. 5a). In
This journal is © The Royal Society of Chemistry 2017
this model, Rs is the solution resistance, Rct represents the
inherent resistance of the working electrode together with the
charge transfer resistance through the electrolyte, the constant
phase element (CPE) refers to the double layer capacitance, and
Zw is the Warburg impedance. Table S1† lists the tted
parameter values for various TNTAs electrodes. The Rct for air-
TNTAs is up to 1475.0 U, while only 279.20 and 22.38 U for H2-
TNTAs and EH-TNTAs respectively, and the EH-TNTAs electrode
has the lowest Rct. This dramatic decline in the resistance of EH-
TNTAs electrode can be attributed to the greatly improved
conductivity of the electrode and efficient charge carrier trans-
port induced by the introduction of large numbers of oxygen
vacancies during the EH process.

Besides, in order to investigate the effect of EH process on
the electrochemical properties of various TNTAs electrodes, CV
curves were rst collected (from 10 to 100 mV s�1, Fig. S2†). In
comparison to air-TNTAs and H2-TNTAs, EH-TNTAs electrode
exhibits the best capacitive performance by delivering CV
proles with higher current density and closer to ideal rectan-
gular shape (Fig. 5b). Areal capacitance of the electrodes as
a function of scan rate were calculated and shown in Table S2.†
EH-TNTAs achieves an areal capacitance up to 6.96 mF cm�2 at
100 mV s�1, which is signicantly higher than that of air-TNTAs
(0.18 mF cm�2) and H2-TNTAs (3.14 mF cm�2). The capacitance
retentions of EH-TNTAs at different scan rates are obviously
higher than that of air-TNTAs and H2-TNTAs, revealing the good
rate capability (Fig. 5c). The rate capability is related to the ion
diffusion rate and conductivity of the electrode. Given that the
morphologies of all TNTAs electrodes are similar, they should
have similar ion diffusion rate. Therefore, the improved rate
capacitance in EH-TNTAs should be due to the greatly enhanced
electrical conductivity. The corresponding GCD curves of
different TNTAs electrodes were also collected at different
current densities (Fig. S3†). Obviously that GCD curves of EH-
TNTAs electrode are symmetric and substantially prolonged
over the air-TNTAs and H2-TNTAs electrodes, also revealing
RSC Adv., 2017, 7, 31512–31518 | 31515
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good capacitive behavior for EH-TNTAs. Fig. 5d compares the
GCD curves of these TNTAs electrodes at 0.2 mA cm�2. The areal
capacitance of EH-TNTAs is calculated to be 7.5mF cm�2, which
is also substantially higher than the values obtained from the
air-TNTAs (0.1 mF cm�2) and H2-TNTAs (3.8 mF cm�2). There-
fore, above electrochemical analysis demonstrated that greatly
enhanced electrical properties and electrochemical perfor-
mance enabled EH-TNTAs to serve as an ideal current collector
for the application of constructing high performance SCs.

MnO2, as one of the most promising pseudocapacitive
materials with high theoretical specic capacitance was
successfully loaded onto EH-TiO2 NTs using GED technique.
SEM and TEM analysis show that both outer and inner surfaces
of EH-TiO2 NTs are fully and uniformly coated with MnO2 NFs.
In order to gain deeper insight regarding the effectiveness of
TiO2 support, CV curves of different MnO2/TNTAs electrodes as
well as MnO2/Ti electrode were rstly collected from 10 to 100
mV s�1, as shown in Fig. S4.† The specic capacitance were
calculated and listed in Table. S3.† Obviously, the capacitances
of all MnO2/TNTAs electrodes are substantially higher than the
MnO2/Ti electrode, suggesting the tubular TiO2 substrate has
a progressive and positive effect on the capacitive behavior of
the deposited MnO2 compared to the planar Ti substrate.
Futher, CV curves of different MnO2/TNTAs electrodes exhibit
rectangular-like shape and good symmetry at various scan rates,
revealing good capacitive behaviour. Signicantly, MnO2/EH-
TNTAs exhibit greatly enhanced capacitive current density
compare to both MnO2/air-TNTAs and MnO2/H2-TNTAs
(Fig. 6a). The specic capacitance of MnO2/EH-TNTAs achieves
558.9 F g�1 at 10 mV s�1 based on the MnO2 mass, which is
approximately 1.7 and 2.5 times that of MnO2/H2-TNTAs (326.4
F g�1) and MnO2/air-TNTAs (218.8 F g�1). Furthermore, MnO2/
EH-TNTAs electrode shows good rate capability with a capaci-
tance retention of 63.52% when the scan rate increase from 10
to 100 mV s�1, while it is only 31.9% and 48.1% for MnO2/air-
TNTAs and MnO2/H2-TNTAs respectively. The corresponding
GCD tests were also operated at different current densities
(from 1 A g�1 to 10 A g�1, Fig. S5†). GCD curves of different
MnO2/TNTAs electrodes are symmetric with nearly linear
slopes, indicating the high-rate capability and good revers-
ibility. The specic capacitance of MnO2/EH-TNTAs reaches up
to 650 F g�1 at 1 A g�1, which is substantially larger than the
values obtained from MnO2/H2-TNTAs (388.7 F g�1), MnO2/air-
TNTAs (290.7 F g�1) and MnO2/Ti (257.7 F g�1) electrodes
Fig. 6 (a) CV curves at 10 mV s�1, and (b) CD curves at 1 A g�1 of the
MnO2/air-TNTAs, MnO2/H2-TNTAs and MnO2/EH-TNTAs electrodes.

