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In this communication, a general technology for improving the elec-
trochemical performances of metal oxide based electrode materials
has been demonstrated via in situ growth of the electrode materials on
Ni nanowire array (NNA) current collector films, which can attain
a loading level up to ~25 mg cm 2. The NNA@MoOs electrode
delivered a high areal capacity ~477 mF cm~2 and superior longevity
(~5% capacitance loss after 20 000 cycles). Moreover, crystalline VO,
was electro-deposited on NNA as the cathode, which was assembled
with the NNA@MoOs anode into an all-metal oxide-based asymmetric
supercapacitor (AAS). The AAS can deliver an open circuit voltage of
1.6 V in an aqueous electrolyte and a high energy density (2.19 mW h
cm™3) at the power density of 8.2 mW cm™>. This work provides an
example of a flexible AAS device featuring a high areal capacity (307
mF cm™~2) and excellent cyclability (116% retention after 20 000 cycles)
simultaneously purely involved with metal oxide electrodes.

Introduction

There is a growing demand for portable, miniaturized, low cost
and high performance electronic devices for versatile applica-
tions such as wearable electronics, e-skin, and e-paper.’ For
example, electrochemical energy storage units such as lithium
ion batteries and supercapacitors featuring small sizes, high
powers and long life spans have become more important than
ever.*® Specifically, supercapacitors are a critical component
due to their fast dynamic responses, superior cyclability, and
integrated advantages over conventional capacitors (limited
energy) and lithium ion batteries (limited power).” Recently, all-
metal-oxide based asymmetric supercapacitors (AASs) have
attracted much attention by researchers due to the following

“Division of Energy and Environment, Graduate School at Shenzhen, Tsinghua
University, Shenzhen 518055, P. R. China. E-mail: yang.cheng@sz.tsinghua.edu.cn
*State Key Laboratory of New Ceramics and Fine Processing, Department of Materials
Science and Engineering, Tsinghua University, Beijing 100084, China

t Electronic ~ supplementary information (ESI) available. See DOLI
10.1039/c6ra2057%h

110112 | RSC Adv., 2016, 6, 110112-110119

reasons: (1) the open circuit voltage of the supercapacitor can be
increased by choosing different electrode materials working in
different potential ranges, (2) transition metal oxides typically
show a high theoretical capacitance (usually >1000 F g™ 1), (3)
there are several available metal oxide species showing superior
performance characteristics, which are abundant in the earth
and cheap, and sometimes are safer and more stable as
compared with metal nitrides, metal carbides and metal
sulfides. All of these features render them a promising candi-
date for future high-performance electrochemical energy
storage applications. Therefore, a few transition metal oxides
(such as MoO3,* VO,,” Fe,0; (ref. 10) and MnO, (ref. 11) etc.)
have been intensively investigated for potential supercapacitor
electrode applications. However, there are evident drawbacks
for the metal-oxide-based electrode materials such as poor
cyclability, which has been significantly hindering their tech-
nological development and commercial transfer. Therefore,
scientists have conducted intensive studies for enhancing the
electrochemical performance of the metal oxide-based super-
capacitor electrodes. For example, nanostructured active
materials have been explored for the purpose of increasing the
surface area for better electrode/electrolyte contact and a short
ion-diffusion length to accelerate the redox reactions at a high
rate, including assembled nanoparticles, nanosheets and
nanowires.””™* Moreover, other approaches such as elemental
doping and compositing conductive materials have been proven
effective solutions to enhance the overall electrochemical
performance for metal oxides.'*'>'® Most recently, the rational
design of two-dimensional and three-dimensional nano-
structures have rendered both a high volumetric capacitance
and high areal mass loading.”** For instance, Muhammad
Boota et al. developed a densely packed two-dimensional tita-
nium carbon-based electrode towards a high volumetric
capacity with a strong structural stability on the device-level.*®
Hu et al. fabricated a 3D MnO,-CNT textile electrode, which
reached a high mass loading level of ~8.3 mg cm™?, and thus
promised a high areal capacity up to 2.8 mF cm ™ at 0.05 mV
s~ 1.1 Su et al. developed a freestanding Ni nanocone arrays film

This journal is © The Royal Society of Chemistry 2016
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for preparing an ultrathin MnO,-based supercapacitor elec-
trode.”* Likewise, similar approaches such as surface modifi-
cation and composites with carbonaceous materials have been
demonstrated to be effective for rendering high performance
metal oxide electrodes. Despite the considerable efforts that
have been made, it is still challenging to achieve a high areal
capacity for metal-oxide based electrodes in the absence of
conductive additives. Any breakthrough in this area will be
instructive to the development of future high performance
miniaturized energy storage technologies.

