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Freestanding CoSeO3·H2O nanoribbon/carbon
nanotube composite paper for 2.4 V high-voltage,
flexible, solid-state supercapacitors†

Yingchang Jiang, Zeyi Wu, Le Jiang, Zhichang Pan, Peiyu Yang, Wenchao Tian and
Linfeng Hu *

The integration of high flexibility, high energy density and wide voltage window for solid-state super-

capacitors remains a big challenge to date. Herein, ultrathin CoSeO3·H2O nanoribbons (thickness:

∼14 nm) with typical pseudocapacitive behavior were synthesized in a high yield by a solution-based

refluxing process. Freestanding CoSeO3·H2O ribbon/hydroxylated multi-walled carbon nanotube

(HWCNT) paper could be fabricated through a vacuum-assisted filtration strategy owing to its ultrathin

nature, ribbon-like morphology and inherent flexibility. Unexpectedly, an asymmetric supercapacitor con-

structed from this as-prepared CoSeO3·H2O/HWCNT hybrid paper exhibits a high 2.4 V voltage window

as well as excellent rate capability and cycle performance. The energy density of this device is 132.3 W h

kg−1 at 960 W kg−1 with a stable cycling ability of up to 10 000 cycles, which is superior to those of

almost all previously reported asymmetric supercapacitors based on freestanding paper. Furthermore, this

supercapacitor shows outstanding bendability and mechanical stability at different bending degrees from

0° to 180° with no changes in capacitive behavior. Our work provides new opportunities for developing

high-performance asymmetric supercapacitors with high energy density, wide voltage window, and high

flexibility in a novel CoSeO3·H2O system for potential applications including flexible displays, collapsible

mobile phones, and wearable equipment.

Introduction

The rapidly growing commercial markets of portable elec-
tronics and electric vehicles have stimulated an imperative
requirement for high-performance energy storage devices.1

Among various power sources, a supercapacitor is the most
remarkable candidate due to its relatively simple structure and
capability to bridge the gap between batteries and convention-
al capacitors with the desirable attributes of higher power
density, fast charge/discharge, superior safety, outstanding
cycling stability, environmental friendliness.2–4 In particular,
the recently burgeoning growth of portable and wearable elec-
tronics has stimulated an imperative requirement for a new
generation of flexible supercapacitors for their great potential
applicability in powering the various prospective electronic
products, for example, flexible displays, collapsible mobile
phones, and many devices capable of being rolled up or
twisted, including some wearable equipment.5,6 Therefore,

design and fabrication of flexible electrodes with excellent
electrochemical performance and mechanical properties of
being deformable have been arousing tremendous attention in
recent years. Recently, freestanding paper made from low-
dimensional nanomaterials through a facile vacuum-assisted
filtration strategy has been widely developed as high-perform-
ance electrodes for flexible, foldable supercapacitors. Typically,
a supercapacitor fabricated with large-area graphene paper
exhibits high areal specific capacitance and can be bent to
arbitrary angles.7,8 For example, high-quality MXene/carbon
nanotube composite paper was rationally designed with high
volumetric capacitance.9 A highly flexible and symmetric
supercapacitor based on a novel MnO2/Ti3C2 hybrid thin-film
composed of molecularly stacked two-dimensional (2D) oxide
and Ti3C2 nanosheets shows energy and power density of 8.3
W h kg−1 and 221.33 W kg−1.10

On the other hand, the energy density per unit of quantity
or volume of electrochemical capacitors is still limited for
practical applications. According to the equation of energy
density E = 1/2CV2, for a given supercapacitor, the energy
density highly depends on the specific capacitance (C) and the
operating voltage window (V).11 Given by this equation, the
energy density is proportional to the square of the operating
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voltage window. Accordingly, to develop advanced super-
capacitors with high energy densities, improving the capaci-
tance and enlarging the operating voltage would be of equal
importance. However, most of the previous research studies
just focused on improving the specific capacitance of electrode
materials.12–15 The limited voltage range around 1.0 V of super-
capacitors based on aqueous electrolytes should be attributed
to the water splitting at 1.23 V. By constructing an asymmetric
supercapacitor configuration employing different electrode
materials in the cathode and anode, the operating voltage of
the supercapacitor can be increased to 1.5–1.8 V. Most recently,
a 2.6 V aqueous asymmetric supercapacitor was found in
Na0.5MnO2 nanosheet assembled nanowall arrays.16 Liu et al.
also realized a 2.4 V high-voltage aqueous supercapacitor by
rational design of a Ni–Mn–O solid–solution electrode.17

Although this important progress in advanced materials
realizes the increase in the operating voltage, the combination
of high flexibility, high energy density and wide voltage
window for supercapacitors is rarely reported and remains a
big challenge. Undoubtedly, the development of super-
capacitors with wide voltage window, high energy density and
excellent flexibility is highly desired.

