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A B S T R A C T

Inkjet printing is considered as a promising technique for flexible electronics fabrication owing to its simple,
versatile, environmental-friendly and low-cost features. The key to inkjet printing is ink formulation. In this
work a highly concentrated ink containing two-dimensional δ-MnO2 nanosheets with an average lateral size of
89 nm and around 1 nm thickness was used. By engineering the formulation of the δ-MnO2 ink, it could be inkjet
printed on O2 plasma treated glass and polyimide film substrates to form δ-MnO2 patterns without undesired
“coffee-ring” effect. As a proof-of-concept application, all-solid-state symmetrical micro-supercapacitors (MSCs)
based on δ-MnO2 nanosheet ink were fabricated. The fabricated MSCs showed excellent mechanical flexibility
and good cycling stability with a capacitance retention of 88% after 3600 charge-discharge cycles. The MSCs
attained the highest volumetric capacitance of 2.4 F cm−3, and an energy density of 1.8·10−4 Wh cm−3 at a
power density of 0.018W cm−3, which is comparable with other similar devices and show great potential as
energy storage units for low-cost flexible and wearable electronics applications.

1. Introduction

Printed electronics is an emerging technology for flexible electronic
device fabrication [1–3]. Printed devices, including organic transistors
[4,5], organic light-emitting diodes [6] and energy storage devices
[7–10], can be built by printing liquid functional materials such as
organic [11] and inorganic nanomaterials [12], as well as two dimen-
sional materials [13] on arbitrary substrates at relatively low tem-
peratures. Inkjet printing is an ideal method for deposition of nano-
materials for flexible device fabrication because it is a non-contact,
precisely controlled deposition and additive printing process.

Owing to their atomically thin layers, high theoretical specific ca-
pacitance, environmental compatibility and low cost, birnessite man-
ganese dioxide (δ-MnO2) nanosheets are regarded as an attractive
electrode material for portable energy storage devices like super-
capacitors (SCs). In addition, the layered structure of δ-MnO2 enables
the SCs to be much thinner and flexible than conventional devices.
Their fabrication by inkjet printing shows great potential in this respect,
since it allows the fabrication of integrated micro-supercapacitors
(MSCs) for small size portable, flexible and wearable electronic devices.
Alternative methods such as spray coating [14] vacuum filtration [15]
and spin coating [16] have been used to construct MSC devices, but

they lack the same degree of control over the roughness of the elec-
trodes and they have limitations in terms of pattern design.

However, a number of challenges still needs to be addressed in order
for inkjet printing to become practically feasible. Firstly, ink formula-
tion involving liquid exfoliation processes is far from ideal as it requires
multistep processes and is time-consuming [17]. Secondly, printable
ink formulations should have proper fluidic properties, as inkjet
printing imposes specific requirements on the physical properties of the
ink such as surface tension and viscosity [13]. Thirdly, the ink should
have a high solids concentration and high stability in order to improve
the efficiency of the inkjet printing process [18].

In this study, we developed a highly concentrated, stable, water-
based δ-MnO2 nanosheet ink. No toxic solvents, solvent exchange pro-
cesses or harsh preparation conditions were required. The δ-MnO2 ink
formulation was optimized for an all-solid-state flexible MSC applica-
tion.

2. Experimental section

2.1. Ink preparation

Colloidal δ-MnO2 nanosheets were prepared similar to a previously
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reported method [19]. Typically, 20mL of a mixed aqueous solution of
0.6 M tetrabutylammonium hydroxide (TBA•OH, 40wt% H2O, Alfa
Aesar) and 3wt% H2O2 (30 wt% H2O, Aldrich) was added to 10mL of
0.3 M MnCl2•4H2O (Sigma-Aldrich) aqueous solution within 15 s. The
resulting dark brown solution was stirred vigorously overnight in the
ambient at room temperature. The solution obtained was centrifuged
using a Sigma 1–14 centrifuge at 1000 g for 20min before collecting the
upper 2/3 of the volume. The lower 1/3 was washed by water and
methanol at 295 g for 20min, after which the precipitate was dried at
room temperature. The collected supernatant was centrifuged at
15,000 g for 1 h and the precipitate was re-dispersed in the printing
solvent. The printing solvent consisted of 1:10 propylene glycol (Sigma-
Aldrich): water by mass, 0.06mg/mL Triton X-100 (Sigma-Aldrich).
Then the re-dispersion solution was filtered through a 0.2 µm syringe
filter to remove large flakes which might block the ink jet printer
nozzles.