As an abundant earth and environmentally benign element,
molybdenum (Mo) has multi-valance properties;*** Mo deriv-
atives, such as sulfites,**** and oxides**** have been widely
applied in advanced electronic devices,* photonic devices® and
energy conversion/storage units, showing intriguing physico-
chemical properties and electrochemical activities.>** Among
various Mo derivatives, its oxide derivatives (MoO,) exhibit
a series of advantages such as low cost, high chemical stability,
facile synthesis, and a wide range of oxidation states, which
make them ideal electrode materials for electrochemical energy
storage applications."****” However, their poor electrical
conductivity and mechanical fragility are disadvantageous for
MoO,-based electrodes to be practically utilized. To solve these
problems, a series of investigations have been conducted
recently. For instance, Tang et al. synthesized MoO; nanoplates
for aqueous supercapacitors. The size-reduced MoO; nano-
structure effectively increased the electrolyte/electrode interface
and shortened the ion diffusion length compared to bulk MoO;
materials, which resulted in an improved capacity and rate
performance.?® Ji et al. created MoOj;/C interlayered sandwich
nanostructure via in situ calcination.”®> The MoO;/C sandwich
nanostructure effectively decreased charge-transfer resistance
and strengthened the nanostructure for a high current density
and long cycle life. Inspired by prior creative works, we devel-
oped a high performance pure MoO,-based electrochemical
electrode to efficiently work as an anode for practical energy
storage devices.

In this manuscript, we utilized ultra-long Ni nanowire array
(NNA) films as the current collector and electrodeposited
a MoO; thin layer as the active material for the anode. In this
way, the maximized mass loading of MoO; could be as high as
~25 mg cm >, The optimized NNA@MoO; anode exhibited
a high areal specific capacitance with outstanding cycling
stability, which shows superior performance characteristic for
the metal oxide based supercapacitor electrodes. In addition,
we fabricated a full cell with the NNA@MoO; anode and
NNA®@VO,, cathode, which showed a high areal capacity and
superior cyclability. This AAS system is based on pure metal
oxide-based electrodes, which feature both superior areal
capacities and cyclabilities. It showed superior electrochemical
performance characteristics over the highly reported all-metal
oxide-based full supercapacitors. In addition, both electrode
materials were synthesized through facile and scalable wet
chemical technologies without introducing any conductive
additives or binders. This technology will be instructive to
obtain low cost and high performance supercapacitor tech-
nology in the future.

This journal is © The Royal Society of Chemistry 2016
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Results and discussions

