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E
lectrochemical energy storage devices
such as Li-ion batteries (LIBs) and elec-
trochemical supercapacitors (ECs) are

the most popular power supplies in porta-
ble electronic devices (PEDs),1,2 and intense
ongoing research seeks to develop hybrid
energy devices and multifunctional electro-
des that combine the advantages of LIBs
(high energy density and capacity) and ECs
(high power density and long-term cyclabi-
lity) within micro- or lower dimensions.3

Until now, carbon materials such as carbon
nanotubes and graphene nanoribbons have
been widely used either directly for LIB
anodes and ECs or as conductive network
components in composites.4,5 However, the
low charge storage capability of carbon
materials (theoretically 372 mAh g�1 in LIB
anodes and <150 F g�1 in ECs) limits their
further applications in energy storage. There-
fore, transition metal oxides,6 especially
Fe2O3, which is known for its high theoretical
charge storage capability (1005 mA h g�1 in
LIB anodes and1342Fg�1 in ECs) andnatural

abundance,7 have been developed as attrac-
tive electrodematerials. However, the severe
volume change during charge/discharge
cycles and the initial capacity loss (ICL) re-
strict the further application of nanostruc-
tured Fe2O3 as a LIB anode.8,9 Furthermore,
most of the transition metal oxides have low
electronic conductivity retarding their use
in electrochemical energy storage.10 One
way to confine the volume change of Fe2O3

and enhance the electronic conductivity of
the electrode is to form passivation shells of
carbon onions (few-layer graphene or gra-
phitic shells) by chemical vapor deposition
(CVD).11,12

Nanosized materials (generally powders)
can improve electrochemical performance
by forming abundant electrochemically ac-
tive sites; however, without excellent disper-
sion or loading on supporting materials, side
effects such as higher contact resistance due
to agglomerationwill have anegative impact
on their energy storage performance.13,14

Moreover, the conventional fabrication
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ABSTRACT Three-dimensional heterogeneously nanostructured thin-film

electrodes were fabricated by using Ta2O5 nanotubes as a framework to support

carbon-onion-coated Fe2O3 nanoparticles along the surface of the nanotubes.

Carbon onion layers function as microelectrodes to separate the two different

metal oxides and form a nanoscale 3-D sandwich structure. In this way, space-

charge layers were formed at the phase boundaries, and it provides additional

energy storage by charge separation. These 3-D nanostructured thin films

deliver both excellent Li-ion battery properties (stabilized at 800 mAh cm�3)

and supercapacitor (up to 18.2 mF cm�2) performance owing to the synergistic

effects of the heterogeneous structure. Thus, Li-ion batteries and super-

capacitors are successfully assembled into the same electrode, which is

promising for next generation hybrid energy storage and delivery devices.
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processes (mixing with additives such as binder and
conductive carbon and then compressing the compo-
site on the current collector to form an electrode film)
could lessen the advantages of those nanoscale
powders.15 Thus, self-organized nanostructured films,
especially nanotubes (NTs) in situ grown on conductive
substrates with facilitated ion transportation in their
three-dimensional (3-D) open frameworks, could be
used as active supportmaterials for energy storage.16,17

This further reduces the weight of the electrodes.18

After nanoparticles (NPs) are anchored on the surface
of nanotubes to form a hybrid nanostructure,19 more
electrochemically active sites are expected, along with
synergistic effects from the heterogeneous phase
boundaries. In this work, Ta2O5 NTs were selected as
active support materials with good thermal stability
that can be used for catalytic graphene growth at
high temperature (850 �C) without breaking the nano-
tubular structure.20,21 Carbon-onion-coated Fe2O3 NPs
(C-Fe2O3 NPs) are then uniformly coated along the
Ta2O5 NTs to deliver multifunctional energy storage
by combining LIB and supercapacitor performance

into the same electrode material. The work described
here puts forward a concept that can solve problems
in designing battery�supercapacitor hybrid energy
storage systems through the development of new
nanostructured bifunctional electrode materials.22

