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Hierarchical TiO, nanobelts@MnO5 ultrathin
nanoflakes core-shell array electrode materials for
supercapacitorst

Yongsong Luo,{*** Dezhi Kong,}® Jingshan Luo,® Shi Chen,® Deyang Zhang,’
Kangwen Qiu,® Xiaoying Qi,c Hua Zhang,c Chang Ming Li¢ and Ting Yu*2«f

Hierarchical TiO, nanobelts@MnO, ultrathin nanoflakes core-shell arrays (TiO,@MnO, NBAs) have been
fabricated on a Ti foil substrate by hydrothermal approach and further investigated as the electrode for a
supercapacitor. Their electrochemical properties were examined using cyclic voltammetry (CV), galvano-
static charge-discharge, and electrochemical impedance spectroscopy (EIS) in a three-electrode cell. The
experimental observations clearly show that the fabricated TiO,@MnO, NBAs electrode possesses superior
rate capability and outstanding cycling performance due to its rationally designed nanostructure. A
specific capacitance as high as 557.6 F g~ " is obtained at a scan rate of 200 mV s~ ' (454.2 F g~ ' at a current
density of 200 mA g~ ') in 1 M Na,SO,4 aqueous solution. The energy density and power density measured
at2Ag 'are7.5Wh kg ' and 1 kW kg~ respectively, demonstrating its good rate capability. In addition,
the composite TiO,@MnO, NBAs electrode shows excellent long-term cyclic stability. The fabrication
method presented here is facile, cost-effective and scalable, which may open a new pathway for real

www.rsc.org/advances device applications.

1. Introduction

In response to rapidly increasing global energy consumption
coupled with the critical issue of climate change, developing
and refining a sustainable and renewable energy future has
been one of the primary focuses for scientists and engineers
worldwide." The exploitation of alternative and green energy
sources (such as solar, wind, tide, etc.) demands efficient
support of energy storage/conversion devices that can com-
pensate for their intermittent characteristics. In general, the
energy storage systems for renewable sources must meet
several requirements, such as high energy density, high power
density, good safety, long cycle life and low-cost.” Among
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various energy storage systems, lithium ion batteries and
supercapacitors are the two key leading systems. Up to now,
virtually all portable electronics rely on lithium ion batteries,
which can store large amounts of energy in a lightweight and
compact structure and meanwhile provide suitable power
levels for certain applications. However, the ever-growing
market for electrical vehicles demands energy systems with
fast charge and discharge rates and high power densities,
which are the weak points of lithium ion batteries. Compared
with lithium ion batteries, supercapacitors as a new class of
energy storage device, have attracted intense attention, mainly
due to their higher power density, faster charging and
discharging within short time, superior cycle lifetime, and
higher reliability.>™ The performance of supercapacitors
greatly depends on their electrode materials. Nanostructured
electrodes show great advantages over their bulk counterparts,
owing to their high surface area, especially for three-dimen-
sional nanostructure composites, which have been considered
as one of the most promising electrode materials due to their
short transport pathways for electrons and ions.*”