The flexible NNA film was prepared via a template-free solution-
based chemical deposition process, containing both seed layer
deposition and magnetic field induced growth processes.' The
Ni nanowires with a length of ~1000 pm and diameter ranging
from 120-170 nm were metallurgically bonded to the activated
substrate due to the giant magnetic effect of the Pd seeds.> The
NNA framework with an ultrahigh aspect ratio (~8000) provided
continuous electron and ion pathways and was capable to
endure high levels of mass loading of active materials (Fig. 1a
and b (side view) and Fig. S1a and bt (top view)). After a one-step
electrodeposition process, the MoOj; layer was uniformly coated
on the Ni nanowires, as confirmed by the scanning electron
microscopy (SEM) (Fig. 1c and S2t) and transmission electron
microscopy (TEM) analysis (Fig. 1d). The magnified TEM image
of NNA@MoO; nanowires suggested that the thickness of the
MoO; layer was ~10 nm. No evident crystalline lattice was
found, indicating that the MoO; was poorly crystallized, which
was further proven by the fast Fourier transform (FFT) diffrac-
tion pattern (Fig. 1d inset). Moreover, the X-ray diffraction
(XRD) analysis suggested that the MoO; was poorly crystallized,
and the weak peaks could be indexed to the diffraction signal of
MoO; (Fig. 1f, the corresponding crystalline information was
indexed).”® The scanning TEM (STEM) and X-ray elemental
mapping studies confirmed that the amorphous MoO; was
homogeneously distributed on the Ni nanowires (Fig. 1g-j).
Moreover, additional evidence for X-ray photoelectron spec-
troscopy (XPS) is provided in Fig. 2. Fig. 2a shows the full XPS
spectrum of NNA@MOoO;, indicating the existence of both Mo
and O. The spectrum of Mo 3d is shown in Fig. 2b, where the
peaks at 232.2 eV and 235.1 €V can be attributed to 3ds,, and
3ds, of Mo®", respectively.'®

The electrochemical analysis on the NNA@MoO; electrode
was conducted in a three-electrode configuration using a 1.0 M
Li,SO, aqueous solution as the electrolyte, Pt foil as the counter
electrode and the saturated calomel electrode (SCE) as the
reference electrode. Fig. 3a shows the cyclic voltammetry (CV)
curves of NNA@MoO; and the blank NNA electrode with
a potential window ranging from —0.8 V to 0 V at a scan rate of
1 mV s . The curves of the NNA@MoO; electrode exhibited
a pseudocapacitive characteristic in accordance with a prior
report of a MoO;s-based electrode.*® The electrochemical reac-
tions during the charge/discharge process in a Li" containing
electrolyte can be described by the following equation:*

xLi* + xe™ + MoO; < Li,MoO; (1)

According to the results from the CV measurement, the areal
capacitance of NNA@MoOj; was calculated to be 477 mF cm ™2
and the gravimetric capacitance was 277.1 F g~ * both at 1 mV
s~'. The Galvano-statistic charge-discharge (GCD) curves are
plotted in Fig. 3b, where the discharge capacitance of
NNA@MoO; was 422 mF cm ™ ? at 5 mA cm™ > with a very small
IR drop of 0.80 V both at 10 mA cm 2. Fig. 3c shows the
areal and gravimetric capacitances of the electrodes at
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Fig.1 SEMimages of (a) NNA film and (b), (c) NNA@MoOs film. (d), (e) TEM and HRTEM images of NNA@MoOs hierarchical nanostructure (inset:
FFT pattern of NNA@MoOs). (f) XRD spectrum of the NNA@MoOs nanostructure. (g) STEM image and corresponding elemental mapping images

(h)—(j) of Ni, Mo and O.

different current densities. The NNA@MoO; electrode showed
a discharge capacitance of 422 mF cm™> at 5 mA cm™ > and 337
mF cm™? at 20 mA cm 2, indicating that even with a mass
loading of up to ~2 mg cm 2, the NNA@MoO; electrode can
still deliver an excellent rate performance. The cycling stability
of the electrode was measured via the GCD experiment at 20 mA
cm 2, which suggested that there was only ~5% capacitance
loss after 20 000 cycles (Fig. 3d). This performance character-
istic is among the best metal-oxide-based nanostructured
supercapacitor anodes reported to date.>*****' The above-
mentioned results indicate that the vertically aligned hierar-
chical Ni@MoO; nanostructure is advantageous to enhance the
electrochemical performance of the NNA@MoO; electrode.
Notably, the mass loading for NNA@MoO; electrode can reach
20 mg cm > (Fig. 4a) and all electrodes with different mass
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Fig. 2 Full XPS spectrum of NNA@MoOs (a) and Mo 3d (b).
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loading still presented typical supercapacitor behavior (Fig. 4b)
and excellent performance (Fig. 4c).

For the fabrication of the positive electrode material, a thin
layer of VO, was grown on a NNA current collector (Fig. S37) via
a hydrothermal method according to a previous study.” During
the hydrothermal processes, the following reactions may take
place:*>3?