Transition-metal selenides, including CoSe, Co0.85Se, CoSe2,
etc., have attracted considerable attention and exhibit excellent
performance in energy storage devices.18–22 Herein, we devel-
oped a PVP assisted solution-based refluxing process to
prepare novel CoSeO3·H2O nanoribbons with a thickness of
∼14 nm in a high yield. Interestingly, we found that a highly
flexible paper made from these CoSeO3·H2O nanoribbons and
hydroxylated multi-walled carbon nanotubes (HWCNTs) could
be obtained by the vacuum-assisted filtration strategy
(Scheme 1). Compared with other morphologies in the nano-
scale (e.g. nanoparticles) for suction filtration into paper, this
unique structure of the nanoribbon takes advantage of its
ultrathin nature, high aspect ratio, ribbon-like morphology
and inherent flexibility. Then, an all-solid-state asymmetric
supercapacitor based on this freestanding CoSeO3·H2O/
HWCNT paper exhibits amazing electrochemical performance

with an operating voltage of 2.4 V and a high energy density of
132.3 W h kg−1 at 960 W kg−1, which is superior to all of the
previously documented paper-based supercapacitors.
Meanwhile, this energy storage device shows excellent flexi-
bility with deformable mechanical properties with no signifi-
cant performance change at bending angles from 0° to 180°.

Results and discussion
Synthesis and characterization of CoSeO3·H2O nanoribbons

Ultrathin CoSeO3·H2O nanoribbons were synthesized by a
refluxing process of an aqueous solution consisting of Co(Ac)2
and SeO2 with polyvinyl pyrrolidone (PVP) as the surfactant.
Fig. 1a shows the XRD pattern of the as-prepared product,
which can be indexed to a pure CoSeO3·H2O phase with a
monoclinic structure (JCPDS no. 88-1510). The typical SEM
image in Fig. 1b reveals numerous nanoribbon-like objects
with lengths of several ten microns, and the bending appear-
ance of these nanoribbons shows its inherent flexibility. Such
a nanoribbon morphology was further confirmed by trans-
mission electron microscopy (TEM) observation (Fig. 1c and
d). The corresponding selected area electron diffraction (SAED)
pattern taken from an individual nanoribbon displays very
sharp diffraction spots with a rectangular pattern (Fig. 1e),
confirming the high crystallinity of the as-synthesized sample.
However, the sample is metastable under high voltage e-beam
irradiation and it was very difficult to get the high-resolution
transmission electron microscopy (HRTEM) image. The nano-

Scheme 1 Schematic illustration of the fabrication of the CoSeO3·H2O/
HWCNT hybrid paper and the construction of a flexible supercapacitor
from this paper.

Fig. 1 (a) XRD pattern of the as-prepared CoSeO3·H2O sample. Typical
(b) SEM, (c) and (d) TEM images, and (e) SAED pattern taken from an indi-
vidual CoSeO3·H2O nanoribbon. (f ) AFM image and height information
of the CoSeO3·H2O nanoribbons. (g) Schematic illustration of the
growth of CoSeO3·H2O ultrathin nanoribbons.
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ribbon gradually lost its high crystallinity and transformed to
an amorphous structure with several broadened diffraction
rings under these conditions (Fig. S1, ESI†). Note that the
ribbons are semitransparent under TEM observation, indicat-
ing that an e-beam can penetrate the sample due to its ultra-
thin nature. The thickness of the as-obtained CoSeO3·H2O
nanoribbons was accurately examined to be as thin as ∼14 nm
by tapping-mode atomic force microscopy (AFM) characteriz-
ation (Fig. 1f). Note that the addition of PVP in the starting
reactant plays a key role in the formation of the ultrathin nano-
ribbons. In the absence of PVP, CoSeO3·H2O crystals with an
irregular one-dimensional shape and a length of several
hundred micrometers were produced (Fig. S2, ESI†).
Accordingly, as schematically illustrated in Fig. 1g, the PVP
molecules might be adsorbed on the CoSeO3·H2O ribbon
surface, stabilize the CoSeO3·H2O crystal nucleus and reduce
the diffusion rate of reactive ions, leading to the growth of the
ultrathin ribbon structure.23,24 Then, the PVP molecules on
the nanoribbon surface can be completely removed by a follow-
ing washing procedure with ethanol several times.