There are mainly three types of electrode materials for
supercapacitors: carbonaceous materials,® conducting poly-
mers,” and metal oxides/hydroxides.'® Carbon-based materials
store charge electrostatically from the reversible adsorption of
ions onto their surfaces, leading to a high power delivery. By
contrast, metal oxides/hydroxides and conducting polymers
store charge in a faradic or redox-type process similar to
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batteries, which could result in the higher specific capacitance
of the active materials."" Regardless of the type of electrode
material, combining the advantages of different materials to
form composites should be an effective way to enhance their
supercapacitor performance. Due to its low cost, abundance,
environmentally friendly nature and high capacitance, MnO,
has been intensively investigated as an electrode material for
supercapacitors in recent years.">** More significantly, MnO,-
based nanocomposites are usually used in neutral aqueous
electrolytes, which can meet the requirements of a ‘“green
electrolyte” in supercapacitors.'®> The charge storage mechan-
ism for MnO, in supercapacitors are widely accepted to be
based on redox reactions, which can be separated into (1) the
surface adsorption of electrolyte cations, for example, X" (X =
Li, Na, K, or H;0), (MNO,)surface + X' + € > (MNOOX)gurface
and (2) the intercalation/de-intercalation of alkali cations in
the bulk, for example, MnO, + X' + e~ <« (MnOOX).">"
However, the low surface area and poor electronic conductivity
of MnO, remain a major problem. To improve its perfor-
mance, nearly all approaches are focused on the use of
conductive supports, forming MnO,-conductive matrix hybrid
nanostructures.'® High rate capability and cycling stability
could be achieved by reducing the loading of active materials
on the conductive supports. Unfortunately, this will result in a
low energy density. Thus, various efforts have been made to
combine two kinds of active materials together to increase the
loading of active materials and surface area. However, their
electrochemical performance was largely unsatisfactory due to
the lack of well defined micro-/nano-structures and under-
standing of their synergistic effects."*"°
mentioned above, various metal oxide-based nanocomposites
with different geometrical attributes and morphological forms
have been employed as electrodes for supercapacitors.”’®>> For
instance, TiO,@Ru0O,, TiO,@ao-Fe,0;, C03;0,@Mn0O, and
SnO,@MnO, nanocomposites have been developed with
improved alkali cation insertion performance.'’**?°
Moreover, hierarchical nanostructures have also aroused great
interest in different research fields due to their highly active
surface/interface and robust stability.”” > Electrode materials
with a hierarchical nanoarchitecture can not only provide the
multiple large contact area, but also allow fast cation transport
between the electrolyte and the electrode.®® Thus, a rationally
designed integrated architecture, in which each component’s
properties can be optimized, fast ion and electron transfer is
guaranteed and synergistic effects result, is highly promising.
In this paper, hierarchical TiO,@MnO, NBAs are designed
as the electrode for supercapacitors. The unique hierarchical
nanostructure is expected to manifest greatly improved
electrochemical performance due to the integration of the
advantages of both TiO, and MnO,. First, the ultrathin MnO,
nanoflakes are grown and well dispersed on the TiO,
nanobelts, significantly enhancing the surface area of the
electrode. Second, the core-shell nanostructure is beneficial to
the electrochemical capacity and cycling stability of the
electrode due to the high theoretical capacity of the MnO,
shell and low volume change of the TiO, core. Third, the

To overcome the issues
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longitudinally grown TiO, nanobelts serve as both the back-
bone and conductive pathway for the MnO, nanoflakes,
providing robust support and efficient charge transport. Last
but not the least, both the core and shell materials are
abundant, low cost, and environmentally benign. As a
consequence, we have tested the hierarchical TiO,@MnO,
NBAs as the electrode for supercapacitors. Due to the
advantages discussed above, the composite TiO,@MnO,
NBAs electrode exhibits good rate capability, excellent cycle
performance, and highly reversible capacity in 1 M Na,SO,
aqueous solution. Therefore, this novel electrode design is not
only useful as the desired functions of each constituent can be
effectively utilized, but also a strong synergistic effect can be
realized. As a result, the TiO,@MnO, NBAs exhibit a high
capacitance (about 5 to 10-fold increase) in areal capacitance
with respect to pristine TiO, NBs. Undoubtedly, these
composite TiO,@MnO, NBAs are highly promising for
application in supercapacitors.

2. Experimental

Synthesis of the TiO, nanobelt arrays (TiO, NBs)

All chemicals used in this study were of analytical grade and
used without further purification. In a typical experiment, the
fabrication process of the TiO, nanobelts on the Ti foils was as
follows: first, the Ti foils (99.7% purity, 0.25 mm thickness,
Sigma-Aldrich) were cut into small pieces (1.5 x 4.0 cm) and
sonicated in acetone, ethanol, and deionized water for 10 min,
respectively. Then they were put into 40 mL of 5 M NaOH
aqueous solution in a 50 mL Teflon-lined autoclave. The
autoclave was kept at 180 °C for 24 h. After the autoclave was
cooled down naturally to room temperature, the samples were
removed, washed with deionized water several times and dried
at 60 °C for 10 min in a dry cabinet. Then the samples were
immersed in 1.2 M HCI solution for 2 h in order to exchange
the Na“ with H'. Finally, the as-prepared samples were
annealed at 450 °C for 1 h in an electronic furnace to get TiO,.

Synthesis of the TiO,@MnO, core-shell nanobelt arrays
(TiO,@MnO, NBAs)

The TiO,@MnO, NBAs were prepared using a hydrothermal
growth method. To grow MnO, on TiO,, the TiO, nanobelt
array was first coated with a thin layer of amorphous carbon as
the sacrificial layer by immersing the TiO, NBs into a 0.04 M
glucose ethanol solution for 24 h, and followed by carboniza-
tion at 450 °C in Ar gas for 2 h. After that, the nanobelt arrays
were transferred into a Teflon-lined stainless steel autoclave
containing a 0.03 M KMnO, solution and heated at 160 °C for
5 h. Finally, the sample was removed, washed with distilled
water, and dried at 60 °C to obtain the TiO,@MnO, hybrid
arrays. For comparison, similar procedures were conducted for
3 h to 5 h to investigate the effect of reaction time.

