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ABSTRACT Although Mn0, is a promising material for super-
capacitors (SCs) due to its excellent electrochemical performance and
natural abundance, its wide application is limited by poor electrical
conductivity. Inspired by our results that the electrochemical activity
and electrical conductivity of ZnO nanowires were greatly improved
after hydrogenation, we designed and fabricated hydrogenated
single-crystal ZnO@amorphous Zn0-doped Mn0, core—shell nano-
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cables (HZM) on carbon doth as SC electrodes, showing excellent performance such as areal capacitance of 138.7 mF/cm? and specific capacitance of

1260.9 F/g. Highly flexible all-solid-state SCs were subsequently assembled with these novel HZM electrodes using polyvinyl alcohol/LiCl electrolyte. The

working devices achieved very high total areal capacitance of 26 mF/cm” and retained 87.5% of the original capacitance even after 10 000 charge/discharge

cycles. An integrated power pack incorporating series-wound SCs and dye-sensitized solar cells was demonstrated for stand-alone self-powered systems.
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sing characteristics of flexibility, light

weight, and even safety may meet the
large proliferation of consumer electronics.
Among various emerging energy storage
technologies, supercapacitors (SCs), also
named electrochemical capacitors (ECs),
with combined high power and high energy
density, have attracted much attention
and will be a promising candidate energy
source.! Compared with liquid electrolytes
SCs, all-solid-state SCs have many advan-
tages, such as portability, environmental
friendliness, and stability, which can enrich
the application area of SCs.2~7 According to
the mechanism of charge storage, SCs can
be classified as two kinds: electrical double-
layer capacitors (EDLCs), whose charges are
adsorbed electrostatically at the electrode/
electrolyte interface, typically are based
on carbon materials; pseudocapacitors,
which store energy by redox reactions on
electrode materials, are usually based on
conducting polymers and transition metal

S pecific energy storage devices posses-
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oxides® In fact, pseudocapacitors have
higher specific capacitance than conven-
tional EDLCs due to their fast and reversible
redox reaction, so many efforts, including
ours in this work, have been focused on
further improving pseudocapacitors.
Compared to other transition metal ox-
ides (RuO,,” CoO,,'*"" NiO,,'? and FeO,'*'?),
manganese dioxide (MnO,) has significant
superiorities such as low cost, low toxicity,
abundant resource, and high theoretical
specific capacitance (1370 F/g).”>"'® Its
poor electrical conductivity, however, limits
the wide application of MnO,. To over-
come this problem, several strategies have
been proposed, for instance, incorporating
MnO, with carbon-based materials such as
graphene'®~2' or graphene oxide*? and
carbon nanotubes (CNTs),'®23%4 and core—
shell structures (Co;0,@Mn05% SN0,@Mn0,,%°
WO;_,@Au@Mn0,,”” Zn,Sn0,@Mn0,,*®
etc.). Recently, Jiang et al. reported MnO,
nanowires/mesoporous carbon/MnO, nano-
particle hybrid nanowires, which significantly
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Figure 1. Schematic illustrating the synthesis procedure of HZM core/shell nanostructure on carbon cloth and the

corresponding sample photos.

improved the conductivity of metal oxide materials.?
MnO; in this unique structure was efficiently utilized
with the assistance of the highly conductive mesopo-
rous carbon shell. Li et al. designed and synthesized
novel MnO,/Mn/MnO, sandwich-structured nanotube
arrays with high supercapacitor performance.3® The
special sandwich-structured nanotube architecture al-
lowed highly efficient utilization of MnO, for charge
storage with facilitated transport of ions and electrons,
resulting in excellent electrochemical performance.
Despite all of these achievements, enhancing the
MnO, electrode conductivity still remains a challenge.

