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Abstract
A flexible all-solid-state asymmetric micro-supercapacitor based on lamellar (K2Co3(P2O7)2 � 2H2O)
nanocrystal whiskers and graphene nanosheets was successfully fabricated by inkjet printing in a
simple and cost-effective way. A facile method to synthesize lamellar K2Co3(P2O7)2 � 2H2O nanocrystal
whiskers under a mild hydrothermal condition was also established. The assembled micro-device
exhibited a high specific capacitance (6.0 F cm�3), good rate/mechanical stability and a long cycling
stability (5000 cycles) with a maximun energy density of 0.96 mW h cm�3, demonstrating great
promise for applications in flexible all-solid-state micro-supercapacitors.
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Introduction

Portable electronic devices are in urgent need in modern
society due to many advantages such as being flexible, ultra-
thin and super-light. Efficient micro-energy storage devices are
vital for the development of portable electronics. The two main
categories of micro-energy storage devices are micro-lithium
ion batteries and micro-supercapacitors [1–13]. In the context
of portable electronics, micro-supercapacitors are attracting
more attention because of their high power density, long cycle
lifespan, excellent charge–discharge and environmental-friendly
characteristics [14,15]. Supercapacitors can be classified into
electric double layer capacitors (EDLCs) and pseudocapacitors
on the basis of the charge storage mechanism and the electrode
materials. Many carbon-based materials (activated carbon,
carbon nanocubes, graphene, etc.) have been developed as
electrode materials for EDLCs. However, EDLCs show relatively
low capacitance and low energy density [16,17]. Higher energy
density can be obtained for micro-devices using pseudo-
capacitive electrode materials such as transition metal oxides
or conductive polymers whose capacitance mainly come from
surface electrochemical reactions [18,19]. However, the micro-
device fabrication difficulties and limited selections of materi-
als pose great challenges, and the research on micro-pseudo-
capacitors is still in its infancy [20,21].

Traditionally, micro-supercapacitors are fabricated via an
expensive and extensive lithographic approach. Alterna-
tively, additive fabrication approaches such as inkjet print-
ing offer a simple and versatile route to make complicated
planar electrode structure that is crucial for the mass
production and the integration into larger systems of
micro-supercapacitors. Compared with other printing meth-
ods such as screen printing, inkjet printing has advantages
in versatility and low cost, and an ease to be integrated into
large scale roll-to-roll mass production system. With the rise
of printing electronics, there emerge some works on the
applications of printing methods for making micro-super-
capacitors, mainly on screen printing [21–23], with only few
reports on inkjet printing [24–26].

Metal phosphate micro/nano materials have found broad
applications in various fields, with the layered metal
phosphate/phosphonate being an interesting group of mate-
rials [27–30]. Among various phosphates, cobalt-based phos-
phates which are composed of many layers of connected
CoOx and PO4 polyhedra (zeolite types), exhibit outstanding
electronic/magnetic properties. Due to the layered struc-
ture and the redox behaviour of cobalt-based phosphates,
these materials hold great promise as electrode materials
for electrochemical energy storage devices as was found by
our group recently, besides their traditional applications as
heterogeneous catalysts, sorbents, ion exchangers, and
magnetic materials [31–38]. In spite of some great work,
to the best of our knowledge, the exploitation of cobalt
phosphate-based micro/nanomaterials for the flexible
micro-supercapacitor has not been done yet.

In this work, we report, for the first time, the fabrication
of a flexible all-solid-state asymmetric micro-supercapa-
citor based on lamellar potassium cobalt phosphate hydrate
(K2Co3(P2O7)2 � 2H2O) nanocrystal whiskers (positive elec-
trode) and graphene nanosheets (negative electrode) using
a solid state electrolyte [KOH-polyvinyl alcohol (PVA) gel].
We provide a facile method to synthesize lamellar
K2Co3(P2O7)2 � 2H2O nanocrystal whiskers in a mild hydro-
thermal condition. With the inkjet printing method, com-
plicated planar device structure was easily obtained in a
simple and cost-effective way. The assembled micro-device
exhibited a high specific capacitance of 6.0 F cm�3 at
10 mA cm�3, with a 68.1% retention even at 100 mA cm�3.
Furthermore, after over 5000 charge/discharge cycles
at 10 mA cm�3, the micro-device only showed small capa-
citance decay (ca. 5.6%), demonstrating good cycling sta-
bility. Due to the highly interconnected structure of the
lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whiskers, these
nanomaterials exhibited an outstanding mechanical and
electrical robustness, which enabled the device to work
perfectly well under highly bent conditions. Lastly, a
maximun energy density of 0.96 mW h cm�3 for the micro-
device has been achieved, which is higher than most
previously reported devices with similar structure.
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Material and methods