V,0s5 + 3H,C,04 — 2VOC,04 + 3H,0 + 2CO, (2)
2VOC204 - 2V02 + 3C02 +C (3)

During the hydrothermal reaction, the VOC,0, nano-
particles nucleated on the surface of the Ni nanowires, where
bonding between the nucleates and substrate reduces the
overall energy.>>** Then a dense layer of crystalline VO, formed
on the surface of the NNA according to the strong crystal
anisotropy of monoclinic VO,.* Detailed elemental information
and crystallographic details of the as-synthesized NNA@VO,
nanostructure are discussed in Fig. S4 and S5.1 As seen from the
TEM image (Fig. S41), the VO, was uniformly deposited onto the
Ni nanowires. HRTEM from the VO, shell clearly revealed the
lattice fringes with a spacing of 0.58 nm, corresponding to the
[200] lattice plane.>*** XPS of the NNA@VO, nanostructure is
displayed in Fig. S5,7 where the peaks of the V 2p and O 1s
orbitals can be observed. For the V 2p spectrum, the binding
energy separation was ~7.7 eV, which matched well with the

This journal is © The Royal Society of Chemistry 2016
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Fig.3 (a) CV curves of the NNA@MoOs film at 1 mV s, (b) Charge and discharge curves of the NNA@MoOs film at different current densities. (c)
Areal and specific capacitance of NNA@MoOs at different current densities. (d) Cycling performance of the NNA@MoOs film.
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electronic state of VO,.”*** In the O 1s spectrum, the peak at
530.5 eV was related to the V-O bonding and the small peak at
532.5 eV was associated with H,O absorption.>®

The electrochemical properties of the NNA@VO, electrode
were investigated and are displayed in Fig. S6,7 where the mass
loading of VO, was set to about 4.5 mg cm™~>. The CV curves of
VO, showed a typical pseudocapacitive characteristic, which
was in agreement with previous reports (Fig. S6at).”® Fig. S6bt
shows the areal and gravimetric specific capacitances calculated
from the CV curves, and the maximized areal specific capaci-
tance of NNA@VO, was 453.1 mF cm ™2, corresponding to 100 F
g ' in gravimetric specific capacitance. The GCD curves of
NNA@VO, measured under various current densities are dis-
played in Fig. Séc.t Importantly, the NNA@VO, electrode
exhibited excellent cycling performance under the GCD exper-
iment at 20 mA cm™?, where the capacitance retention of

This journal is © The Royal Society of Chemistry 2016

NNA@VO, was 91.8% after 20 000 cycles (Fig. S6dt). The slight
increase of the specific capacitance in the initial cycles is mainly
due to the electrolyte's penetration into the NNA@VO, forest,
and the subsequent decrease can be attributed to the VO,
dissolution into the electrolyte.>

To further explore the feasibility of these composite elec-
trodes in practical applications, a NNA-based all-metal-oxide
asymmetric supercapacitor (NNA-AAS) was assembled using
NNA®@MOoO; as the anode and NNA@VO, as the cathode sepa-
rated by a piece of commercial separator immersed with 1 M
Li,SO, electrolyte (Fig. 5a). To make full utilization of the active
mass of MoO; and VO,, the mass loading of MoO; was kept at
~2 mg cm 2 Considering the different working potential
window range of MoO; and VO,, the working potential of NNA-
AAS was set to 1.6 V (Fig. 5b). The CV curves of NNA-AAS were
measured under different scan rates between 0 V and 1.6 V. The