Zinc oxide (ZnO) nanomaterials, owing to their
special chemical and physical properties, and many
technical advantages such as low cost, easy fabrica-
tion, and cleanroom compeatibility, are widely studied
in electronics and piezotronics devices,?'3? strain
sensors,*>** surface switches,> and photocatalysis.>®
Motivated by the idea that hydrogenation of metal
oxides can greatly improve its electrochemical activity
and electrical conductivity,®” here, we designed and
fabricated a novel hybrid architecture by easily coating
MnO, on hydrogenated zinc oxide nanowires (HZnO)
grown on flexible carbon cloth. During the procedure,
ZnO was found to be doped into the MnO, sponta-
neously. Since HZnO had improved free carrier con-
centration and better electrical stability, they could be
a good scaffold for MnO, loading. Moreover, the
conductive carbon cloth could serve as a lightweight
and flexible current collector. Hydrogenated single-
crystal ZnO@amorphous ZnO-doped MnO, core—shell
nanocable (HZM) electrodes exhibited high electro-
chemical performance, and all-solid-state SCs were
fabricated with these novel HZM electrodes using a
polyvinyl alcohol (PVA)/LICl neutral electrolyte via a
simple and low-cost method. The fabricated HZM-
based all-solid-state SCs exhibited many advantages
in performance such as high capacitance, high flex-
ibility, long lifetime, and low leakage current. In addi-
tion, the SCs integrated with dye-sensitized solar cells
(DSSCs) could serve as a switchable power pack that is
able to store energy as sunlight illuminates and light up
commercial light-emitting diodes (LEDs) as light turns
off, demonstrating the potential broad applications
of SCs as a power pack for stand-alone self-powered
systems.
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Figure 2. (a,b) SEM images of HZnO (hydrogenated ZnO
nanowires grown on carbon cloth). (c) SEM image of HZC
(HZnO coated with a layer of carbon). (d) SEM image of HZM
(HZC deposited with a layer of MnO,).

RESULTS AND DISCUSSION

The general electrode fabrication procedure is sche-
matically illustrated in Figure 1. Initially, aligned and
ordered ZnO nanowires (NWs) were grown on carbon
cloth using a wet chemical method. The obtained
ZnO NWs were about 100—200 nm in diameter and
4.5—7 umin length (Figure 2a,b). Hydrogenation of the
ZnO NWs in a commercial tube furnace improved the
electrical properties of ZnO. The uniform hydroge-
nated ZnO NWs were then soaked in a glucose aque-
ous solution and subsequently annealed in Ar gas. An
amorphous carbon formed and served as a reducing
agent for the deposition of MnO, via the following
reaction at room temperature3%3°

4MnO, +3C+H,0 = 4MnO, + CO3~ +2HCO;
(m

As shown in Figure 2¢,d, the ZnO NWs became slightly
longer in length and larger in diameter after deposi-
tions of the carbon layer and a subsequent deposition
of MnO, layer; however, the NW morphology was
preserved uniformly.

Figure 3a and Figure S1a in Supporting Information
show a typical scanning transmission electron micros-
copy (STEM) image of an individual HZM nanocable
in which a thin shell (~30 nm) uniformly covers the
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Figure 3. (a) STEM image of HZM core/shell nanostructure. Inset is SAED pattern of HZM nanocable, showing only a set of
diffraction patterns from ZnO and suggesting the single-crystal ZnO core and amorphous shell. (b) EDS line scan curves
showing Zn, Mn, and O element profiles across the HZM core/shell nanocable indicated in (a). (c) STEM image of a select area.
(d—f) EDS element mapping images from the same area as in (c). EDS mapping images and line scan curves both indicated two
elements (Zn and O) were in the core, and three elements (Mn, Zn, and O) were in the shell. () HRTEM image of the HZM core/
shell nanocable, confirming the single-crystal ZnO core and amorphous shell. Inset image is from an enlarged area in (g),
showing the 0.52 nm distance between (0001) planes and [0001] growth direction of the ZnO core. (h) EELS mapping image
showing Mn (red) and C (green) elements. The EELS mapping image indicated that Mn was in the shell (consistent with EDS
mapping), and C was negligible in the HZM nanocable. Green rectangular area with a protruding green dot on the HZM

nanocable was carbon absorption induced by a previous STEM EDS mapping procedure.