Material preparation

Synthesis of lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whis-
kers: In a typical synthesis, 0.249 g cobalt acetate, 0.384 g
potassium pyrophosphate and 3.730 g potassium chloride
were mixed with 15 mL deionized water. The above mixture
was stirred for 30 min at room temperature. Then the
mixture was transferred into 50 mL stainless-steel auto-
claves lined with poly(tetrafluoroethylene) (PTFE, Teflon),
which was sealed and maintained at 120 1C for 4 h. The
obtained precipitates were washed several times by deio-
nized water, ethanol, and dried in the air. The product was
directly applied as the positive electrode material.

Preparation of graphite oxide: GO was produced from
universal grade, 99.985%-natural graphite powders accord-
ing to the Hummers' method. Firstly, natural graphite
powders were treated with 5% HCl twice, then filtered,
washed with distilled water thoroughly, and dried at 110 1C
for 24 h. Secondly, 10 g graphite powders were added in
230 mL concentrated H2SO4 (0 1C), then 30 g KMnO4 was
added slowly with stirring and cooling with an ice-water
mixture, which held the temperature of the solution at
around 20 1C. After the solution was stirred for 40 min,
460 mL distilled water was added slowly into the above
mixture. The temperature was held at 3573 1C for 30 min.
Finally, distilled water (1.4 L) and 30% H2O2 solution
(100 mL) were added after the reaction. The solution was
held at room temperature overnight and then the mixture
was filtered, washed with 5% HCl aqueous solution until
sulfate could not be detected with BaCl2. The reaction
product was dried under vacuum at 50 1C for 24 h.

Preparation of functionalized graphene sheets: The dried
GO was thermally exfoliated at 300 1C for 5 min in the air. The
obtained products were subsequently treated at 700 1C in Ar for
3 h with a heating rate of 2 1C/min. The product was directly
applied as the negative electrode material.

The fabrication of flexible all solid-state micro-super-
capacitors: Polyethylene terephthalate (PET) (2.0 cm� 7.0
cm) substrate with a thickness of 100 μm was utilized onto
which 3 layers of silver ink (ANP Supplies, Korea) as the
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current collectors were inkjet printed using a Fujifilm
Dimatix 3000 inkjet printer (USA) and dried in a vacuum
oven at 100 1C for 1 h. After that, the slurry of active
material (K2Co3(P2O7)2 � 2H2O) nanocrystal whiskers or gra-
phene nanosheets (see Figure S1 for characterization) was
printed by the same printer as the electrode layer on the
silver layer and dried in the same vacuum oven at 100 1C for
12 h. The concentration of the K2Co3(P2O7)2 � 2H2O nano-
crystal whiskers ink was 0.50 g L�1, and that of graphene
nanosheets ink was 2.25 g L�1. It is worth noting that the
two inks disperse well in ethanol and remain stable for
7 days (Figure S2). The anodes and cathodes have been
printed for 3 layers each. The line width is 70 and 80 μm for
the positive and negative electrode, respectively. The
subsequent lines overlap with the previous lines well, with
only �5 μm deviation. Three devices were made as parallel
experiments. The experiments show good reproducibility.
The gel electrolyte (1.52 g PVA, 2.13 g KOH, and 15 mL DI
water) was prepared at 75 1C for 30 min and dropped onto
the prepared sample to cover the active material after it
was cooled naturally. After the electrolyte solidified to a
gel, a fresh PET (2.0 cm� 6.0 cm) substrate was used to
cover the gel electrolyte as passivation layer in order to
make it more stable. After being dried, the device was
subjected to electrochemical measurement for the evalua-
tion of its supercapacitor behaviors.