In order to estimate the final concentration of δ-MnO2 in the above
ink, 100 µL ink was diluted in water by 500 times on volume. The op-
tical absorbance was measured using a Shimadzu UV-1800 UV–Vis
spectrophotometer at 800–300 nm wavelength. According to the
Lambert-Beer law A/l= αC, where A is the absorbance, l the cell length
(here l=1 cm), C the concentration of dispersed δ-MnO2 and the ab-
sorption coefficient α=1.13×104 mol−1 dm3 cm−1 for δ-MnO2 na-
nosheets at around 374 nm [20], the δ-MnO2 concentrations C in the
ink was estimated to be 8.8 mgmL-1.

PEDOT: PSS (3.0–4.0%, Sigma Aldrich) solution was filtered
through a 0.45 µm syringe filter followed by addition of 2 vol% Triton
X-100 and 6 vol% ethylene glycol (Merck).

2.2. Printing

All patterns and devices were inkjet printed by a Dimatix DMP-2800
inkjet printer (Fujifilm Dimatix) which equipped with a 10 pL cartridge
(DMC-11610). Our formulated δ-MnO2 ink was printed on different
substrates, including glass and 120 µm thick polyimide film substrates.
PEDOT: PSS ink was inkjet printed on top of printed δ-MnO2 film at a
drop spacing of 20 µm at room temperature. The substrates, including
glass and polyimide film, were cleaned by ethanol, acetone, isopropanol
and water followed by O2 plasma treatment for 5min.

2.3. Fabrication of MSC

First, δ-MnO2 ink was inkjet printed in 5 layers at 20 µm drop
spacing on a 120 µm thick polyimide substrate, followed by annealing
at 350 °C for 1 h under nitrogen atmosphere. Then, 2 layers of PEDOT:
PSS were inkjet printed at 20 µm drop spacing on top of the thermally
treated δ-MnO2 thin films, followed by thermal annealing at 120 °C for
15min. The prepared PEDOT: PSS/δ-MnO2 films were used as elec-
trodes to for a symmetrical MSC. The PVA/LiCl gel electrolyte was
prepared by mixing 1 g PVA (MW 85,000–124,000, Aldrich), 2.13 g LiCl
(Alfa Aesar) and 10mL DI water thoroughly at 85 °C under vigorous
stirring. To complete the MSC, the electrolyte was deposited on the
electrodes area of MSC, and was dried at room temperature overnight.

2.4. Electrochemical testing

All electrochemical characterization was done by an Autolab
workstation (PGSTAT128N). The prepared PEDOT: PSS/δ-MnO2 elec-
trode was tested using a three-electrode configuration in 0.5M Na2SO4

(ABCR GmbH) solution. A platinum wire and an Ag/AgCl (3M KCl)
electrode (Metrohm) were used as the counter and reference electrodes,
respectively. The electrochemical performance of the all-solid-state
MSC was measured in a two-electrode configuration. CV curves were
obtained at a scan rate of 5–100mV s−1, galvanostatic charge-discharge
curves were measured at current densities from 0.05 to 0.2 A cm−3.
Electrochemical impedance spectroscopy was performed by applying an

AC voltage of 10mV amplitude in the frequency range from 0.01 to
10 kHz.