surface of the HZnO nanowire. The correspond-
ing selected area electron diffraction (SAED) pattern
(inset of Figure 3a) suggested the single-crystal struc-
ture of the HZnO core and its [0001] growth direction.
The amorphous shell was double confirmed by an
electron diffraction pattern, in which no other diffrac-
tion peaks were observed besides those from ZnO
(inset in Figure 3a) and random atom arrangement in
high-resolution transmission electron microscopy
(HRTEM) (Figure 3g). The enlarged HRTEM image of
the core in the rectangular area of Figure 3g is shown
in its inset, and the (0001) atomic plane spacing was
measured to be 0.52 nm. Energy-dispersive X-ray
spectrometry (EDS) mapping analysis of elements
Mn, Zn, and O (shown in Figure 3d—f, respectively)
from a select area of a single hybrid nanocable
(Figure 3c) confirmed the HZM core—shell structure.
EDS line scanning (indicated by a line in Figure 3a)
of Zn, Mn, and O across the HZM nanowire could
better illustrate the core—shell configuration (shown
in Figure 3b): the profile of Zn showed a broad peak,
which was located at the center of the profile, while the
profile of Mn showed higher intensity on both sides.
Analysis of the data indicated that the diameter of the
HZnO core and the total outer diameter of the compo-
site nanocable were about 150 and 225 nm, respec-
tively, in accordance with the STEM image (Figure 3a).

It was worthy to point out that the Zn signal was
observed from the shell structure, reflected from both
EDS mapping and line scanning. The reason for this is
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explained in the following. During the annealing pro-
cess, carbon could convert the ZnO in contact with
itself to Zn metal, which was more volatile than the
oxide, so the surface of ZnO nanowires was no longer
as smooth as before annealing. Vaporized zinc atoms
diffused into the remaining carbon shell, and some-
times it generated a tiny gap between the ZnO core
and the carbon shell (Figure S1b). Subsequently, when
the sample was removed from Ar atmosphere and
placed in ambient conditions, the Zn atoms embedded
in the outer carbon layer were unavoidably oxidized to
ZnO again. As the outer carbon layer reacted with KMnQ,,
it generated an amorphous ZnO-doped MnO, shell
(Figure S1c). XPS data (Figures 4 and S2) showed that
Mn 2ps,, and Mn 2p,,, peaks were located at ca. 642.2
and 653.8 eV, suggesting the element Mn in the sample
was present in the chemical state of Mn*". The Zn 2ps/,
and Zn 2p,, lines were found at the binding energies
of about 1021.3 and 1044.4 eV, indicating the existence
of ZnO. The electron energy loss spectroscopy (EELS)
mapping image is shown in Figure 3h, indicating Mn
(red color) in the shell (consistent with EDS data in
Figure 3b,d). The element C (green color) was negligi-
ble in the HZM nanocable, implying that the carbon
already fully reacted with KMnO,. Green rectangular
area with a protruding green dot on the HZM nano-
cable was carbon absorption induced by e-beam during
the previous EDS mapping procedure. Zn and O signals
were weak and unclear in this EELS mapping, and
as such, they were not recorded. Therefore, this novel
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Figure 4. XPS spectra of (a) Mn 2p and (b) Zn 2p collected from the HZM core/shell nanocable. Mn 2ps,, and Mn 2p,,, peaks
were located at ca. 642.2 and 653.8 eV, suggesting Mn*" ions. The Zn 2ps/, and Zn 2p,, lines were found at the binding
energies of about 1021.3 and 1044.4 eV, which were consistent with the values reported for ZnO.