Characterization

The crystalline structure and phase purity of the TiO, NBs and
TiO,@MnO, NBAs were identified using X-ray diffraction
(XRD) using a D8 Advance (Germany, Bruker) automated X-ray
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diffractometer system with Cu-Ko (A = 1.5406 A) radiation at 40
kv and 40 mA ranging from 20° to 80° at room temperature.
The morphology of the synthesized TiO, NBs and TiO,@MnO,
NBAs was characterized using scanning electron microscopy
(SEM) using a JEOL JSM 6700F microscope (Japan) and
transmission electron microscopy (TEM). Raman spectra were
carried out using a WITEC CRM200 Raman system equipped
with a 532 nm laser source and a 50 x objective lens. X-ray
photoelectron spectroscopy (XPS) spectra were measured on a
Perkin-Elmer model PHI 5600 XPS system with a resolution of
0.3-0.5 eV from a monchromated aluminum anode X-ray
source.

Electrochemical evaluation

Electrochemical measurements were carried out using an
electrochemical workstation (CHI 760C, CH Instruments Inc.,
Shanghai) using a three-electrode configuration in 1 M Na,SO,
aqueous solution. Both the pristine TiO, NBs and hybrid
TiO,@MnO, NBAs on Ti foils (1.5 x 2.0 cm?; TiO, mass ~
4.2 mg, MnO, mass ~ 1.8 mg) were directly used as the
working electrode. The value of specific capacitance (F g )
and current rate (A g~ ') was calculated based on the total mass
of the active materials (MnO, and TiO,), and the small
contribution from the Ti foil was subtracted. The reference
and counter electrodes were Ag/AgCl (sat. KCl) and platinum
foil, respectively. Electrochemical impedance spectroscopy
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(EIS) tests and cyclic voltammetry (CV) measurements were
performed on a CHI 760C electrochemical workstation (CH,
Shanghai). The EIS measurements were performed by applying
an alternate current (AC) voltage with 5 mV amplitude in a
frequency range from 0.01 Hz to 100 kHz. CV measurements
were performed at a scanning rate of 5-200 mV s~ from —0.2
to 0.8 V at room temperature. Galvanostatic charge-discharge
measurements were carried out from —0.2 to 0.8 V at a current
density of 200-2000 mA g~ ', under an open circuit potential.
The specific capacitances were calculated according to
equation C = (IAt)/(AV x m), where I is the constant discharge
current, At is the discharge time, AV is the voltage drop upon
discharging (excluding the IR drop), and m is the total mass of
the active substance of the electrode material.

3. Results and discussion

A schematic illustration of the fabrication process and optical
images of TiO,@MnO, NBAs on the Ti foil substrate are
displayed in Fig. 1. It can be seen that the whole process
involves three steps: first, TiO, NBs were longitudinally grown
from the Ti foil substrate via a facile modified hydrothermal
process plus an ion exchange process according to our
previous work;*® second, the obtained TiO, NBs were then
subjected to impregnation with glucose aqueous solution and

M0ZL ‘@sodn|9
Bunuied uoqie)

TiO.@MnO; nanobelt

Fig. 1 Schematic mechanism for the direct growth process of TiO,@MnO; core-shell nanobelt arrays on a Ti substrate. The inset shows an optical image of the TiO,

NBs and TiO,@MnO, NBAs on the Ti foil substrate.
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subsequent post-annealing in Ar atmosphere, which leads to
the uniform coating of an amorphous carbon layer on the
nanobelt surface. The carbon layer here is purposely intro-
duced as an interfacial reactive template for growing the MnO,
nanostructures. This is encouraged by the fact that MnO, can
be produced by the green reaction between KMnO, and
carbonaceous materials, such as graphite, carbon nanotubes
and graphene, in the absence of any acid or base even at room
temperature (4MnO,~ + 3C + H,O = 4MnO, + CO;*" +
2HCO;7).**® Here, we have extended this reaction to a 3D
ordered interface by using amorphous carbon, which is more
easily generated on a large scale. The carbon coating
determines the MnO, growth reaction on the surface of the
nanobelts, giving rise to well-constructed hybrid architectures.
Without carbon, no MnO, can be observed on the nanobelts.
Before the MnO, growth, the sample of the TiO, NBs on Ti foil
has a grey colour. After MnO, deposition, the colour darkened,
indicating the uniform formation of MnO, ultrathin nano-
flakes on the surface of the TiO, nanobelts.