Electrochemical properties of the CoSeO3·H2O/HWCNT free-
standing paper

Fig. 2a shows the optical images of an aqueous dispersion of
the as-grown CoSeO3·H2O nanoribbons, appearing in pink
color with the observation of a strong Tyndall scattering
effect. We consider that its ultrathin nature, nanoribbon-like
morphology and inherent flexibility are quite promising for
fabricating freestanding paper by a facile vacuum-assisted fil-
tration strategy. Expectedly, the CoSeO3·H2O films are easily
detachable from the filter membranes, resulting in free-
standing paper with a pink color (Fig. S3, ESI†). On the other
hand, taking advantage of the high conductivity of HWCNTs,
the inclusion of HWCNTs in this paper would greatly improve
the conductivity. Accordingly, two colloidal aqueous solutions
of CoSeO3·H2O nanoribbons and HWCNTs were mixed
together as shown in Fig. 2a (optimal mass ratio:
CoSeO3·H2O : HWCNTs = 90 : 10). Subsequently, vacuum-
assisted filtration of this mixed colloidal solution resulted in
free-standing paper with a grey pink color (Fig. 2b), and it
could be freely rolled up by hand and glass rods (Fig. S4,
ESI†). The XRD characterization of this CoSeO3·H2O/HWCNT
paper-like sample shows a pattern similar to the pure
CoSeO3·H2O powder except a characteristic, broad peak of
carbon nanotubes at 2θ = 26° (Fig. S5, ESI†). Note that the
diffraction pattern showed intense and sharp (0 l 0) diffrac-
tion peaks, suggesting a preferred orientation along the [010]
direction of CoSeO3·H2O ribbons in this hybrid paper. The
preferred orientation should be attributed to the high aspect
ratio and ultrathin nature of our CoSeO3·H2O nanoribbons.
The typical SEM image of this paper sample in Fig. 2c indi-
cates that HWCNTs were uniformly dispersed in the
CoSeO3·H2O nanoribbon matrix to form a nanonet like struc-
ture. Fig. 2d shows the corresponding local elemental maps,
which demonstrates that Co, Se, O, C elements are homoge-
neously distributed in the sample. The cross-section SEM

image in Fig. 2e suggests that the thickness of this freestand-
ing paper ranges from 30 to 40 μm. Followed by an electric
measurement based on the four-point probe method, the
electronic conductivities of CoSeO3·H2O paper and
CoSeO3·H2O/HWCNT hybrid paper with different HWCNT
weight ratios are summarized in Fig. S6, ESI.† No current
signal for CoSeO3·H2O paper was detected due to its intrinsic
insulating property, which was revealed in our most recent
work.25 After the introduction of HWCNTs (mass ratio:
CoSeO3·H2O : HWCNTs = 9 : 1), the intertwined networks of
the CoSeO3·H2O/HWCNT composite exhibit a greatly
improved conductivity of upto 2.67 S cm−1. Further increas-
ing the HWCNT content in the hybrid paper (8 : 1) gives rise
to a slight decrease of the conductivity (Fig. S6, ESI†). It
might be attributed to the fact the carbon nanotubes at high
concentrations are easy to aggregate together in the suction
filter process (Fig. S7, ESI†). Furthermore, the high content of
HWCNTs in this hybrid paper also leads to a decrease in the
mechanical properties, as evident from the typical strain–
stress curves of the hybrid papers at different
CoSeO3·H2O : HWCNT weight ratios (Fig. S8, ESI†).
Accordingly, the optimal mass ratio to fabricate a high-
quality CoSeO3·H2O/HWCNT hybrid paper should be 9 : 1. At
this optimized weight ratio, the inserted HWCNTs greatly
improve the conductivity of the paper sample with no signifi-
cant breakdown of its mechanical strength.