nanostructure shown in Figure 3a was finally identified
and noted as a single-crystal ZnO@amorphous ZnO-
doped MnO, core—shell nanocable. The synergistic
enhancement of the electromechanical performance
of this novel core—shell structure might originate
from three aspects: first, the thin MnO, shell was in
favor of the fast redox reaction, which would obtain
high specific capacitance; second, the HZnO core
nanowire served as a fast path for electron transport,
which would support high-power density; finally, the
ZnO doping in MnO, might improve the electrical
conductivity and electrochemical performance of
MnO,. Unfortunately, we actually cannot find a meth-
od to remove the ZnO core but preserve the ZnO that
was doped in the shell; therefore, we cannot directly
compare the electrical conductivity and electrochemi-
cal performance between the ZnO-doped MnO, shell
and pristine MnO,.

Gogotsi and Simon had pointed out that a true
performance metric in electrochemical energy storage
should include the device components,*® so we re-
placed gravimetric with arealmetric and volumetric.
To explore the electrochemical properties of HZnO
electrodes, electrochemical measurements were con-
ducted in a three-electrode electrochemical cell with a
graphite rod counter electrode, a Ag/AgCl reference
electrode, and a 0.5 M Na,SO, aqueous electrolyte.
Figure 5a shows the cyclic voltammetry (CV) curves of
untreated ZnO, air-annealed ZnO (AZnO), and HZnO
electrodes collected at the scan rate of 100 mV/s. The
nearly rectangular shaped curves suggested that ZnO
NWs mainly work as an EDLC. The CV area of the HZnO
electrode was much larger than AZnO and ZnO elec-
trodes, suggesting a larger specific capacitance. The
electrochemical performance of differently treated
ZnO samples was further studied by the galvanostatic
charge/discharge measurement. Typical galvanostatic
charge/discharge curves of different ZnO electrodes
collected at a current density of 0.05 mA/cm? are
shown in Figure 5b. The charge/discharge curve of
the HZnO electrode was symmetric and much pro-
longed over the ZnO and AZnO electrodes. The areal
capacitance of the HZnO sample was significantly
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higher than those for ZnO and AZnO electrodes. For
instance, the areal capacitance of the HZnO electrode
achieved 138 mF/cm? at a current density of 0.05
mA/cm?, which was approximately a 3- and 5-fold en-
hancement compared with the AZnO (0.46 mF/cm?)
and ZnO (0.27 mF/cm?) electrodes, respectively. This
areal capacitance of HZnO was much improved than
other ZnO-based (0.15 mF/cm? at 0.03 mA/cm?) SC*’
and was also comparable with the value reported
in the literature for carbon-based (0.4—2 mF/cm?)
SCs.*?*% Additionally, it showed a smaller IR drop
(0.027 V), confirming the good electrical conductivity
of the HZnO electrode. According to the electrochem-
ical impedance spectroscopy (EIS) curves in Figure 5c,
the equivalent series resistance (ESR) was only 2.22 Q for
HZnO samples of 1 cm? area, much lower than 3.83 Q for
AZnO and 3.77 Q for ZnO, further proving the good
electrical properties of the HZnO that resulted from the
hydrogenation.

To investigate the underlying mechanism for the
enhanced electrical properties of ZnO by hydrogena-
tion, Mott—Schottky (MS) measurements were con-
ducted. This method was based on the Schottky
barrier formation between the semiconductor material
and an electrolyte.** The variation of the differential
capacitance (C) of the space charge layer was mea-
sured as a function of the applied potential. As shown
in Figure 5d, all ZnO samples exhibited a positive slope,
indicating n-type semiconductor character. Carrier
densities (Ng) of ZnO samples were calculated by the
following equation®®