Characterizations

The morphology of as-prepared samples were observed by a
JEOL JSM-6701F field-emission scanning electron microscope
(FE-SEM) at an acceleration voltage of 5.0 kV, atomic force
microscope (AFM) images were measured with CSPM4000
(Benyuan, Beijing), and transmission electron microscopy
(TEM) images were captured on the JEM-2100 instrument
microscope at an acceleration voltage of 200 kV. The phase
analyses of the samples were performed by X-ray diffraction
(XRD) on a Rigaku-Ultima III with Cu Kα radiation (λ=1.5418 Å).
Nitrogen adsorption–desorption measurements were performed
on a Gemini VII 2390 Analyzer at 77 K by using the volumetric
method. The specific surface area was obtained from the N2

adsorption–desorption isotherms and was calculated by the
Brunauer–Emmett–Teller (BET) method. The X-ray photoelec-
tron spectroscopy (XPS) spectra were obtained using a PHI5000
Versa Probe.

Electrochemical measurements

Electrochemical study on K2Co3(P2O7)2 � 2H2O nanocrystal
whisker electrode: All electrochemical performances were
carried out on Arbin-BT2000 electrochemical instrument in a
conventional three-electrode system equipped with a platinum
electrode, a Hg/HgO electrode as the counter and reference
electrode, respectively. Before electrochemical measurements,
we have purged out O2 from the solution by the inert gas-Ar.
The working electrode was made by mixing active materials-
K2Co3(P2O7)2 � 2H2O nanocrystal whisker, acetylene black, and
PTFE (polytetrafluoroethylene) at a weight ratio of 75:15:10,
coating on a piece of nickel foam of about 1 cm2, and pressing
to a thin foil at the pressure of 5.0 MPa. The typical mass load
of electrode material was 5.0 mg. The electrolyte was 3.0 M
.co
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KOH solutions. Galvanostatic charge–discharge methods were
used to investigate the capacitive properties of
K2Co3(P2O7)2 � 2H2O nanocrystal whisker electrode, which were
all carried out with an Arbin-BT2000 electrochemical instru-
ment. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy measurements of K2Co3(P2O7)2 � 2H2O nanocrystal
whisker electrode were conducted at 0.4 V in the frequency
range of 100 kHz–0.01 Hz with AC voltage amplitude of 5 mV by
using PARSTAT2273.

Electrochemical study of the flexible solid-state micro-
supercapacitors: CV measurements were carried out at 5,
10, 20, 30, 50 and 100 mV s�1 between 0 and 1.07 V on an
electrochemical work station (PARSTAT2273). The flexible
solid-state micro-supercapacitors were galvano statically
charged and discharged at the current density of 10–100 mA
cm�3 in the voltage range of 0–1.07 V on the Arbin-BT2000
electrochemical instrument. All the electrochemical mea-
surements were conducted at room temperature.

Calculations Method: The capacitance (C) and area-
specific capacitance (CA) of the device can also be calcu-
lated using

C=A¼ CA ¼Q= A� ΔEð Þ ¼
Z

Idt= A� ΔEð Þ
¼ I� tdischarge= A� ΔEð Þ ð1Þ

The areal energy density (E) in W h cm�3 and power
density (P) in W cm�3 derived from galvanostatic charge–
discharge curves are calculated from the following expres-
sions:

E ¼ C ΔEð Þ2= 2V � 3600ð Þ ð2Þ

P¼ E=tdischarge ð3Þ
where A is the surface area of the device, I is the discharge
current, tdischarge is discharge time, ΔE is the potential drop
during discharge, and V is the volume (cm3) of the device.

Results and discussion

Structural and compositional analysis of
as-prepared samples

The XRD pattern of as-prepared sample is shown in
Figure 1a. All peaks of the pattern are indexed to be in
agreement with K2Co3(P2O7)2 � 2H2O (JCPDS No. 80-1172).
There are no peaks from other phosphites or phosphates to
be detected. In Figure 1b, the schematic crystal structures
of K2Co3(P2O7)2 � 2H2O super cells (2� 2� 2 slabs) are pro-
jected based on the data of ICSD-68997. K2Co3(P2O7)2 � 2H2O
has layered crystal structure as shown in Figure 1b. A large
number of microporous channels have been formed due to
the layered crystal structure, which can facilitate the
diffusion of ions and electrolytes.