RESULTS AND DISCUSSION

In a first approach, Ta2O5 nanotubes that were
100�150 nm in diameter and 3.5 μm in length were
obtained by anodization treatment on tantalum foils.
These were used as a matrix to uniformly anchor iron
oxide NPs along the channels of the NTs. Reduction of
the iron oxide to metallic iron followed by CVD growth
of carbon onions on the iron catalysts afforded the
requisite framework. A postannealing was performed
on the samples to convert the metallic iron (used as a
catalyst for the CVD graphene growth) back to electro-
chemically active Fe2O3. A morphology change from
the smooth surface before anchoring of the C-Fe2O3

NPs (Supporting Information Figure S1a,b) to a rough-
ened surface after anchoring the C-Fe2O3 NPs (Figure 1)
exemplifies the uniform anchoring of C-Fe2O3 NPs on

Figure 1. Microscopy observation of the heterogeneous nanotubes. (a,b) SEM images of Ta2O5NTs coveredwith C-Fe2O3NPs.
(c) Cross-sectional TEM image of the heterogeneous nanotubes. (d) HRTEM image of the C-Fe2O3 NPs. (e) Schematic figure for
the Ta2O5 NTs coated with C-Fe2O3 NPs.
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the surface of the undamaged Ta2O5 NTs (schematic
picture is shown in Figure 1e). The uniform Fe2O3 NPs
coating on both sides of Ta2O5 NTs does not block the
open channels as can be determined by examina-
tion of the cross-sectional and top-view SEM images
(Supporting Information Figure S1c,d). It is also apparent
from transmission electron microscopy (TEM) observa-
tion (Figure 1c and Supporting Information Figure S2)
that the C-Fe2O3 NPs were uniformly anchored on
Ta2O5 NTs without agglomeration of the nanoparticles
or blocking the channels of the nanotubes. C-Fe2O3

NPs with average size of 5�10 nm coated with 6�8-
layer graphene (carbon onions) were identified by the
d-spacing, of 0.27 and 0.34, respectively, from the lattice
fringes observed by high-resolution TEM (HRTEM,
Figure 1d and Supporting Information Figure S3).
The crystalline structure and chemical composition

were investigated by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). Crystalline Fe2O3

(PDF 00-033-0664) and Ta2O5 (PDF 00-018-1304) were
identified from the XRD patterns (Figure 2a), whereas
only Ta, Fe, C, andOwere identified from the XPS spectra
(Figure 2b�d and Supporting Information Figure S4).
From the XPS Fe 2p spectrum, Fe 2p1/2 and Fe 2p3/2
peaks at 725.1 and 711.4 eV can be assigned to Fe3þ,
which confirm the formation of Fe2O3 instead of Fe3O4.

23

Furthermore, the peaks at 26.2 and 28.2 eV in the XPS Ta
4f spectrum are attributed to the higher oxidation state

of Ta5þ in Ta2O5.
24 The typical sp2 CdC bonding is from

the carbon onions, which have a graphitic structure.25

The content of each component, C, Fe2O3, and Ta2O5,
in the hybrid nanotubes, estimated semiquantitatively
from XPS, is 27, 13, and 60 wt %, respectively.
Cyclic voltammetry (CV) was performed on the

samples within a potential window between 0.01
and 3 V (vs Li/Liþ) at a scan rate of 0.5 mV s�1 to access
the electrochemical reactions that occurred during
the initial two lithium insertion/extraction cycles
(Figure 3a). Control experiments were also conducted
to investigate the LIB performance of the hetero-
geneous nanotubes: (1) control-1, Ta2O5 NTs without
sensitizer (#C-1); (2) control-2, C-Fe2O3 deposited on
tantalum foils (#C-2). All the samples including control
experiments were treated using the same procedure.
Considering that a defined nanostructure was inte-
grated into thin films, the performance evaluation in
this work is based on the volume and area of the thin
film (the nanotubes only without considering the Ta
substrates). From the voltammograms of #C-2 (inset
in Figure 3a), a cathodic peak at 0.79 V and an anodic
peak at 1.62 V were assigned to the lithium insertion/
extraction reactions that are shown in eq 1:26