2 dav

< =T 2
eggeA? dC.? 2

Ng =
where ¢ is the relative dielectric constant of ZnO
(usually 8.5), &g is the permittivity of vacuum, V is the
potential applied at the electrode, and A is the area in
contact with the electrolyte. The carrier densities of
the HZnO, AZnO, and ZnO NWs were calculated to be
2.65 x 10%°,1.86 x 10'8 and 7.04 x 10" cm 3, respec-
tively. Although the MS equation was derived from a
planar model, these results are still qualitatively com-
parable as these electrodes have similar morphology
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Figure 5. (a) CV curves for ZnO, AZnO, and HZnO at a scan rate of 100 mV/s. (b) Galvanostatic charge/discharge curves of ZnO,
AZnO, and HZnO collected at a current density of 0.05 mA/cm?. (c) Nyquist plots and (d) Mott—Schottky plots of ZnO, AZnO,

and HZnO electrodes with an area of 1 cm?.

and surface area. The significant enhancement in the
carrier density, which is over 2 orders of magnitude,
could be clearly attributed to the hydrogen insertion.
The low-energy oxygen vacancies that might be formed
in high concentrations would be neutral and electrically
inactive in n-type ZnO; however, the substitutional
hydrogen atoms for the oxygen vacancies acted as
shallow donors.*® The improved electrical conductivity
and stability indicated that hydrogen played an impor-
tant role in n-type conduction as the donor. This result
was also in accord with a previous report by Lu et al.*’

The aforementioned experimental results confirmed
that HZnO NWs had better electrochemical and elec-
trical properties, which enabled them to serve as
effective support for other capacitive materials to form
composite structures. Here, HZM nanocables were
synthesized on carbon cloth via a self-limiting process
(see Methods).

To demonstrate the electrochemical performance of
the composite structures, the electrochemical proper-
ties of nanocable samples were first characterized in
three-electrode ECs with CV, galvanostatic charge/
discharge, and EIS measurements in 0.5 M Na,SO,
aqueous solution. The CV curves of untreated ZnO/
ZnO-doped MnO, (ZM), air-annealed ZnO/ZnO-doped
MnO, (AZM), and HZM electrodes collected at the scan
rate of 100 mV/s are shown in Figure 6a. The HZM
electrode exhibited a quasi-rectangular shape and a
much more enhanced capacitive current density.
Figure 6b shows the galvanostatic charge/discharge
curves of different nanocable electrodes collected at a
current density of 1 mA/cm? The negligible IR drop
(0.019 V) was even smaller than HZnO electrode dis-
charged at 0.05 mA/cm?, benefitting from the syner-
gistic effect of improved electrical performance of

YANG ET AL.

hydrogenated ZnO core and ZnO-doped MnO, shell.
The areal capacitance (C,) of the electrode was calcu-
lated by the following equation

IAt

Ca = E (3)

where | is the discharge current, At is the discharge
time, AE is the potential window during the discharge
process (subtract the IR drop), and S is the effective
electrode area. The areal capacitance of HZM elec-
trodes were as high as 138.7 mF/cm? at a current density
of 1 mA/cm?, which was 1.6 and 2.8 times those of AZM
(882 mF/cm? and ZM (49.3 mF/cm?) electrodes
(Figure 6¢), respectively. Remarkably, this value is also
higher than the values reported for other manganese
oxide composites, such as TIN@MnO, coaxial arrays
(~41 mF/cm? at 0.12 mA/cm?),*” PEDOT@MnO, nano-
particles (~62 mF/cm? at 5 mA/cm?),*® Sn0,@MnO,
nanowires (~64 mF/cm? at 0.08 mA/cm?), % hydrogenated
Ti0,@MnO, nanowires (~70 mF/cm? at 2 mA/cm?),*°
and WO;_,@Au@MnO, nanowires (~105 mF/cm? at
0.06 mA/cm?),%” and even comparable to graphene
sheets/Mn;0, composites (~242 mF/cm? at 1 mA/cm?).>°
The specific capacitance was calculated as 1260.9 F/g
since the loading of MnO, was 0.11 mg/cm? deter-
mined by inductively coupled plasma atomic emis-
sion spectroscopy. Furthermore, HZM electrodes of
1 cm? area showed very low ESR values (2.74 Q) in
Figure 6d, suggesting that the HZM electrodes have
very small resistance with good ion response at high-
frequency ranges. The very low ESR value further
confirmed that the HZnO NWs could indeed act as a
good substrate for MnO, loading.