To further analyze the chemical state of the atoms of K, Co,
P and O in the samples, XPS was used (Figure S3). In Figure S3a,
the signal at 291.7 eV can be attributed to K 2p peak. Besides
this major signal, a strong satellite signal at around 294.50 eV
was clearly observed, which was the shake-up signal due to
multi-electron excitation. In Figure S3b, the signal at 780.3 eV
can be assigned to Co 2p3/2, and its shake-up signal was also
observed around 785.0 eV-a higher binding energy. The signal at
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Figure 1 (a) XRD patterns of as-prepared samples and corre-
sponding JCPDS-80-1172; (b) the schematic crystal structures of
K2Co3(P2O7)2 � 2H2O super cell (2� 2� 2 slabs) projected based
on data of Inorganic Crystal Structure Data (ICSD)-68997.
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www132.4 eV can be attributed to P 2p peak in Figure S3c. What is
more, in Figure S3d the signal of 530.2 eV can be attributed to
O 1 s.

The morphology of as-prepared K2Co3(P2O7)2 � 2H2O was
measured by field emission scanning electron microscopy
(FESEM), atomic force microscope (AFM) and transmission
electron microscopy (TEM). A typical low-magnification SEM
image in Figure 2a shows that the morphology of the as-
prepared samples is the nano-whisker with a length of
250–400 nm. The thickness of a single nano-whisker measured
by AFM (Figure 2b) is �9.6 nm. The STEM image and EDS
mapping images of K2Co3(P2O7)2 � 2H2O nanocrystal whiskers are
shown in Figure S4, which further confirm the chemical
elemental composition of nanocrystal whiskers. Further, from
the TEM image from the side-view of the nanocrystal whisker
(Figure 2c), the thickness of a single nanocrystal whisker is
�10 nm, consistent with the AFM result in Figure 2b. The
measured distance of neighboring lattice fringes (the inset of
Figure 2d) is �0.96 nm, twice the (111) lattice spacing
(0.479 nm) of K2Co3(P2O7)2 � 2H2O, from which we can infer
that the K2Co3(P2O7)2 � 2H2O nanocrystal whisker comprises
20–21 single atom layers. A schematic illustration of the layered
stacking of the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whisker
is shown in Figure S5, which clearly exhibits the layered
model image.
.cn

Brunauer–Emmett–Teller (BET) measurements were per-
formed to determine the specific surface area of lamellar
K2Co3(P2O7)2 � 2H2O nanocrystal whiskers. The N2 adsorp-
tion–desorption isotherms of the lamellar K2Co3(P2O7)2
� 2H2O nanocrystal whiskers is shown in Figure S6. The BET
surface area of the lamellar K2Co3(P2O7)2 � 2H2O nanocry-
stal whiskers was found to be 89.1 m2 g�1. The pore-size
distribution was determined using the Barrett–Joyner–
Halenda (BJH) method from the desorption branch of the
isotherm in the inset of Figure S6. The average mesopore
diameter of the sample is 23 nm, corresponding to the
whisker structures assembled or folded, which indirectly
comfirms the highly interconnected structure of the lamel-
lar K2Co3(P2O7)2 � 2H2O nanocrystal whiskers. The micropore
diameter of the sample is about 1.0 nm calculated from the
H–K model, which is also consistent with the HRTEM result
and the lamellar crystal lattice distance in Figure S5. It is
well known that micropores and mesopores play a critical
role in electrochemical processes, due to their capability of
facilitating mass diffusion/transport (guest ion/ molecule
transport, and electrolyte penetration) and ensuring a high
electroactive surface area [39]. Accordingly, two pore-size
structures of the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal
whisker may affect its performance in electrochemical
energy storage application in different ways.
.coElectrochemical properties of the as-prepared
lamellar K2Co3(P2O7)2 . 2H2O nanocrystal whisker
electrode in a conventional three-electrode system

The electrochemical performance of as-prepared lamellar
K2Co3(P2O7)2 � 2H2O nanocrystal whisker electrode was firstly
studied in a conventional three-electrode system using CV met
hod. Figure 3a shows the CV curves of lamellar K2Co3`
(P2O7)2 � 2H2O nanocrystal whisker electrodes (mass loading of
�5 mg) in 3.0 M KOH electrolyte at different scan rates of 5–
100 mV s�1. As shown in Figure 3a, the shapes suggest a
pseudocapacitive nature, and the Faradaic pseudocapacitive
property of the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whisker
may be a result from the redox reaction of Co(II) to Co(III) on
the surface.