The results of the XRD patterns of the as-prepared TiO, NBs
and the TiO,@MnO, NBAs obtained at different growth stages
are shown in Fig. 2. Except for the peaks originating from the
Ti substrate, almost all the identified peaks can be perfectly
indexed to anatase TiO, (JCPDS card no. 21-1272)*” and MnO,
(JCPDS card no. 50-0866)>°, indicating the products are the
mixture of TiO, and MnO, or TiO,@MnO, core-shell
nanostructures. Among these patterns, the sharp and strong
peaks for the as-prepared anatase TiO, attest the good
crystallinity and high purity of the product. After MnO, growth
(Fig. S1, ESIf), it can be seen that almost all the diffraction
peak positions of the TiO, didn’t change, only the intensities
and sharpness of the diffraction peaks change with reaction
time, indicating that the growth time determines the thickness
of the MnO, shell on the surface of the TiO, nanobelts. In
respect of the control of the MnO, coating process, the optimal
reaction time is approximately five hours.

1 # * Ti substrate
H(b) #TiO2
i = MnO:2

Intensity (a.u.)

60 70 80

—
2 Theta (degree)

20 30

Fig. 2 XRD patterns of as-prepared TiO, NBs (curve a), and TiO,@MnO, NBAs
obtained after 5 h of growth (curve b).
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The SEM images of the TiO, NBs and TiO,@MnO, NBAs at
different magnifications are shown in Fig. 3. The top-view and
cross-sectional images (Fig. 3a-c) of the as-obtained products
show that TiO, nanobelts longitudinally grow from the Ti foil
with well-aligned and uniform characteristics. The enlarged
image (inset of Fig. 3a) shows that the TiO, nanobelt has a
relatively smooth surface. Close observation reveals that an
individual TiO, nanobelt is typically about 6-10 pm in length,
300-500 nm in width, and 20-40 nm in thickness (Fig. S1,
ESIf). After MnO, growth, the surface of TiO, was homo-
geneously covered with a layer of dense MnO, ultrathin
nanoflakes as shown in Fig. 3d-f. The interconnected MnO,
nanoflakes create a highly porous surface morphology. This
configuration can provide an especially high surface area and
more active sites for the adsorption of Na', which hence
endows the MnO, with a very high specific capacitance. As
shown in Fig. S1, ESI,faligned nanobelt arrays are preserved
after carbon painting (Fig. Sla, ESIf) and their compositions
are confirmed by the Raman spectrum (Fig. Sib, ESIf). In
addition to the five peaks from the TiO,, peaks at 1340 cm™*
(D band) and 1590 ecm ' (G band) are observed and
demonstrate the successful introduction of amorphous car-
bon. After a 3 h hydrothermal reaction, the TiO, nanobelts’
surfaces become rough, decorated by many tiny MnO, ‘buds”
(SEM; Fig. Sic-e, ESIf), which distinctly indicates that the
MnO, nanoflakes grow on the surface of the TiO, nanobelts.
Ultrathin (<10 nm) MnO, nanoflakes formed uniformly on the
nanobelt surface can be observed after 5 h complete reaction
between KMnO, and carbon, as displayed in Fig. S2d,e, ESIf.

The structures of the nanobelts were further investigated
using TEM at different magnifications. The low-magnification
TEM image in Fig. 4a,b clearly shows that an individual TiO,
nanobelt has a diameter about 400 nm (~500 nm), and its
corresponding high-magnification TEM image taken near the
edge is shown in Fig. 4c. A lattice spacing of 0.19 nm is
recognized and can be ascribed to the (200) planes of anatase
TiO,. The selected area electron diffraction (SAED) pattern of
the TiO, nanobelt shows a set of well-defined spots, indicative
of the single-crystallinity. The low-magnification TEM image of
the MnO, nanoflakes on the surface of TiO, nanobelt is shown
in Fig. 4d,e. It can be seen that the MnO, nanoflakes fully
cover the TiO, nanobelt surface. This core-shell composite
nanostructure is expected to achieve high performance in a
supercapacitor: the ultrathin MnO, shell is beneficial to the
fast faradic reaction, which would enable high specific
capacitance, and the TiO, nanobelt core serves as a fast path
for electron transport, which would enable high power density.
The advantages will be discussed in detail in the following
paragraph. In addition, the SAED pattern was also obtained to
investigate the crystalline characteristics of the TiO,@MnO,
nanobelt based on the selected area shown in the inset of
Fig. 4f. Clear lattice fringes were also observed (as shown in
Fig. 4d), further demonstrating the superior crystal quality of
TiO,@MnO, NBAs.