31516 | RSC Adv., 2017, 7, 31512–31518
(Fig. 6b and Table S3†). Thus, both GCD and CV results suggest
that the electrochemical performance of MnO2/TNTAs
composites is strongly correlated to TiO2 support. Compare to
the air-TNTAs, H2-TNTAs or various reported supports for MnO2

deposition summarized in Table S4,† EH-TNTAs with superior
electrical conductivity and efficient charge separation and
transport was proved to be an excellent support for electro-
chemically active MnO2.

How the MnO2 depositing technique affecting the electro-
chemical performance of MnO2/TNTAs composites was further
explored. Compare to our reported36 EH-TNTAs@MnO2 fabri-
cated by CBD approach, MnO2/EH-TNTAs exhibits much higher
electrochemical performance, as shown in Fig. 7. The specic
capacitance of MnO2/EH-TNTAs reaches up to 650 F g�1, much
larger than that of EH-TNTAs@MnO2 (523.90 F g�1) at the same
current density of 1 A g�1. Since both adopted the EH-TNTAs as
the support, the enhanced electrochemical performance of
MnO2/EH-TNTAs should be ascribed to MnO2 deposit.

Lot of studies reported that how to maximize the electro-
chemically active sites for redox reactions is the key point to
achieve high energy storage density of MnO2. Increasing
specic surface area and obtaining 3D porous structures are the
two most effective strategies. Microstructure characteristics of
MnO2 deposited by two different techniques were rstly
compared, as shown in Fig. S6.† Obviously that ultrane MnO2

NFs in EH-TNTAs@MnO2 obtained by CBD technique are
densely-packed together to form a thin layer, while MnO2 NFs in
MnO2/EH-TNTAs achieved by GED technique intersect with
each other, thus constructing a 3D porous cotton-like structure.

As is known to all, materials with a 3D porous structure are
benecial for reducing the ion diffusion resistance and opti-
mizing the transport kinetics, which could ensure that porous
MnO2 possesses both high energy density and power capability.
Moreover, 3D porous structure should render the material
a higher specic area, accordingly the relative BET surface area
of the testing samples was measured and calculated via a special
self-dened method (Table S5†). As expected that 3D porous
structured MnO2 enabled the MnO2/EH-TNTAs the higher rela-
tive BET specic area compared to EH-TNTAs@MnO2 with
densely-packed MnO2. Consequently MnO2/EH-TNTAs with
larger surface area is capable to provide more electrochemically
active sites to electrolyte for a fast surface redox reaction, which
contributes to the high pseudocapacitance and good rate capa-
bility.21,46,47 CV curves of the MnO2/EH-TNTAs electrode show no
Fig. 7 (a) CV curves at 10 mV s�1, and (b) GCD curves at 1 A g�1 of the
MnO2/EH-TNTAs and EH-TNTAs@MnO2 electrodes.

This journal is © The Royal Society of Chemistry 2017
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obvious distortion from 10 to 100 mV s�1, proving the excellent
ion diffusion in the electrode. Therefore, the unique 3D porous
cotton-like structure of MnO2 and larger specic surface area
endowed the MnO2/EH-TNTAs electrode with superior super-
capacitive performance.

More importantly, the MnO2/EH-TNTAs electrode displays
promising cyclability. As shown in Fig. S7,† MnO2/EH-TNTAs
retains 86.9% of its original capacitance aer 5000 cycles at 5 A
g�1, indicating the excellent stability of the deposited 3D porous
MnO2 during the charge–discharge process, which is favourable
for practical applications.
Conclusions

In summary, electrochemically hydrogenation signicantly
improves the electrical conductivity and electrochemical
capacitance of TNTAs. The as-fabricated EH-TNTAs were proved
to be an efficient current collector as well as an outstanding
support for constructing high-performance supercapacitor
electrode materials with nano-structured high specic capaci-
tance materials. Further, depositing MnO2 NFs onto both the
outer and inner walls of EH-TiO2 NTs was successfully achieved
via a facile GED technique. The MnO2/EH-TNTAs electrode
delivers a specic capacitance of up to 650.0 F g�1 at 1.0 A g�1

with 86.9% of the initial capacitance remaining aer 5000
charge/discharge cycles at 5 A g�1, outstripping other reported
MnO2–TNTAs electrodes. Comprehensive characterization and
electrochemical analysis demonstrate that the superior super-
capacitive performance of MnO2/EH-TNTAs electrode mainly
results from the synergistic effect of unique 3D cotton-like
porous structure and high specic surface area of MnO2 as well
as remarkably improved electrical conductivity and electro-
chemical performances of EH-TNTAs.
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