Chronopotentiometry (CP) curves of as-prepared lamellar
K2Co3(P2O7)2 � 2H2O nanocrystal whisker electrode were further
studied in a conventional three-electrode system at different
current densities (Figure 3b). The lamellar K2Co3(P2O7)2 � 2H2O
nanocrystal whisker electrode shows the symmetrical character-
istics of the charging/discharging curves, which indicates its
excellent electrochemical capability and the reversible redox
process. The specific capacitances calculated by the discharge
curves of Figure 3b are shown in Figure 3c. Based on these
results, the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whisker
electrode had a large specific capacitance of 1100 mF cm�2 at
the current density of 1.0 mA cm�2, and 831 mF cm�2 even at
5.0 mA cm�2 showing its potential for high power applications.

The cycling performances of the lamellar K2Co3(P2O7)2 � 2H2O
nanocrystal whisker electrode at different current densities (1.0,
1.5, 2.0, 3.0 and 5.0 mA cm�2) are shown in Figure 3d. It is seen
that the capacity changed from 1100 mF cm�2 to 810 mF cm�2

as the current density increased from 1.0 mA cm�2 to 5.0 mA
cm�2. What is more, the cycle remained stable at each current
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Figure 2 (a) SEM image of as-prepared samples, (b) AFM image, (c) TEM image, and the model image of overlapping
K2Co3(P2O7)2 � 2H2O nanocrystal whiskers (Inset), and (d) HRTEM image, and the large magnification image (Inset).
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electrode materials.

High electrical conductivity is crucial for supercapacitor
electrode materials. To identify the exact electrical conductivity
of the lamellar K2Co3(P2O7)2 � 2H2O nanocrystalline whisker elec-
trode, we measured the electrochemical impedance spectra
(EIS) spectrum of the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal
whisker electrode at room temperature in the frequency range
of 0.01–105 Hz under open-circuit conditions, as shown in
Figure S7. We propose an equivalent circuit to fit the impedance
curve in the inset of Figure S7, which is used to simulate the
circuit employed in a working supercapacitor. The EIS spectrum
can be fitted by a bulk solution resistance Rs, a charge-transfer
Rct and a pseudocapacitive element Cp from the exsiting redox
process, and the double-layer capacitance (CPE). What is more,
the charge-transfer resistance Rct of the lamellar K2Co3(P2O7)2
� 2H2O nanocrystalline whisker electrode calculated by ZSimp-
Win software was as low as 8.9Ω which clearly demonstrates
the reduced charge-transfer resistance of as-prepared the
lamellar K2Co3(P2O7)2 � 2H2O nanocrystalline whisker, an effect
possibly due to the novel surface-interface, which may
decrease the electrode polarization and increase its electro-
chemical active sites.

The galvanostatic charge–discharge curves and specific capa-
citances of the as-prepared graphene nanosheets are shown in
Figure S8. The specific capacitance of as-prepared graphene
nanosheets is 250 mF cm�2 at 1.0 mA cm�2. So the mass ratio
between the positive and negative electrode in the device is set
to 1:4.5.
Electrochemical properties of the as-prepared
flexible solid-state asymmetric supercapacitor