An all-solid-state symmetric flexible SC was as-
sembled with two HZM electrodes using a solid
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Figure 6. (a) CV curves for ZM, AZM, and HZM electrodes at a scan rate of 100 mV/s. (b) Galvanostatic charge/discharge curves
of ZM, AZM, and HZM collected at a current density of 1 mA/cm?. (c) Areal capacitances of the ZM, AZM, and HZM electrodes
measured as a function of current density. (d) Nyquist plots for ZM, AZM, and HZM electrodes with an area of 1 cm?.

PVA/LICl electrolyte (Figure 7a). The CV curves in
Figure 7b suggested that the SC could be bent and
twisted without affecting the device performance
much, showing good flexibility and stability. Galvano-
static charge/discharge tests were also performed with
different current densities with a voltage window of
0—0.8 V (Figure 7c). The linear and symmetric curves
revealed the good capacitive characteristic of the solid-
state SC. The total areal capacitance of the device was
nearly 26 mF/cm? (or 325 mF/cm?®) at a current density
of 0.5 mA/cm?, which was higher than other solid-state
devices reported previously, for instance, laser scribing
graphene (~1.84 mF/cm? at 0.82 mA/cm?)?' and bac-
terial nanocellulose/carbon nanotubes (~20 mF/cm?
at 0.4 mA/cm?),° and even on the verge of carbon
nanotubes papers (~31 mF/cm? at 0.46 mA/cm?).>?
Figure S3a showed the CV curves of the symmetric SC
measured at scan rates ranging from 10 to 100 mV/s.
These CV curves exhibited nearly rectangular shapes.
The cycle life of the SC was tested through a cyclic
charge/discharge process at a current density of
0.5 mA/cm?, which is shown in Figure 7d. After
10000 cycles, over 87.5% capacitance was maintained,
demonstrating the excellent electrochemical perfor-
mance of this HZM nanocable electrode material. The
Coulombic efficiency (1) of the SC was characterized by
a charge/discharge process according to

. Aty

n = At (4)

where Aty and At, represent the discharge and charge
times, respectively. The Coulombic efficiency nearly
exceeded 90% (Figure 7d), implying good charge/
discharge reversibility for the solid-state SC. Potentio-
static EIS measurements were performed after first and
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10000th cycles to evaluate the internal resistance
change during the cycling charge/discharge test
(Figure S3b). An insignificant shift of ESR was observed
from 59 to 9.0 Q. The increase of charge transfer
resistance might be caused by the distortion of charge
transport pathway. Energy density (E) and power den-
sity (P) are two key factors for evaluating the applica-
tion of SCs, which can be calculated as

Cv?
E —

=30 (5)

P = n (6)
where C is total capacitance of the device, V is the cell
voltage, U is the device volume, and t is the discharge
time. A power density of 2.44 mW/cm?® and an energy
density of 0.04 mWh/cm?® were achieved. In particular,
the energy density of our SC was higher than that of
the other solid-state SCs (shown in Figure 7e), such as
CNT-based SCs (0.008 mWh/cm?>)*? and MnO,-coated
ZnO NWs (0.005 mWh/cm?).*'