Fe2O3 þ 6Liþ þ 6e� a 2Feþ 3Li2O (1)

and from voltammograms of #C-1, the redox peaks
located at 0.69 (cathodic) and 1.21 V (anodic) reflect

Figure 2. Crystallinity and chemical composition analysis of the heterogeneous nanotubes. (a) XRD pattern. (b�d) XPS Fe 2p,
C 1s, and Ta 4f spectra, respectively.
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the reversible Li-ion insertion/extraction and the phase
transition between Ta2O5 and Ta suboxides such as
TaO2, TaO, and Ta2O as in eq 2:27

Ta2O5 þ x(Liþ þ e�)a LixTa2O5 (2)

whereas voltammograms of the heterogeneous nano-
tubes show combined redox peaks that indicate
multiple reactions of both Ta2O5 and Fe2O3 with
lithium. By comparing the first and second voltammo-
grams of the heterogeneous nanotubes (Figure 3b),
no redox peak shifts were detected and only a slight
peak current decrease could be distinguished, which
indicates that suppression of most electrolyte decom-
position was achieved.
Galvanostatic discharge/charge tests were per-

formed on the samples at current densities from 50 to
1000 μA cm�2 (Figure 3c) to investigate their lithium

insertion/extraction reactions. The discharge pseudo-
plateau at ∼0.9 V and the slope from ∼1.4 to 2 V in
charge are attributed to the lithium insertion/extraction
reactions with Fe2O3 due to the distinctive two-phase
(lithium-poor phase, Fe, and lithium-rich phase, Li2O)
coexistence characteristics.26 With continuous increase
in the applied current density, the potentials for lithium
insertion/extraction reactions undergo no noticeable
changes. From the discharge/charge profiles of #C-1
(Supporting Information Figure S5a), no obvious lithium
insertion/extraction plateau was detected due to the
solid solution reactions of Ta2O5 with lithium instead
of the desired two-phase equilibrium. A more promi-
nent discharge plateau at 0.75 V is distinguished from
#C-2 (Supporting Information Figure S5b), which indi-
cates that a new phase was formed that reached two-
phase equilibrium during the lithium insertion reaction.

Figure 3. Electrochemical performance of the heterogeneous nanotubes (denotedby #H in thefigures) for Li-ionbatteries. (a)
CV was performed over a potential window between 0.01 and 3 V (vs Li/Liþ) at a scan rate of 0.5 mV s�1. The voltammograms
of control experiments are shown in the inset. (b) Initial two voltammograms from the heterogeneous nanotubes at
0.5mV s�1. (c,d) Galvanostatic discharge/charge curves and rate capacity obtained at different applied current densities from
50 to 1000 μA cm�2, respectively. (e,f) Cycling testsmeasured at 50 μA cm�2 for 100 cycles and 1000 μA cm�2 for 10 000 cycles
with Coulombic efficiency higher than 97%.
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However, the discharge plateau shifts to 0.9 V after
the first discharge/charge cycle because of irreversi-
ble reactions occurring in the first discharge such as
severe decomposition of electrolyte and the formation
of the solid-electrolyte-interface (SEI) film.8 Such irrever-
sible reactions consume a large amount of lithium in
the electrolyte and change the equilibrium potential
of the cell, which are the origins of large ICL and poor
cyclability. From the rate capacity tests (Figure 3d),
a gradually stabilized capacity from 1400 to 800
mAh cm�3 at a current density of 50 μA cm�2 was
observed from the first few cycles in the hetero-
geneous nanotubes due to the buffered electrolyte
decomposition. The stable capacity (800 mAh cm�3)
obtained is even higher than that found in most 3-D
electrodes.28�30 With an increase in the applied current
up to 1000 μA cm�2, a capacity of 280 mAh cm�3 is
maintained (35% retention), which is still appealing for
high power energy storage. When the current density
was reduced to50μAcm�2, a capacity of 800mAh cm�3

was recovered without any polarization effect. The
synergism effect between C-Fe2O3 NPs and Ta2O5