We tried to evaluate the electrochemical properties of the
CoSeO3·H2O/HWCNT hybrid paper in a three-electrode cell
configuration with a 1.0 M KOH solution as the electrolyte.
However, this hybrid paper is not stable in the KOH aqueous
solution and gradually converts into loose CoSeO3·H2O and
HWCNT powder due to the lack of any polymeric binder.
Instead, a powder sample with the same composition as this
hybrid paper was prepared and pressed onto nickel foam
current collectors as the working electrode (average value of
loading density: 3 mg cm−2, measured carefully three times).
Fig. 3a shows the representative cyclic voltammetry (CV) curves
recorded at different scan rates ranging from 1 to 50 mV s−1.
The nonrectangular nature of the CV curve indicates that fara-
daic reversible reactions occur, confirming the obvious
pseudocapacitive nature of the CoSeO3·H2O electrode with
well-defined redox peaks within −0.1 to 0.7 V (vs. SEC). Three
pairs of redox peaks due to the reversible reactions of Co(II) ↔
Co(III), Co(III) ↔ Co(IV) and Se(IV) ↔ Se(VI) can be clearly seen.

The charge–discharge characteristics in Fig. 3b at different
current densities from 5.0 to 50.0 A g−1 exhibit a quite clear
deviation from the linear charge–discharge characteristic
feature for an electric double layer capacitor, indicating the
pseudocapacitive characteristic of the CoSeO3·H2O nano-
ribbons resulting from redox reactions by adsorption or de-
sorption of hydroxyl ions at the interface between the paper-
like electrode and the liquid electrolyte. The charge–discharge
curve is extremely symmetric with a coulombic efficiency of
98%, suggesting the highly reversible electrochemical behav-
ior. Areal capacitance values were calculated as 2461, 2201,
2028, 1733, 1560, 1386 and 1213 F g−1 at current density
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values of 5, 10, 15, 20, 30, 40 and 50 A g−1, respectively.
Distinctly, this value exceeds that of previously reported Co, Ni
oxides/hydroxides (Fig. 3c).26–33 The cycling stability of the
material was examined up to 10 000 cycles with ∼86.2% of
capacitance retention at a high current density of 20.0 A g−1,
demonstrating its long-term stability and durability (Fig. 3d).
From the Nyquist plots for the cobalt selenide case for the
initial cycle and after 10 000 cycles (Fig. S9, ESI†), the longer

Warburg line in the low-frequency region after 10 000 cycles
indicates the faster electrolyte diffusion into the electrode
material compared with the initial cycle. The equivalent series
resistance at the initial state is 2.43 Ω and drops to 2.27 Ω after
10 000 cycles. The smaller semicircle in the high-frequency
region after cycling clearly shows lower charge transfer resis-
tance at the electrode/electrolyte interface than that in the
initial cycle.

Fig. 2 (a) Digital photographs of CoSeO3·H2O, HWCNT, and CoSeO3·H2O, HWCNT mixture colloid suspensions, all displaying an obvious Tyndall
scattering effect. (b) The digital photograph of the as-prepared CoSeO3·H2O/HWCNT paper. (c) The in-plane SEM image and (d) the corresponding
EDS elemental mapping results for Co, Se, O, and C elements. (e) The cross-section SEM image of the hybrid CoSeO3·H2O/HWCNT paper.
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Asymmetric supercapacitor based on CoSeO3·H2O/HWCNT
hybrid paper

To construct an asymmetric supercapacitor, pure HWCNT
paper was fabricated using the vacuum-assisted filtration strat-
egy from a colloidal HWCNT suspension as shown in Fig. 2a.
The morphology and electrochemical characterization of this
HWCNT paper are shown in Fig. S10 and 11 ESI,† respectively.
Finally, an asymmetric supercapacitor (ASC) was fabricated in
a two-paper system with as-prepared CoSeO3·H2O/HWCNT
hybrid paper as the positive electrode, HWCNT paper as the
negative one and PVA-KOH gel electrolyte sandwiched between
the electrodes (Fig. 4a). In this quasi-solid state case, the as-
prepared paper samples were stable in the PVA-KOH gel elec-
trolyte. The CV curve of this ASC exhibits apparent redox peaks
originating from the pseudocapacitive behavior of the
CoSeO3·H2O nanoribbons (Fig. 4b). The current increased with
increasing scan rates, and the shape was well maintained even
at a scan rate up to 50 mV s−1. This CV curve is quite different
from that of pure HWCNT paper electrodes, demonstrating the
double contribution of the electric double-layer capacitance
from the HWCNTs and the pseudocapacitance from the
CoSeO3·H2O nanoribbons, respectively. Unexpectedly and
importantly, the operating potential window of the present
device is up to 2.4 V.