Raman spectra of the TiO,@MnO, NBAs investigated at
different growth stages clearly reveal the composition evolu-

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a,b) Low-magnification and enlarged SEM images of the TiO, NBs; (c) Cross-sectional SEM image of the TiO, NBs; (d,e) Low-magnification and enlarged SEM
images of the TiO,@MnO, NBAs; (f) Cross-sectional SEM image of the TiO,@MnO, NBAs.

tion process (see Fig. 5). For the TiO, nanobelt arrays (Fig. 5a),
there are six Raman active modes (A;y + 2By, + 3E,), which
appear at 149 cm ' (Eg), 196 cm ™' (Ey), 393 em ™' (Byg), 513
em ' (Agg), 519 em ' (Byy), and 636 cm™ ' (E,), respectively.
They are similar to the Raman spectrum of the anatase TiO,,
and consistent with the previous report of Ohsaka.*®** The
strongest E, mode at 149 cm™ ' arising from the external
vibration of the anatase structure is well resolved, indicating
the formation of the anatase phase,** which is consistent with
the XRD result shown in Fig. 2. The TiO,@MnO, NBAs exhibit
three distinct Raman peaks, at 494, 575, and 655 cm ™ *,
respectively, which can be assigned to oxygen vibrations of the
tunnel a-MnO, structure.*®*!

X-ray photoelectron spectroscopy (XPS) was carried out to
check the surface chemical composition, purity, and the
oxidation valence states of the TiO,@MnO, NBAs after 3 h and
5 h of growth, respectively (the results are shown in Fig. 6). The
survey scan spectrum shows that there are five elements (Mn,

This journal is © The Royal Society of Chemistry 2013

Ti, O, C and K) existing on the surface of the sample after 3 h
of growth. However, Ti is not found in the sample after 5 h of
growth, probably because the MnO, layer is too thick. The
presence of the carbon peak indicates that the amorphous
carbon coating on the TiO, nanobelt surface was not fully
involved in the interfacial reaction, and the presence of a
potassium peak indicates that pure TiO, NBs and TiO,@MnO,
NBAs were both completely doped with K* (shown in the ESIt
Fig. S4). The deconvolution peak of the O 1s spectrum can be
resolved into two components of 530 and 531.3 eV, respectively
(see Fig. 6b). The low binding energy component at 530 eV is
attributed to the O~ bond with titanium and manganese, the
latter peak is assigned to OH."'?**>%3 Fig, 6c presents the
XPS spectra of the Ti 2p doublet peaks, the binding energy of
Ti 2p4/, and Ti 2p;/, was observed at approximately 464.5 eV
and 458.7 eV, respectively. The split between the Ti 2p,,, and
Ti 2pj,, core levels is 5.8 eV, indicating a normal state of Ti*" in
the anatase TiO,. Similarly, the core level spectra of Mn 2p

RSC Adv., 2013, 3, 14413-14422 | 14417
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Fig. 4 (a,b,c) Low-magnification and high-magnification TEM images of the TiO, NBs; (d,e,f) Low-magnification and high-magnification TEM images of the
TiO,@MnO, NBAs. The insets of (c) and (f) are the corresponding SAED patterns from the TiO, NBs and TiO,@MnO, NBAs respectively.

were fitted and are shown in Fig. 6d. Two peaks located at ca.
642.4 and 654.7 eV are observed with a spin-energy separation
of 12.3 eV, which can be attributed to the Mn 2p;,, and Mn
2py, binding energies, respectively.®>** Herein, the result

Intensity (a.u.)

TiO2/MnO: 5h

160 ' 260 ' 360 ' 460 ' 560 . 660 ' 760 ' 860 ' 960
Raman shift (cm™)

Fig. 5 (a) Raman spectra of the pure TiO, NBs; (b,c) Raman spectra of the
TiO,@MnO, NBAs obtained after 3 h and 5 h of growth, respectively.
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clearly indicates that a certain degree of oxidation occurred
during the preparation of the TiO,@MnO, NBAs. It is well-
known that potassium permanganate (KMnO,) is a strong
oxidant. Some carboxylic acid groups as well as other
oxygenated functional groups can be expected on the carbon
fibers’ surfaces after immersing the carbon fibers in KMnO,
solution at elevated temperatures.