NTs in these heterogeneous nanostructured thin-film
anodes delivers higher capacity at different current
densities than in each material by itself. This is pro-
bably due to the additional lithium storage provided
by the charge separation at the space-charge layers
formed in the heterogeneous structure (two-phase
boundaries).31,32

To investigate the long-term cycling stability of the
heterogeneous nanotubes, cyclability tests at 50 and
1000 μA cm�2 were performed on the samples for
100 and 10 000 continuous cycles after the C rate tests
(Figure 3e,f). It is evident that the heterogeneous
nanotubes show stable capacity of 800 mAh cm�3 for
100 cycles while the control samples show continuous
capacity decay in the initial 20 cycles. Additionally, the
high rate capacity of the heterogeneous nanotubes
can be stabilized at 200 mAh cm�3 for 10 000 cycles,
which confirms the electrochemically stable character-
istic of the heterogeneous structure. After cyclability
tests, the heterogeneous nanotubes were disas-
sembled from the coin cell and cleaned with dimethyl
carbonate and acetone for scanning electron micro-
scopy (SEM) observation. The heterogeneous nano-
tubes maintained their ordered nanotubular structure
(Supporting Information Figure S6) without losing the
anchored C-Fe2O3 NPs after cycling.
Electrochemical impedance spectroscopy (EIS) is used

to study the electrode kinetics of lithium insertion/
extraction reactions. Nyquist plots (Supporting Informa-
tion Figure S7a,b) for the samples were measured at
open circuit potential (OCP) to investigate their kinetics.
The correspondence between frequency-dependent
impedance and equivalent circuit elements are illu-
strated in Figure S7a. The internal resistance of the cell
(Rs), starting from an intercept with the real axis, reflects

the combined resistance of the electrolyte, separator,
and electrodes. Subsequently, the semicircle observed
in the high-to-medium frequency region was due to
either resistance induced by lithium migration through
the SEI film (RSEI), associated with a SEI film capacitance
(constant phase element, CPESEI) at high frequency, or
the charge-transfer resistance (Rct) and double-layer
capacitance (CPEdl) at medium frequency. A sloping line
at the low-frequency end is regarded as the Warburg
impedance (Zw), representing solid-state diffusion of
lithium through the electrode�electrolyte interface,
followed by intercalation capacitance (Cint). Due to the
Faradaic characteristics of Rct and Zw, it is of special
importance to investigate the electrochemical kinetics
of the electrodes by monitoring the value change in Rct
and Zw during lithium insertion/extraction reactions.
After the Nyquist plots were fitted (Figure S7b), Rct is
reduced from 452.8 ( 15.2Ω (#C-1) and 455.4 ( 3.5Ω
(#C-2) to 225.2( 6.7Ω (heterogeneous nanotubes) and
Zw is reduced from 61.9( 17.8Ω (#C-1) and 73.9( 12.3
(#C-2) to 51.9( 2.5Ω (heterogeneous nanotubes). The
obviously reduced Rct indicates that the greatly im-
proved kinetics for Faradaic reactions of lithium inser-
tion/extraction is obtained. To further demonstrate the
electrode kinetics during lithium insertion/extraction
reactions, EIS was measured during discharge/charge
cycling (Supporting Information Figure S8). From the
variations ofRct and Zwmeasured at electrodepotentials
(Supporting Information Figure S7c,d), it is apparent
that both Rct and Zw of the heterogeneous nanotubes
are substantially reduced compared to control samples
throughout the discharge/charge cycling, which indi-
cates a greatly enhanced charge transfer in the redox
reactions on the surface of electrodes and improved
lithium solid diffusion kinetics in the electrodes. Further-
more, the heterogeneous nanotubes in this work pre-
sent particular structural advantages over most recently
developed and commercial 3-D thin-film batteries: (1)
highly ordered nanotubular structure serves as a stable
host to anchor C-Fe2O3 NPs without losing the advan-
tages ofnanoscale sizeeffects causedbyagglomeration;
(2) two-phase boundaries between heterogeneous oxi-
des provide a synergistic effect with additional charge
separation at phase boundaries. Principally, the greatly
enhanced LIB performance of the heterogeneous nano-
tubes is from themutual benefits between the dual host
Ta2O5 NTs and C-Fe2O3 NPs.
Based on the interesting nanostructure of the 3-D