RSC Adv., 2016, 6, 110112-110119 | 110115
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CV curves of NNA-AAS are shown in Fig. 5c. The specific
capacitance of NNA-AAS was calculated from eqn (4), and the
data were collected from GCD curves (Fig. 5d). The areal
capacitance of NNA-AAS was 307 mF cm > and the corre-
sponding gravimetric capacitance was 47.23 F g~ *. These NNA-
AAS all manifested an excellent rate performance such that the
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capacitance, whereas the current density increased from 2 Ag™*
to 10 A g~ ' (Fig. 5e). Moreover, the cycling performance of
NNA-AAS was evaluated by the GCD experiment under
a constant current density of 20 A g~ *. The capacitance reten-
tion after 20 000 cycles still remained 116% (Fig. 5f), where the
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increased capacity retention was mainly derived from the
structural stability of the metal oxide electrodes and the
successive penetration into the nanowire forests and porous
active materials during charge/discharge cycling. The structural
integrity of NNA@MoO; and NNA®@VO, hierarchical nano-
structures after the cycling test was investigated and the corre-
sponding TEM images are shown in Fig. S7.1 The GCD curves of
NNA-AAS at different cycling numbers are shown in Fig. S8.1
Based on the abovementioned studies, it can be concluded that
the current technology shows superior areal capacity and
cycling performance, which is better than the advanced metal-
oxide-based supercapacitor systems recently reported, as
shown in Table S1.7

In addition to the electrochemical capacitive property, the
mechanical flexibility of the NNA-AAS is also important for
practical device applications. From the cyclic voltammogram
curves of the AAS device tested at 200 mV s~ under flat and
bending conditions (hand-operated bending, see Fig. S97), as
shown in Fig. 6a, we can deduce that the NNA-AAS device
experienced negligible deterioration of the capacitive perfor-
mance after the mechanical bending test. This further indicates
promising practical applications of the NNA-AAS device in
portable and flexible electronics. The relationship between the
volumetric energy density and power density is plotted in
Fig. 6b, where the maximized energy and power densities of the
NNA-AAS device were 2.19 mW h em™ and 8.2 mW cm 3,
respectively, which is comparable to the latest state-of-the-art
advanced miniaturized energy storage systems.'*** It should
be noted that, the energy density of NNA-AAS was significantly
enhanced by several folds with negligible loss of power density,
as the maximized gravimetric energy density was 27.3 W h kg™"
(based on the total mass of active materials) and the corre-
sponding areal energy density was 109.5 uW h cm ™2 (Fig. $107).

In order to further demonstrate the practical application of
the AAS device, we connected two of these supercapacitor units
in series and parallel for tandem cells. Fig. 6¢c shows an
increased working potential of 3.2 V for two NNA-AASs con-
nected in series. In the case where two NNA-AASs were con-
nected in parallel, the tandem cell exhibited a doubled
charging-discharging duration under the same working poten-
tial window of 1.6 V (Fig. 6d). The abovementioned tests suggest
the promise of using NNA-AAS units for practical applications.

Conclusions

In summary, we developed an all-metal oxide-based super-
capacitor technology with superior performance characteristics
and demonstrated the feasibility of the MoO;//VO, AAS system.
By utilizing the hierarchical nanowire array current collector
structure, the hybrid electrode is able to achieve a high mass
loading level (e.g. up to 25 mg cm ™2 for MoQ;) for a high energy
density. Moreover, the optimized electrode delivered high
capacity (477 mF cm ™ ?) and superior longevity (up to 20 000
cycles with ~5% capacity decay). Furthermore, we demon-
strated an all-metal oxide-based supercapacitor full cell using
the NNA@MoO; anode and NNA@VO, cathode, which deliv-
ered a high areal capacity (307 mF cm™>) and excellent cycling

This journal is © The Royal Society of Chemistry 2016
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capability (no capacity loss after 20 000 cycles). The maximized
energy density for the AAS is 2.19 mW h cm ™~ at a power density
of 8.2 mW c¢m™>. This technology can effectively shorten the
transport length for both ions and free electrons, increase active
sites, and relieve stress on the electrodes during the electro-
chemical processes. We believe that this asymmetric high-
capacity all-metal-oxide configuration holds promise for the
future supercapacitor technologies featured with high energy
density and excellent durability performance characteristics.
Feasibility studies regarding a large pool of other transition-
metal oxides with larger electrode sizes are still undergoing.

Experimental
Synthesis of NNA

The NNA was synthesized via a template-free solution-based
method. First, a piece of Ti foil was deposited with an active
seeds layer of Zn/Pd, and then Ni nanoparticles were reduced in
situ in the aqueous solution by hydrazine and assembled onto
the activated substrate by applying a magnetic field vertical to
the Ti foil. After a 60 min reaction, arrays of Ni nanowires with
an average height of ~1000 pm were achieved.