To investigate the advantages of the unique TiO,@MnO,
NBAs as the electrodes for supercapacitor devices, electro-
chemical tests were carried out in a three-electrode configura-
tion with a Pt foil as counter electrode and Ag/AgCl as the
reference electrode in an electrolyte of 1 M Na,SO, aqueous
solution. In addition, the electrochemical performance of the
TiO, NBs electrodes was also tested (as shown in Fig. S5, ESIY).
Fig. 7a shows the CV curves of the TiO,@MnO, NBAs
electrodes at scan rates of 5-200 mV s~ '. The CV curves at
high scan rates are not perfectly rectangular. The specific
capacitance of the electrode was calculated from the CV curves
according to the following equation,

C=0QI(AV x Am) (1)

where C (F g7%), Am (g), Q (C), AV (V) are the specific
capacitance, mass of the active materials (or mass of the total
electrode materials), average charge during the charging and
discharging process, and the potential window, respectively.>*

This journal is © The Royal Society of Chemistry 2013
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Fig. 6 (a) Survey XPS spectrum; (b) O 1s XPS spectra; (c) Ti 2p XPS spectra and (d) Mn 2p XPS spectra for the TiO,@MnO, NBAs obtained after 3 h and 5 h of growth,

respectively.

The areas surrounded by the CV curves are not significantly
influenced by changing the scan rates, implying the sample
has good rate capability. For comparison, the CV curves of the
pristine Ti foil substrate, TiO, NBs, and TiO,@MnO, NBAs at
100 mV s~ ! are also shown in Fig. 7b. It can be found that the
current density of the TiO,@MnO, NBAs at the same scan rate
is higher than that for other two electrodes. It is noteworthy
that the capacitance contribution from the Ti foil substrate is
negligible. The significant increase of the CV integrated area
suggests that the flake-like MnO, nanostructures have a much
higher specific capacitance, which will be discussed. The
excellent electrochemical capability of the TiO,@MnO, NBAs
must be attributed to their unique microstructure and the
synergetic effect from the ultrathin MnO, nanoflake shell and
the TiO, nanobelt core. It is obvious that the MnO, nanoflakes
are well grown and dispersed on the surface of the TiO,
nanobelts, which will enhance the electrochemical kinetics of
the material. The interconnected MnO, nanoflakes create a
highly porous surface morphology, as well as an ordered array
geometry, which can provide higher surface area and more
active sites for the rapid intercalation of cations (Na') into the
electrode during reduction and deintercalation pro-
cesses.">**"* In order to further evaluate the electrochemical
performance of the as-prepared TiO,@MnO, NBAs composites
at different current densities in 1 M Na,SO, aqueous solution,
constant current charge-discharge measurements were carried
out, and the results are shown in Fig. 7c. It can be seen that all
the curves are highly linear and consistent at various current
densities from 200 to 2000 mA g~ '. This implies that the

This journal is © The Royal Society of Chemistry 2013

electrode has excellent electrochemical reversibility and
charge-discharge properties. Furthermore, the specific capaci-
tance can be calculated from the discharge curves according to
the above mentioned equations. On the basis of the above
results, the specific capacitance of the TiO,@MnO, NBAs at
200, 300, 500, 800, 1000 and 2000 mA g * is 454.6, 336, 242.5,
160, 128.4 and 54 F g~ ', respectively. These results can be
ascribed to the discrepant insertion-deinsertion behaviors of
cations (Na*) from the electrolyte to Mn0O,.>*?° It is empha-
sized that the specific capacitance is calculated according to
the mass of the active materials (TiO, mass + MnO, mass), and
Ti substrate is not included for this calculation. The specific
capacitance based on the mass of the active materials versus
current density is also shown in Fig. 7d.

The long-term cycle stability of supercapacitors is another
critical requirement for their practical applications. The
cycling lifetime tests over 3000 cycles for both the hybrid
TiO,@MnO, NBAs and pristine TiO, NBs were carried out at
200 mV s ' and the results are shown in Fig. 8a. It is found
that the hybrid TiO,@MnO, NBAs electrode exhibits a good
long-term electrochemical stability, and the capacitance loss
after 3000 cycles is only 13.7%. By contrast, only 84.2%
capacitance was retained for the pristine TiO, NBs. In
addition, the stable charge-discharge curve of the last 21
cycles at 3 Ag~" for TiO,@MnO, NBAs is also shown in Fig. 8b.
The result shows that the charge curves are still quite
symmetric to their corresponding discharge counterparts,
indicating no significant structural change of the
TiO,@MnO, NBAs electrode during the charge-discharge

RSC Adv., 2013, 3, 14413-14422 | 14419


http://dx.doi.org/10.1039/c3ra42229a

Published on 31 May 2013. Downloaded by Nanyang Technological University on 11/12/2013 16:43:37.