heterogeneous nanotubes (see schematic picture in
Figure 1e), C-Fe2O3-treated Ta2O5 NTs developed in
this work could also be used for supercapacitors due to
its ordered microsandwich structure (two C-Fe2O3 NPs
layers sandwiching a Ta2O5 NT layer). Supercapacitive
performance was tested first by CV at different
scan rates from 10 mV s�1 to 10 V s�1 in two-electrode
symmetric coin cells. The measured voltammograms
(Figure 4a,b) show rectangular or quasi-rectangular
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shapes without any redox peaks, which represents the
typical performance of electric double-layer capacitors
(EDLCs) based on an electrostatic mechanism.2 The
EDLCs' behavior arises from the synergy between the
carbon coating and the Ta2O5 matrix. Additionally,
the symmetrical shape of the cathodic and anodic
sweeps in voltammograms recorded at different scan
rates indicates reversible discharge/charge processes
without side reactions. The voltammograms retain their
rectangular or quasi-rectangular shape at fast scan rates
up to 5 V s�1, whereas the voltammograms tend to tilt
toward the vertical axis as a quasi-rectangle at 10 V s�1.
This indicates that the heterogeneous nanotubes dom-
inate the supercapacitive effect in their energy storage
at scan rate up to 5 V s�1 and show improved super-
capacitive behavior over pristine Ta2O5NTs (Supporting

Information Figure S9a,b). It is common for areal
capacitance (CA) to decrease when scan rates increase
(Figure 4c) because the ion penetration and transport
in and along the nanotubes requires sufficient time
to generate higher capacitance. The CA calculated
from voltammograms at a scan rate of 10 mV s�1 was
9.6 mF cm�2, and a CA of 2.6 mF cm�2 was obtained
even at 10 V s�1. Therefore, the b values fitted from the
log (peak current) versus log (scan rate) plot, as illu-
strated in the inset in Figure 4c, are 0.81 (cathodic) and
0.82 (anodic), which indicates amore surface-controlled
(supercapacitive) electrode process.33 Galvanostatic
discharge/charge curves obtained at different current
densities are presented in Figure 4d. The curves
start from increased voltage drop (iR drop) as well as
decreased discharge duration as the current density is

Figure 4. Electrochemical performance of the heterogeneous nanotubes for symmetrical supercapacitors. (a) CV performed
over a potential window between 0 and 2.5 V at scan rates from 10 to 200 mV s�1. (b) CV performed over a potential window
between 0 and 2.5 V at scan rates from 500 mV s�1 to 10 V s�1. (c) Variation of areal capacitance at different scan rates.
A log�log plot for the heterogeneous nanotubes is plotted in the inset. (d) Variation of areal capacitance at different current
densities. The inset shows the discharge/charge profiles obtained at different current densities from 0.5 to 20 mA cm�2 (the
current density is the applied current divided by the geometrical area of the electrode: 0.785 cm2). (e) Capacitance versus
frequency. (f) Cycling tests measured at 1 mA cm�2 for 10 000 cycles with the corresponding Coulombic efficiency.
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increased. The CA (the inset in Figure 4d) decreased
from 18.2 mF cm�2 at 0.5 mA cm�2 to 8.4 mF cm�2 at
20 mA cm�2, which also indicates insufficient time for
ion transportation into the interior of the nanotubes
at high current densities. More likely, at a low rate
(0.5 mA cm�2), ion intercalation (BF4