Note that the potential windows of 0–0.7 V for CoSeO3·H2O
@Ni foam and −1.0 to 0 V for HWCNTs@Ni foam were
obtained in the three-electrode cell configuration using a 1.0
M KOH aqueous solution as the electrolyte (Fig. S12, ESI†).
However, it is strange that the resulting CoSeO3·H2O, HWCNT//
PVA-KOH//HWCNT device achieves a wide operating potential
window of up to 2.4 V.

We consider that our CoSeO3·H2O sample might exhibit an
intrinsically wide potential window of up to 0–1.4 V in an

aqueous environment. However, we cannot carry out this
measurement due to the following reasons:

(1) In the three-electrode cell configuration using the water
electrolyte, the potential window generally cannot exceed 1.2 V
due to the water decomposition when the voltage is higher
than this threshold value.14

(2) The electrocatalytic effect from the Ni foam substrate:
the hybrid paper electrode was not strong enough and gradu-
ally broke up in the KOH aqueous solution. It cannot be
directly used as an electrode in the three-electrode system.
Alternatively, the active CoSeO3·H2O powder was coated on the
Ni foam for the test. According to the previous study, the
potential window of the electrode is generally lower than 0.8 V
using Ti, Ni metal substrates as current collectors due to the
Ti, Ni electrocatalytic effect.14

When the paper-based electrode was assembled into an all-
solid-state supercapacitor using a PVA-KOH gel electrolyte, the
above constraints on water decomposition disappeared.
Accordingly, a higher potential window of up to 0–1.4 V can be
detected in our CoSeO3·H2O/HWCNT paper, and the resulting
CoSeO3·H2O, HWCNT//PVA-KOH//HWCNT devices show a wide
operating potential window of up to 2.4 V.

Fig. 3 (a) CV curves and (b) galvanostatic charge–discharge curves of
the CoSeO3·H2O/HWCNT powder on Ni foam. (c) Cs of the electrode at
different current densities and comparison with that of Co, Ni oxides/
hydroxides. (d) Cycling performance of the electrode at a current
density of 20.0 A g−1.

Fig. 4 (a) CV curves of the CoSeO3·H2O, HWCNT//PVA-KOH//HWCNT
asymmetric supercapacitor at different scan rates. (b) Galvanostatic
charge–discharge curves and (c) Cs of this asymmetric supercapacitor at
different current densities. (d) Ragone plot related to energy and power
densities of some reported cobalt or selenium based composites as
anode materials and the present work. All data in this figure are based
on the total mass of both electrodes. (e) Cycling performances during
10 000 cycles at a current density of 5 A g−1 (inset: image of the LED
panel powered by three charged asymmetric supercapacitors in series).
(f ) Flexibility and stability of the asymmetric supercapacitor upon flexing
evaluated by measuring CV curves at different bending angles.
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The charge–discharge performance of the device was
further evaluated up to 2.4 V for the applied current densities
from 0.8 to 10 A g−1, displayed in Fig. 4c. The capacitance
value of 165 F g−1 at a current density value of 0.8 A g−1 evalu-
ated from the total mass including both the positive and
negative electrodes is superior to those of most other asym-
metric supercapacitors recently reported. Even with the
current density increasing to 10.0 A g−1, the asymmetric
supercapacitor still showed a high specific capacitance of
96.25 F g−1, which should originate from the high electroche-
mically active surface area and efficient mass transportation
of the constructed netlike structure. The Ragone diagram
depicts the plot of the energy and power densities of the fab-
ricated device, which were attained from the calculation
based on the galvanostatic discharge plots (Fig. 4d). At 2.4 V,
the as-fabricated asymmetric supercapacitor exhibits an
energy density of 132.3 W h kg−1 at a power density of 960 W
kg−1, and still maintains 77 W h kg−1 at 13 137.4 W kg−1.
Fig. 4d and Table S1 (ESI†) compare the performance metrics
of our device and various previously documented asymmetric
supercapacitors.34–40 The energy density (132.3 W h kg−1) in
this work, to the best of our knowledge, is the highest value
among all freestanding paper-based asymmetric flexible ASCs
recently reported. These amazing electrochemical properties
of our CoSeO3·H2O/HWCNT paper should be attributed to the
good conductivity, high surface areas accessible to ions,
intrinsically high voltage window and mechanical robustness
of the hybrid paper.