View Article Online

——Pure Ti Sheet
——TiO2 NBs
——TiO2@MnO2 NBAs

Current (A.g”)

02 5 oftz i ?i‘tV) 06 08 02 Pof% d OIL‘(V) 06 08
otentia otentia
(c)1o (d)s00
—
- TiO2@MnO:z NBAs ——200 mA.g:: ‘o —=-TiO2@MnO2 NBAs
——S0mAg | 400 —o—TiO2NBs
—— 500 mA.g =
S8 ——80mAg" 2
Z. ——1000mAg" | € 3004
T 04 ——2000mAg" | &2
2 :
@ 02 S 200
= ©
B o0 a
& 100
2
02
»n 0
!') 10'00 20’00 30‘00 4{;00 5000 0 200 400 600 800 4 1000
Time (s) Spec. Current (mA.g")

Fig. 7 (a) Cyclic voltammograms of TiO,@MnO, NBAs at different scan rates; (b) Cyclic voltammograms of the different electrode materials at 200 mV s™"; (c)

Charge-discharge curves of the TiO,@MnO, NBAs at various current densities; (d) Current density dependence of the specific capacitance of the TiO,@MnO, NBAs
(blue curve) and TiO, NBs (red curve).

(@) 600 (b)1.o
—O—TiO:2 NBs TiO2@MnO:z NBAs
500 ——TiO2@MnO: NBAs 08+ |
—_
& -
i ‘ 21\l
L 400+ Ti0:@MnO:z NBAs —_ ‘ \
| —2cycle ,E 0.4
:? "',,_,‘ —after 3000™ cycles E
g 300 %2 2 0.24
a 2o [}
© 3 o
QO 200 5 2. 0.0+
A i 0.2 0.0 02 04 06 08
o Potential (V) 0.2
100 @ @ @ @ @ )
T T T T T T T T T T T T T T
0 500 (1: 000 | 1 ﬁoo i;mo 2500 3000 215000 215200 215409|_ 215600 215800 216000 216200
cle Number ime (s
() s00 - y . (d)3s0 )
200 mA.g 200 mA.g 7] < Tiogmo:NaAs
—_ 300 m (after 3000" cycles)
T g £
1 £
=] , 250Q
w 300 mA.g” — 1u
/] (7] 4
g 200 £ 200
p =
.g 500 mA.g @) 150
5 =
@ 200 H 4
2 800 mA.g" N, 190
-1
o 1Ag 50| —O—TiO2@MnO2 NBAs
100 0§ (after 1% cycles)
T T T T T
0 200 400 600 800 1000 0 50 100 150 200 250 300 350

Cycles Z' (Ohms)

Fig. 8 (a) Cycling performance of the TiO,@MnO, NBAs supercapacitor device over 3000 cycles (inset: comparison of the CV curves between 2nd cycles and after the
3000th cycles for a charge-discharge test at 3 A g~ '); (b) The charge-discharge curve of the last 21 cycles at 3 A g~ during 3000 cycles for the TiO,@MnO, NBAs; (c)
Cycling stability of the TiO,@MnO, NBAs at various current densities; (d) Electrochemical impedance spectra after the 1st cycles of the TiO, NBs and TiO,@MnO,
NBAs electrodes (inset: electrochemical impedance spectra after the 3000th cycle of the TiO,@MnO, NBAs electrodes).

14420 | RSC Adv., 2013, 3, 14413-14422 This journal is © The Royal Society of Chemistry 2013


http://dx.doi.org/10.1039/c3ra42229a

Published on 31 May 2013. Downloaded by Nanyang Technological University on 11/12/2013 16:43:37.

processes. Such excellent cycling stability is mainly attributed
to the porous configuration of the TiO, core, which can not
only lead to more contact area with the electrolyte, but also can
accommodate the possible volume change during cycling
process. More significantly, the synergistic effect between
MnO, and TiO, mentioned above may inhibit the anodic
dissolution of MnO,, and consequently improve the electro-
chemical reversibility and stability of the hybrid electrode.*>"*
After long-term cycling, the TiO,@MnO, NBAs nanostructures
are well maintained and preserved overall with little structural
deformation after 3000 cycles as verified in the inset of Fig. 8a.