�) and diffusion
into the electrode is easier than at a high rate
(20 mA cm�2), which makes a difference in the capaci-
tive behaviors at different rates. Full use of the active
materials was not being achieved. It becomes more
obvious that the CA is greatly enhanced by forming a
3-D heterogeneous structure than in T2O5 nanotubes
alone (Supporting Information Figure S9c). Moreover,
the Coulombic efficiency of the T2O5 nanotubes is
greatly enhanced from 67% to over 87% after coating
with C-Fe2O3 NPs, which indicates a reduced internal
resistance in the hybrid nanotubes. A strong frequency
dependence of capacitance (Figure 4e) was apparent
below 100 Hz, and a capacitance of 2.5 mF was
obtained at 0.01 Hz. Similar frequency dependence
trends were observed from C0 and C00 versus frequency
curves (Supporting Information Figure S10), especially a
peak frequency (fp) that appeared in the C00 frequency
curve, which was associated with the relaxation time
constant (τo, τo = 1/fp). Therefore, τo is estimated to be
0.2 s for the heterogeneous nanotubes, which is even
less than in multiwall carbon nanotubes (MWCNTs),
indicating an excellent supercapacitive performance
for the advanced electrode materials designed in this
work.33 Cycling tests (Figure 4f)measured at 1mA cm�2

also indicate that the heterogeneous nanotubes
provide stable capacitance over 10 000 cycles with
less than 10% reduction. The Coulombic efficiency
was maintained at over 90% during the cycling test.

Moreover, the heterogeneous nanotubes fabricated in
this work deliver a specific capacitance up to 18.2
mF cm�2 based on the calculation from the discharge
curve. The delivered capacitance in the hybrid nano-
tubes is higher than most state-of-the-art 3-D nanos-
tructured thin-film supercapacitors (thin activated
carbon films and vertically aligned multiwalled carbon
nanotubes)34,35 and carbon�metal oxides hybrid com-
posites (MnO2 nanorods on reduced graphene oxide
and conformal iron oxide on carbon).6,36,37 There-
fore, the 3-D heterogeneously hybrid nanotubes
fabricated in this work deliver a bifunctional energy
storage ability that embeds greatly enhanced LIBs
and appealing supercapacitor performance into a single
electrode.

CONCLUSION

In summary, a 3-D heterogeneously nanostructured
thin filmwas designed by uniformly anchoring carbon-
onion-coated Fe2O3 nanoparticles along Ta2O5 NTs.
Ta2O5 NTs form a stable 3-D framework to support
C-Fe2O3 NPs without agglomeration, while carbon
onion layers play an important role in enhancing
the conductivity of the electrode. The space-charge
layers formed at the phase boundaries also provide
opportunities for additional energy storage by charge
separation. Such synergistic effect makes the 3-D
heterogeneous nanostructured thin film deliver both
excellent Li-ion battery (stabilized at 800 mAh cm�3)
and supercapacitor (up to 18.2 mF cm�2) perfor-
mances. By this approach, both Li-ion batteries and
supercapacitors are successfully combined into the
same electrode, which is promising for next generation
hybrid energy storage and delivery devices.

EXPERIMENTAL SECTION
Fabrication. Tantalum foils (0.05 mm, 99.9%, Sigma-Aldrich)