The long-term cycling performance of the CoSeO3·H2O,
HWCNT//PVA-KOH//HWCNT devices was evaluated in the
voltage window of 0–2.4 V at 5 A g−1 (Fig. 4e). This ASC exhi-
bits a capacitance retention of 94% after 10 000 charging/
discharging cycles. Such a cycling and retention perform-
ance is significantly superior to those of other ASCs recently
reported, such as MnO2/graphene//CNT/graphene (84.4%
retention after 1 0000 cycles),36 graphene/MnO2//graphene
(79% retention after 1 000 cycles),41 NiSe@MoSe2//N-PMCN
ASC (91% retention after 5 000 cycles),31 and HWCNTs@Ni
(OH)2//AC (83% retention after 3 000 cycles).42 The asym-
metric supercapacitors were further assembled in series to
validate their practical application (inset in Fig. 4e). When
three as-prepared supercapacitors were connected in series,
after charging up to 7.2 V, the large-sized tandem super-
capacitors can efficiently power a well-designed 36 light-
emitting diode (LED) indicator arrays (open circuit voltage:
4.76 V).

Considering the intrinsic flexibility of the freestanding
CoSeO3·H2O/HWCNT paper, the as-fabricated asymmetric
CoSeO3·H2O, HWCNT//PVA-KOH//HWCNT supercapacitor
would show excellent flexibility. In order to demonstrate
the flexibility and stretchability, we measured the CV
curves at the scan rate of 10 mV s−1 at different bending
degrees of 0°, 90°, and 180°. The as-obtained CV curves
showed no significant changes, manifesting outstanding
bendability and mechanical stability of the device during
folding (Fig. 4f ).

Conclusions

In summary, we reported a facile refluxing process to syn-
thesize ultrathin CoSeO3·H2O nanoribbons, which were used
as ideal building blocks for a hybrid, freestanding
CoSeO3·H2O/HWCNT paper owing to the ultrathin nature,
ribbon-like morphology and inherent flexibility. Impressively
and unexpectedly, the as-fabricated CoSeO3·H2O, HWCNT//
PVA-KOH//HWCNT solid-state supercapacitor exhibits a 2.4 V
voltage window. The energy density of this device was esti-
mated as 132.3 W h kg−1 with a very stable cycling ability up to
10 000 cycles, outperforming all freestanding paper-based
asymmetric flexible ASCs recently reported. The present study
demonstrates the possibility of the integration of high flexi-
bility, high energy density and wide voltage window for solid-
state supercapacitors in a novel CoSeO3·H2O nanoribbon
system. The as-obtained freestanding CoSeO3·H2O/HWCNT
paper would also show promising performances in other
electrochemical energy storage devices, such as lithium
(sodium)-ion batteries, air batteries, and electrochemical
actuators.

The electrochemical performance of a CoSeO3 sample
without crystalline water is also being studied.

Experimental
Materials

All the reagents were of AR grade and were used without
further purification. Double distilled water (18.2 MΩ) was used
throughout the course of the reaction. Hydroxylated multi-
walled carbon nanotubes (inner diameter: 5–10 nm, outer dia-
meter: 10–20 nm, length: 10–30 μm) were purchased from
Jiangsu HENGQIU Materials Tech Co., Ltd. Co(Ac)2·4H2O,
SeO2, KOH, CTAB (hexadecyltrimethylammonium bromide)
and PVP (K-30) were purchased from Sinopharm Chemical
Reagent Co., Ltd.

Synthesis of CoSeO3·H2O nanoribbons

CoSeO3·H2O nanoribbons were synthesized by a solution-
based refluxing method. Briefly, 3.0 g of PVP (K-30) was dis-
solved in 700 mL of deionized water under magnetic stirring.
Co(Ac)2·4H2O (1.4 mmol) and SeO2 (1.4 mmol) were added
into the above aqueous solution in succession under drastic
stirring. The dispersion was refluxed under continuous mag-
netic stirring and nitrogen gas protection at 120 °C for 6 h.
Upon cooling to room temperature, the product was washed
with deionized water and ethanol several times to completely
remove the PVP surfactant, and dried under vacuum at 70 °C
for further analysis.