As efficient energy storage devices, SCs should be
able to not only drive electrical components but also
store energy from various other energy sources, espe-
cially intermittent sources. Solar energy is probably the
most clean and renewable energy in the world, but
it is always limited by time, location, and weather.
Integrating dye-sensitized solar cells (DSSCs) with en-
ergy storage devices such as SCs and batteries may
offer a promising solution to build stand-alone self-
powered systems,>>>> which potentially break the
limitations of time, location, and weather. Specially,
to demonstrate the potential applications of our newly
fabricated all-solid-state SCs, we designed a stand-alone
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Figure 7. (a) Schematic diagram of a solid-state HZM SC, with a separator and PVA/LiCl polymer as the electrolyte. (b) CV
curves collected at a scan rate of 100 mV/s for the HZM SC device under flat, bent, and twisted conditions, indicating the
flexibility of HZM SC devices. Insets are the photos of the device under the corresponding test conditions. (c) Galvanostatic
charge/discharge curves collected at different current densities for the HZM SC device. (d) Cycle performance and Coulombic
efficiency of the HZM SC device measured at a current density of 0.5 mA/cm?. The inset showed the galvanostatic charge/
discharge curve after 10 000 cycles. These results suggest good stability and long lifetime of devices. (e) Ragone plots of the

ZM, AZM, HZM electrodes, and HZM-based SC device.
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Figure 8. (a) Schematic of a stand-alone self-powered system consisting of four series-wound DSSCs, three series-wound
flexible SCs, and one LED. (b) Leakage current curve of three series-wound SCs charged at 0.5 mA to a potential of 2.4 V and
kept at 2.4V for 5000 s, indicating small leakage current. Inset is the voltage profile for three SCs in series when being charged

by four DSSCs in series.

self-powered system consisting of DSSCs, SCs, and
LEDs. Simple schematic view of a self-powered system
is illustrated in Figure 8a. The switchable power pack in
this system consisted of an environmental energy-
harvesting module (four series-wound homemade
DSSCs) and an energy storage module (three series-
wound SCs). The photovoltaic performance of a DSSC
cell was measured under the illumination of AM 1.5
(100 mW/cm?) by recording the current density/
voltage response (Figure S4). When sunlight was avail-
able, the switch was set at position “1”, so the DSSCs
harvested solar energy and stored the energy in the
SCs. After 120 s charging under the illumination, the
voltage of three series-wound SCs reached approxi-
mately 2.3 V (inset in Figure 8b). When the solar source
was turned off and the room became dark, the switch
was then placed to position “2”, and the charged SCs
could drive a commercial blue LED to illuminate
(Figure S5b). A red LED in this stand-alone self-powered

YANG ET AL.

system could be lighted up for more than 30 min by three
series-wound SCs, which were previously charged by four
series-wound DSSCs for 2 min. Figure S5b and video S1
demonstrate that an LED was powered by three series-
wound SCs. At the beginning, the LED twinkled very
brightly, demonstrating the excellent power merit of
SCs. Figure S5a showed the time courses of the open-
circuit voltage of the series-wound SCs. It gently under-
went a self-discharge course; furthermore, the SC
devices showed an output of ~1.5 V after 40 min. On
the level of practical application, leakage current of the
devices is critical. As shown in Figure 8b, the leakage
current dropped significantly at the beginning (from
0.5 mA to 68.7 uA after 100 s and to 22.8 1A after 400 s)
and then gradually became stable and small (finally to
only 8.5 uA after 4500 s). This value was even smaller
than that of the CNT/PANI supercapacitor,” indicating
few impurities in the electrode and electrolyte materi-
als in the fabricated SCs. Such demonstration implied
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that the stand-alone self-powered systems had poten-
tial applications in combining mobile devices and
driving small electrical compounds.

CONCLUSION

In summary, we have reported the design and syn-
thesis of a novel nanocable material, HZM with a hydro-
genated single-crystal ZnO core and amorphous ZnO-
doped MnO, shell, as well as the fabrication of a new kind
of flexible all-solid-state SC configuration with two pieces
of slightly separated carbon cloth grown with HZM
nanocables as electrodes and PVA/LiCl gel as solid-state