The flexible solid-state asymmetric micro-supercapacitor
(denoted by micro-device) was then fabricated via an inkjet
printing method, and the structure scheme of device is
illustrated in Figure 4a. Silver ink was printed on the PET
substrate, functioning as the current collector for active
materials (Lamellar K2Co3(P2O7)2 � 2H2O nanocrystalline whisker,
and Graphene nanosheets). In Figure S9, we provide SEM images
of the cross-section of the electrodes to understand the
structure of the as-prepared flexible electrodes with different
view directions. It is seen that the thickness of the as-prepared
lamellar K2Co3(P2O7)2; � 2H2O nanocrystal whisker electrode is
about 230 nm, while the thickness of the layer of as-prepared
graphene nanosheet electrode is about 1200 nm. The gap
between the layer of active materials and the PET substrate
is caused by the strong X ray electron beam from the SEM
machine. Gel electrolyte (KOH/PVA) was spread on the active
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Figure 3 In a conventional three-electrode system: (a) CV experiments within a 0.0–0.60 V range at a scan rate 5–100 mV s�1 were
performed on the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whisker electrodes in 3.0 M KOH electrolytes at room temperature,
(b) the galvanostatic charge–discharge curves of lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whisker electrodes during current densities
were 1.0–5.0 mA cm�2, (c) specific capacitances of K2Co3(P2O7)2 � 2H2O nanocrystal whisker electrodes derived from the discharging
curves at the current density of 1.0–5.0 mA cm�2, and (d) charge/discharge cycling test at different current densities from 1.0 to
5.0 mA cm�2.
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materials manually and was covered by another PET in order to
prevent the loss of water in the gel electrolyte. Figure 4b shows
CV curves of the micro-device with different cell voltages
varying from 0.0–0.50 V to 0.0–1.07 V. The presence of the weak
redox peaks (when the operating potential is 0.50 V in the
region between 0.0 and 0.50 V) indicates that the pseudoca-
pacitive properties of the cell originate from the positive
electrode (the lamellar K2Co3(P2O7)2 � 2H2O nanocrystal whis-
ker). When increasing the operating potential to 1.07 V, we can
find the largest surrounding area from the corresonding CV
curve which means this is the potential at which most Faradic
reactions occurred. Moreover, the charge–discharge curves of
the micro-device at a current density of 60 mA cm�3 held
nearly symmetric at an operating potential of �1.07 V
(Figure 4c). It means the micro-device exhibits ideal capacitive
characteristics with a rapid I–U response due to a small
equivalent series resistance [40]. Figure 4d shows a variety of
the specific capacitances of the micro-device calculated based
on the discharge curves of Figure 4c. The specific capacitance
increased from 0.67 to 5.31 F cm�3 as the operating potential
increased from 0.5 to 1.07 V. According to the equation E=CU2/
2, the amount of the stored energy and delivered power of the
micro-device (the potential window is 0.0–1.07 V) can increase
by at least 36-fold compared with those with the potential
window of 0–0.50 V. As a result of the increased Faradaic
reactions and the large voltage window, considerably improved
energy density and powder desity can be obtained.

CV curves of the flexible micro-device (5–100 mV s�1) were
also measured as shown in Figure 5a (the potential window is
0.0–1.07 V). The micro-device displayed a quasi-rectangular CV
geometry with fewer obvious redox peaks, indicating a combi-
nation of both pseudocapacitive and EDLC properties at all scan
rates. Interestingly, the shape of the CV curve can still be
well maintained even at the scan rate of 100 mV s�1, which
indicates a good rate capability of the micro-device.

Galvanostatic charge–discharge curves of the micro-device at
different current densities are shown in Figure 5b. The specific
capacitance reached 6.0 F cm�3 at a current density of 10 mA
cm�3, and other specific capacitances were also plotted in
Figure 5c. The micro-device exhibited good rate capability
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Figure 4 (a) Schematic view of the printed flexible micro-device, (b) CV curves, (c) galvanostatic charge–discharge curves, and
(d) specific capacitances of the micro-device with the increase of the potential window.
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densities of the micro-device measured at different scan rates
are shown in Figure 5d. With an operating potential of 1.07 V, a
maximum volumetric energy density of 0.96 mW h cm�3 was
achieved. Additionally, the maximum power density of the
micro-device was 54.5 mW cm�3 at 100 mA cm�3. These values
of the as-assembled micro-device are comparable to those of
other reported devices as shown in Figure S10 [41–52].
The maximum energy density of our micro-device is larger
than most devices in Figure S10, but is smaller than PANI//
WOx@MoOx (1.91 mW h cm�3) [46] and Ni(OH)2//FDU15
(2.16 mW h cm�3) [49]. Additionally, the maximum power den-
sity of the micro-device is much higher than that of the recently
reported devices: NiO//C [41], ZnO@MnO2 [45] and
ZnO@MnO2//Graphene [47], but lower than that of other
devices in Figure S10. The results above confirm that the
lamellar K2Co3(P2O7)2 � 2H2O nanocrystalline whisker is very
promising as a high energy-density anode material for all-solid-
state asymmetric micro-supercapacitors. The improved perfor-
mance can be attributed to the effect of high ion permeability of
the layered crystal structure, the abundant ion and electron
pathways.