The combination of MnO, and TiO, with a unique
morphology and independent electro-activities into a single
engineered hierarchical architecture can substantially
enhance their electrochemical properties. The shell material
was an active material while the core material served as the
nanobelt current collector. It is believed that the synergistic
contribution from ultrathin MnO, nanoflakes, the single-
crystalline TiO, nanobelts, and the ordered array configuration
should account for the good cycle performance and rate
capability (as shown in Fig. S3, ESIf). First, by growing directly
from the TiO, nanobelt scaffold, the surfaces of the MnO,
nanoflakes are well separated, making them fully available to
the Na' in the electrolyte. This is in distinct contrast to most
MnO,-based electrode systems, in which the nanosized active
sites were largely hindered by numerous unwanted inter-
faces.””"” The entirely exposed nanoflake edges can also
facilitate the fast Na" intercalation into the layered structure,
thus enhancing the electrochemical kinetics. Second, ultrathin
MnO, nanoflakes construct a three dimensional (3D) and
highly porous structure on the surface of the TiO, nanobelts.
Even completely covered, the TiO, core nanobelts can still be
accessed by OH and initiate the redox reaction (Fig. S3,
ESLtsimilar diffusion resistance is observed for the
TiO,@MnO, NBAs and the pristine TiO, NBs). It is worth
noting that the porous structure of the TiO, nanobelts would
further increase the electrolyte-material contact area and
enhance ion diffusion, which is very critical to high-power
energy storage. Furthermore, the array directly grown on the Ti
foil substrate can ensure good mechanical adhesion and
electrical connection to the current collector,*® avoiding the
use of polymer binders and conductive additives, which
generally add extra contact resistance or weight. After long-
term cycling, the hierarchical structure of the hybrid nanobelts
array is preserved overall with little structural deformation, as
illustrated in Fig. S2f, ESLt

To further demonstrate the advantage of the synergistic
effects in this electrode design, the cycling performance of the
hybrid TiO,@MnO, NBAs at progressively increased current
density was recorded in Fig. 8c. The hybrid structure exhibits
stable capacitance at different current densities. During the
first 100 cycles with a charge-discharge density of 200 mA g™ ",
the hybrid structure shows a cycle stability performance of
about 450 F g~ '. In the following 400 cycles, the charge-
discharge rate changes successively. After 500 cycles, with the
current rate being again decreased back to 200 mA g~ for
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another 200 cycles, a capacitance of about 454 Fg
recovered and without noticeable decrease, which demon-
strates that the hybrid structure has excellent rate perfor-
mance and cycling ability. This result highlights the capability
of the 3D pseudocapacitive material-based hybrid array
electrode to meet the requirements of both long cycle lifetime
and good rate capability, which are important merits for
practical energy storage devices.

Electrochemical impedance spectroscopy (EIS) has been
recognized as a complementary technique to galvanostatic
cyclic voltammetry which can provide more information on
the electrochemical frequency behavior of electrode materials
for supercapacitors. To gain further insight into the advan-
tages of these electrodes, impedance spectra of the pristine
TiO, NBs and TiO,@MnO, NBAs composite after the 1st cycle
and 3000th cycle were measured in the frequency range from
0.01 Hz to 100 kHz at an open circuit potential with an AC
perturbation of 5 mV. The result shows that the Nyquist plots
are in the form of an arc at the high frequency region and a
straight 45° sloped line at low frequency region. The arc in the
high frequency region is associated with the interfacial
properties of the electrodes and corresponds to the charge-
transfer resistance, and the straight line in the low frequency
region is ascribed to the diffusive resistance related to the
diffusion of the electrolyte within the pores of the electrode. It
is obvious that both the TiO,@MnO, NBAs and the pristine
TiO, NBs have similar diffusion resistance, but the
TiO,@MnO, NBAs demonstrate a relatively smaller charge
transfer resistance. As shown in the inset of Fig. 8d, the arc
increment from the 1st to the 3000th cycles is not so obvious
indicating that the TiO,@MnO, NBAs nanostructures are well
maintained and preserved overall with little structural
deformation after 3000 cycles, which can also be verified by
the SEM images in Fig. S2f, ESLt

Power density and energy density are also important
parameters for the investigation of the electrochemical
performance of electrochemical capacitors. They have been
calculated according to the following equations and the results
are listed in Table 1 (as shown in the ESIf):

E= % C(AV)? (2)

P = E/At 3)

where P (kW kg™ ") is the power density, C (F g~ ") is the specific
capacitance, AV (V) is the potential window of the discharge
process, At (s) is the discharge time, and E (W h kg ') is the
energy density.”” Based on the mass of the active material, the
energy density and power density could reach 7.5 W h kg™*
and 1 kW kg™ at 2 A g7, respectively. These results suggest
that the TiO,@MnO, NBAs composite is a very promising
electrode material for fabricating supercapacitors.
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4. Conclusions

In summary, we have demonstrated a new, facile, and cost-
efficient strategy towards the synthesis of a TiO, nanobelt core
and MnO, nanoflake shell hierarchical nanostructure, and the
application of these composites as the electrodes for super-
capacitor has been investigated. Due to their rationally
designed unique structure, and the smart hybridization of
MnO, and TiO,, the electrodes exhibit a high specific
capacitance of 454 F g~ ' at 200 mA g~ ' with an excellent
cycling stability. The strategy used here could be extended to
the other materials and the idea of hybridizing two materials
together could create new opportunities in other areas.
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