Preparation of NNA@MoO; and NNA@VO,

The NNA/MoQj; electrode was fabricated via an electrochemical
deposition process. An electrolyte solution (70 mL) containing
0.10 M sodium molybdate (Na,MoO,), 0.10 M ethylenediamine
tetraacetic acid disodium salt (Na,EDTA), and 0.10 M ammo-
nium acetate (CH;COONH,) was prepared in a 100 mL breaker.
The NNA film (substrate dimension 1 x 1 cm?) was employed as
the working electrode and one piece of nickel foam with the
same dimension was used as the counter electrode. The elec-
trodeposition process was carried out at a constant voltage of
—2.0V, where the mass loading density of MoO; could be tuned
with different duration of deposition. The VO, deposited NNA
film was prepared through a hydrothermal reaction protocol.
First, 0.050 mmol of V,05 powder and 0.034 mmol of oxalic acid
powders were both dissolved in 10 mL of distilled water at 75 °C
under magnetic stirring until a dark blue solution formed in
about 20 minutes. Then, 10 pL of 30 wt% H,0, and 30 mL of
ethanol were added into the as-prepared solution, followed by
stirring for about 20 min, and the color of the solution turned
orange. After that, the solution was transferred into a 50 mL
Teflon-lined stainless steel autoclave and a piece of NNA film
(substrate dimension 11 cm?) was immersed into the solution.
The autoclave was placed in an oven at 180 °C for 3 h, and then
the NNA was collected and rinsed with ethanol and deionized
water in turn several times (the mass loading of VO, was
controlled at about 4.0 mg, which was measured by an analyt-
ical balance). Prior to the electrochemical measurements, the
NNA@MoO; and NNA@VO, electrodes were both activated in
a three-electrode system through cyclic voltammetry (CV)
measurements under 100 mV s~ for 50 cycles to stabilize the
electrodes.
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A pair of NNA@MoO; and NNA@VO, electrode films with the
same area (1 x 1 cm®) were used for the assembly. The mass
loadings of both the electrodes were measured based on the
mass change before and after the deposition process. A piece of
commercial separator with a thickness of 25 pm (NKK, TF4425)
soaked with an electrolyte of 1.0 M Li,SO, aqueous solution was
used for electrode separation.

Calculations

The specific capacitance and areal capacitance were calculated
from both the CV and discharging curves according to the
equations:

C= mjiw)drf @)
IAt
€= for 480 ¥

where C is the specific capacitance of the materials, m is the
mass loading density of MoO; cathode or VO, anode, A is the
area of the electrodes, v is the scan rate, is the potential window
in the CV curves, (V) is the voltammetry current, I is the applied
current, is the potential window in the discharging process and
is the discharging time.*® The energy density (E) and power
density (P) were calculated by the equations:

E = J‘% (6)

E_ JIV(;)dZ @)
E

= A7 (8)

where is the charging current, is the voltage, is the time
differential, is the discharging time and m refers to the total
mass of active materials of both positive and negative elec-
trodes, refers to the packaging volume of the asymmetric
supercapacitor.

Materials characterization

The morphology and microstructure of the materials were
characterized by field emission scanning electron microscopy
(FE-SEM, HITACHI S4800, working voltage 5 kV, Japan) and
transmission electron microscopy (TEM, FEI G2 Spirit, working
voltage 300 kV, Germany). X-ray photoelectron spectrometry
(XPS, ESCALASB 250 Xi, Thermo Scientific, USA) measurements
were performed to analyze the surface species and their chem-
ical states. Deconvolution and spectral line fitting were carried
out using XPS Peak 4.0. Phase and crystallinity analyses was
conducted on an X-ray diffraction (XRD, Bruker DS RINT2000/
PC, Germany) instrument using Cu Ko radiation with 1 =
1.5418 A at a diffraction angle ranging from 20° to 90° at a scan

rate of 5° min .
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