Figure 5e shows the cycling performance of the flexible
micro-device at different current densities (10, 16, 60, 80, and
100 mA cm�3). When the current density changed from 10 mA
cm�3 to 100 mA cm�3, the specific capacitance changed from
6.0 F cm�3 to 3.9 F cm�3. Interestingly, the stable cycling
performance of the micro-device was also maintained at each
current density, which further confirmed its good rate stability.
5000 charge–discharge cycling tests were carried out to examine
the long-term cycle ability of the micro-device (Figure 5f).
During the cycling process at a current density of 10 mA cm�3,
only a small decay of the capacitance was observed. And the
decay could have resulted from the consumption of the gel
electrolyte due to an irreversible reaction from active materials
and electrolytes [39]. After 5000 cycles, the specific capacitance
of the micro-device is still approximately 94.4% of its initial
capacitance (6.0Fcm�3), which strongly proves the good cycling
performance of the micro-device.

The device has been bended with different angles (301, 601,
901, and 1801, Figure S11) and corresponding electrochemical
properties have been measured, with an aim to test the
flexibility of the micro-device. CV measurements were con-
ducted at the scan rate of 30 mV s�1 with various bending
angles (Ranging from 01 to 1801). As is shown in Figure S12a, the
CV curves with different bending angles barely changed.
Galvanostatic charge–discharge curves at 60 mA cm�3 with
various bending angles are shown in Figure S12b, from which
the corresponding specific capacitance ratios are found to be in
the range of 134–117% (Figure S12c). By comparing the specific
capacitance at the bent states (301–1801) with the normal state
(01), we can draw the conclusion that the flexible device under
bent conditions has even larger specific capacitance. This
enhancement may be caused by the improved ion and
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Figure 5 (a) CV curves with scan rates between 5 and 100 mV s�1, (b) galvanostatic charge–discharge curves at current densities
ranging from 10 to 100 mA cm�3 of the micro-device in the potential window of 0.0–1.07 V; (c) the specific capacitance was
calculated based on the data in Figure 5b, (d) Ragone plots of the micro-device based on the full cell, (e) cycling performance of the
micro-device at different current densities, and (f) cycling performance of the micro-device at 10 mA cm�3 for 5000 cycles.
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electrolyte diffusion under bent conditions. The cycle stability
under severely bent conditions is also an important parameter
for flexible devices. With the curvature ranging from 01 to 1801,
over 1000 cycles at the current density of 10 mA cm�3 were
tested respectively, and the results are shown in Figure S12d,
which further demonstrates the excellent mechanical stability
of the micro-device [40]. Notably, after the bending and cycling
of the device, the specific capacitance was maintained and
even enhanced.

Conclusions

In summary, a high-performance flexible all-solid-state
asymmetric micro-supercapacitor based on lamellar K2Co3
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(P2O7)2.2H2O nanocrystal whiskers//graphene nanosheets
was fabricated using a simple inkjet printing method. The
micro-device offered excellent cycling stability (retaining
94.4% of capacitance after 5000 cycles), and larger energy
density (0.96mWhcm�3) than most previous solid-state
micro-supercapacitors. In addition, the flexible device
showed excellent mechanical flexibility with a bending
angle in the range of 01–1801. Due to the eco-friendly nature
of material synthesis and simple device fabrication process,
the micro-device can be integrated into many portable
devices such as power-on-chip systems and roll-up display
panels. Other applications are also anticipated by exploiting
the advantages of flexibility and high energy density of
this flexible solid-state asymmetric micro-supercapacitor
endowed by both the materials and the device configur-
ation design.
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