Fabrication of CoSeO3·H2O/HWCNT paper

The CoSeO3·H2O/HWCNTS and HWCNT paper-like samples
were prepared by vacuum-filtration assembly. The CoSeO3·H2O
and HWCNT powder was fully dispersed in the mixed
solvent of ethylene glycol and water with a concentration of
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50 mg mL−1 for each component. Then, the as-obtained sus-
pension was vacuum filtered onto a mixed cellulose membrane
with a 0.22 μm pore size (Sinopharm Chemical Reagent Co.,
Ltd), forming a homogeneous pure CoSeO3·H2O or HWCNT
thin-film on the membrane. For the CoSeO3·H2O/HWCNT
hybrid paper, it was prepared by just mixing two suspensions
with different mass ratios before suction filtering. After drying
in air, they could be facilely stripped from the filter membrane
by hand.

Fabrication of CoSeO3·H2O/HWCNT paper for solid-state asym-
metric supercapacitors (ASCs)

The solid-state ASCs were assembled by separating the
CoSeO3·H2O/HWCNT and HWCNT paper-like electrodes with
normal filter paper. PVA/KOH gel was used as the electrolyte
and prepared by mixing 8.0 g of PVA and 8.0 g of KOH in
100 mL of deionized water, and heated at 80 °C for 12 h under
vigorous stirring. Before assembling, one piece of
CoSeO3·H2O/HWCNT paper (diameter: 4 cm, mass: ≈1 g) and
one piece of HWCNT paper (diameter: 4 cm) were soaked in
PVA/KOH for 2 h. The flexible solid-state supercapacitor was
encapsulated with silicone after the gel electrolyte solidified at
room temperature.

Materials characterization

Sample morphologies were characterized using a FEI Navo
Nano SEM 450 field-emission scanning electron microscope
(SEM) and a Bruker Dimension Icon atomic force microscope
(AFM). Transmission electron microscopy (TEM), high-resolu-
tion microscopy (HRTEM) and selected area electron diffrac-
tion (SAED) were performed using a Philips CM 200 FEG field
emission microscope at an acceleration voltage of 300 kV. The
crystal structure characteristics were studied using a Bruker
D8-A25 diffractometer with Cu Kα radiation (λ = 1.5406 Å). The
electric conductivity of composite paper was determined by a
four-probe method (b1500A, Agilent Co., Ltd) under a sample
platform equipped with parallel probes (probe spacing:
1 mm). The tensile properties of the as-obtained papers were
measured using a PARAM XLW(PC) instrument at room tem-
perature with a humidity of about 25%.

Electrochemical measurements

For three-electrode cell measurement, the nickel foam support-
ing active materials (loading mass: ≈3 mg cm−2) acted directly
as the working electrodes and were soaked in a 1 M KOH solu-
tion and degassed under vacuum for 1 h before the electro-
chemical test. Active CoSeO3·H2O powder, multi-walled carbon
nanotubes (conductor) and binder (polyvinylidene fluoride,
PVDF) were mixed in a weight ratio of 81 : 9 : 10; an anhydrous
ethanol solvent was added to form slurry. The well-mixed
slurry was coated onto a Ni foam as a current collector and
then dried under vacuum at 60 °C for 12 h. The mass loading
of the active compound on the Ni foam was determined by
subtracting the weight before and after the coating, and this
measurement was carried out three times to eliminate experi-
mental errors. The electrochemical properties of the as-

obtained electrodes were investigated under a three-electrode
cell configuration at 25 °C in 1 M KOH. Platinum foil and an
Ag/AgCl electrode were used as the counter and reference elec-
trodes, respectively.

The electrochemical properties of the asymmetric super-
capacitor were investigated under a two-electrode cell configur-
ation with the CoSeO3·H2O electrode as the positive electrode
and the HWCNT electrode as the negative electrode with a gel
electrolyte. The CV, galvanostatic charge–discharge, and electro-
chemical impedance spectroscopy (EIS) measurements were
conducted on a Gamary 90I electrochemical workstation
(Gamary Instrument Company, USA). Capacitance balance was
done for both electrodes according to their corresponding capa-
citances and masses (m-cathode × Cs-cathode = m-cathode × Cs-anode).
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