METHODS

Synthesis of HIM. First, ZnO NWs were grown on carbon
cloth (WOS1002, 2.5 cm x 0.7 cm x 360 um) by a wet chemical
process. Briefly, carbon cloth was first soaked in 0.5 M KMnO, for
30 min to form a seed layer. A precursor 100 mL solution was
prepared with 0.015 M of zinc nitrate hexahydrate and 0.015 M
of hexamethylenetetramine (HMTA) added with 4 mL of am-
monia. The seeded carbon cloth substrates were dipped into
the precursor solution then placed under 90 °C for 24 h. After
the wet chemical process, ZnO NWs were grown on the carbon
cloth. The HZnO NWs were obtained by annealing the ZnO NWs
in hydrogen atmosphere at 350 °C for 3 h. ZnO NW samples
were also annealed in air at 350 °C for 3 h to obtain AZnO as
control samples for comparison. Second, the HZnO NWs were
immersed into a 0.5 M aqueous glucose solution for 24 h. HZC
samples were obtained by carbonization at 450 °C in Ar gas for
2 h. Third, MnO, was deposited on HZC via a self-limiting
process.>® Simply, 0.5 M KMnO,4 and 0.5 M Na,SO, was mixed
with equal volume. The HZC samples were immersed in the
solution for 8 h at room temperature. Then the HZM was
cleaned several times using deionized water. The loading mass
of MnO, was 0.11 mg/cm?.

Assembly of the Solid-State SC. The SC was assembled by two
pieces of HZM NW electrodes with a separator (NKK TF40,
40 um) and LiCI/PVA gel as a solid electrolyte. LiCl/PVA gel
was prepared by mixing LiCl (12.6 g) and PVA (6 g) in 60 mL of
deionized water and heated at 85 °C under stirring for 2 h. Two
electrodes and separator were soaked in the gel for about 5 min
and then assembled together. The device was kept at 60 °C for
12 h to remove excess water in the electrolyte. After the gel
electrolyte became hard, the thickness of the device was around
0.8 mm. The SC was sealed with tape to prevent absorbing water.

Material Characterization and Electrochemical Measurement. The
structural properties of electrode materials were characterized
by field-emission SEM (FEI Sirion 2000), TEM (FEI TECNAI F30)
equipped with an energy-dispersive X-ray spectroscopy (EDS)
detector, and electron energy loss spectroscopy (EELS) detector,
X-ray photoelectron spectroscope (XPS, Thermo K-alpha). The
loading mass of MnO, was analyzed by inductively coupled
plasma atomic emission spectroscopy (OPTIMA 2000DV). The
electrochemical properties of the products were investigated
with cyclic voltammetry (CV) and chronopotentiometry mea-
surements employing a CHI 660D electrochemical worksta-
tion (Chenhua, Shanghai) and VersaSTAT 3 (Princeton Applied
Research), and the electrochemical impedance spectroscopy
(EIS) was measured by an Autolab PGSTAT302N at a frequency
ranging from 100 mHz to 10 kHz with a potential amplitude of
10 mV. The photoelectric conversions were characterized by
recording voltage—current curves with a computerized digital
multimeter (Keithley 2601A). An AM 1.5 solar stimulator (Abet
Model 11000) calibrated to 100 mW/cm? by a reference Si solar
cell was used in photovoltaic characteristic experiments. Mott—
Schottky plots were measured at a frequency of 10000 Hz based
on ZnO samples grown on FTO substrates. The cycle life was
measured through a battery test system (Neware BTS). For a
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electrolyte. The SC devices exhibited many advantages in
performance such as high capacitance, high flexibility,
long lifetime, and low leakage current. The hydrogenated
ZnO core with larger charge concentration and ZnO-
doped MnO, shell with better conductivity contributed
to the high performance of SCs. Our HZM flexible SCs
might greatly contribute to the fundamental research
and technologies of flexible energy storage devices. A
potential application of the flexible solid-state SCs as a
switchable power source in stand-alone self-powered
systems was demonstrated, which exhibited the poten-
tial broad applications of the SCs.

single electrode test, a piece of electrode (~0.7 cm x 1.5 cm,
effective area ~1 cm?) was dipped into 0.5 M Na,SO, solution at
room temperature. Ag/AgCl reference electrode and graphite
rod counter electrode were used in the measurement.
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