were sonicated in ethanol (99.98%) for 1 h before being used as
substrates. Ta2O5 nanotubeswere anodically grown in a solution
of sulfuric acid (95.0�98.0%, Sigma-Aldrich) with 1 vol % HF
(49%, Fisher Scientific) and 4 vol % H2O at 50 V for 20 min.
Experiments were carried out at room temperature in a two-
electrode setup with platinum gauze as a counter electrode.
After anodization, the sampleswere rinsedwith H2O followed by
annealing at 750 �C for 30 min in Ar. To deposit iron oxides into
the Ta2O5 nanotubes, 150 mg of iron(III) acetylacetonate (99.9%,
Sigma-Aldrich) was dissolved in 10 mg of 2-pyrrolidinone (99%,
Sigma-Aldrich) in a three-neck flask with stirring and nitrogen
bubbling. Then, Ta2O5 nanotubes on substrates were suspended
in the solution by copper wire to avoid crushing the samples
during stirring, and the flask was heated at reflux for 30 min
under nitrogen. Afterward, the samples were washed several
times with acetone and dried in a vacuum oven at 60 �C for 2 h.
For in situ CVD growth of carbon onions from the deposited iron
oxides, the samples were reduced at 550 �C in Ar (100 sccm) and
H2 (100 sccm) for 10min, and then carbononionswere formedat
850 �C in CH4 (60 sccm) for 10 min. To convert metallic iron back
to Fe2O3, the samples were postannealed at 300 �C for 3 h in air.

Characterization. A JEOL 6500F SEM was used to investigate
the morphology of the samples. A JEOL 2010 HRTEM was used

to observe the morphologies and lattice fringes of the samples.
The crystal structure of the sample was evaluated using XRD
analysis that was performed by a Rigaku D/Max Ultima II (Rigaku
Corporation, Japan) configured with a Cu KR radiation, graphite
monochrometer, and scintillation counter. Investigation of the
chemical composition of the anodic layers was performed using
XPS (PHI Quantera XPS, Physical Electronics, USA).

Electrochemical Measurement. The heterogeneous nanotubes
on tantalum foils were directly used as the working electrode
without added binder, current collector, and conducting carbon
as additives. The geometrical area of the electrode was 1 cm
in diameter (about 0.785 cm2). The typical thickness of the
electrode was 3.5 μm with an apparent electrode density of
5.1 g cm�3. Coin cells (CR2032, MTI Corporation, USA) were
assembled in an argon-filled glovebox (VAC NEXUS, USA) with
both moisture and oxygen content <1.5 ppm and by using
Li-metal foil (0.38 mm thick; 99.9%, Sigma-Aldrich, USA) as both
the counter and reference electrodes, 1 M LiPF6 in ethylene
carbonate (EC), dimethyl carbonate (DMC), diethyl carbonate
(DEC) (1:1:1 vol %, MTI Corporation, USA) as the electrolyte, and
polypropylene foil (Celgard, USA) as the separator. Afterward,
the cells were left in ambient conditions at room temperature
for 12 h to allow the porous electrode to become fully infiltrated
by the electrolyte before the electrochemical measurements.
The discharge/charge cycling tests were performed on a multi-
channel battery analyzer (BST8-WA, MTI Corporation, USA).
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The CV and EIS measurements were carried out with an
electrochemical analyzer (CHI 608D, CH Instruments, USA).
The voltammograms were measured in a potential window
from 0.01 to 3 V (vs Li/Liþ), and the EIS was carried out on the
fresh cells at open circuit potentials with a frequency range
of 10�2 to 105 Hz with an ac signal amplitude of 5 mV. To
investigate the electrode kinetics of the samples, the EIS was
also carried out at different potentials (0.01, 0.5, 1.5, 2.5, and 3 V)
during discharge/charge cycling. The impedance data were
simulated by Z-view software (version 2.2, Scribner Associates,
USA) to obtain the fitted Nyquist plots and simulated values for
each equivalent circuit element. Symmetrical supercapacitors
performance was tested in two-electrode configuration by
assembling two pieces of the heterogeneous nanotubes on
substrates into coin cell supercapacitors. Electrolyte was pre-
pared by using 1 M tetraethylammonium tetrafluoroborate
(TEA BF4, g99%, Sigma-Aldrich) in acetonitrile (g99.5%, Fisher
Scientific). Voltammograms were measured from 10 mV s�1 to
10 V s�1 in a potential range from 0 to 2.5 V. EIS was carried out
on the fresh cells at open circuit potentials with a frequency
range of 10�2 to 104 Hz with an ac signal amplitude of 5 mV.
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