2.5. Characterization

X-ray diffraction (XRD) was conducted on a PANalytical X′Pert Pro
with Cu Kα radiation (λ=0.15405 nm). High resolution scanning
electron microscopy (HRSEM; Zeiss MERLIN) was used to acquire in-
formation on the morphology of printed δ-MnO2 nanosheets films. AFM
(Veeco Dimension Icon) was performed in standard tapping mode. The
AFM data were analyzed by Gwyddion (version 2.47) software. X-ray
photoelectron spectroscopy (XPS) was measured by an Omicron
Nanotechnology GmbH (Oxford Instruments) surface analysis system
with a photon energy of 1486.7 eV (Al Kα X-ray source) with a scanning
step size of 0.1 eV. The pass energy was set to 20 eV. The spectra were
corrected using the binding energy of C 1s of the adventitious carbon as
a reference. TEM was performed by FEI Titan 80–300 ST (300 kV) with
energy dispersive X-ray spectroscopy (EDS) capabilities. UV–vis spectra
were measured by a UV-1800 Shimadzu. The surface tension of the ink
was measured by contact angle system OCA (Data Physics Corporation).
The viscosity was determined by an Automated Microviscometer AMVn
(Anton Paar GmbH). The specific volumetric capacitance (CV) of film
electrodes was calculated from the GCD curves by using Eq. (1):

=C I dV dt V[ /( / )]/V electrode (1)

where I is the discharge current, dV/dt is the slope of discharge curve,
and Velectrode refers to the volume of the film electrode.

The specific areal capacitance (CA,device) and volumetric capacitance
(CV,device) of the MSC devices were also calculated from the GCD curve
according to Eqs. (2) and (3), respectively:

=C I dV dt A[ /( / )]/A, device device (2)

=C I dV dt V[ /( / )]/V , device device (3)

Here Adevice refers to the total area of the device including the
electrodes and the gap between the electrodes. Vdevice refers to the total
volume of the device, including the volume of the electrodes and the
gap between the electrodes.

The volumetric energy densities (EV, Wh cm−3) and power densities
(PV, W cm−3) were calculated from Eqs. (4) and (5)

= ×E C V /(2 3600)V V, device
2 (4)

= × ∆P E t3600 /V V (5)

Where Δt refers to discharge time.

3. Results and discussion

Powder X-ray diffraction (XRD) of a dried sample of a colloidal
suspension after centrifuging and washing with distilled water and
methanol, was used to verify the crystal structure and phase informa-
tion of the δ-MnO2 nanosheets as shown in Fig. 1a. The XRD pattern
shows the characteristic peaks at 2θ 12.21°, 24.55°, 36.71°, 65.87°,
which are attributable to the (001), (002), (100) and (110) reflections
[21]. These peaks indicate a layered birnessite-type structure. The
thickness of a δ-MnO2 nanosheet deposited on a silicon substrate by
Langmuir–Blodgett (LB) technology was measured by atomic force
microscopy (AFM) and was around 1 nm (Fig. S1, Supporting in-
formation). Based on its atomic architecture, the crystallographic
thickness of monolayer δ-MnO2 nanosheets has been calculated to be
0.52 nm [14]. Hydration and the presence of organic ions, i.e. tetra-
butylammonium (TBA+), on both sides of the δ-MnO2 nanosheets can
explain the difference between the crystallographic thickness and the
observed thickness [14]. The lateral sizes of δ-MnO2 nanosheets esti-
mated from AFM images (Fig. 1b) indicate that the majority of na-
nosheets has lateral sizes between 50 and 150 nm (Fig. 1c), which meets
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the requirement of the inkjet printer. In principle, a lateral size of less
than 1/50 the diameter of nozzle is preferred to avoid the nozzle from
becoming clogged during printing [22]. Based on this rule of thumb, the
maximum nanosheet lateral size is around 430 nm for our inkjet printer

with a nozzle diameter of 21.5 µm. Fig. 1d shows a transmission elec-
tron microscopy (TEM) image of δ-MnO2 nanosheets, illustrating the
ultrathin nature of the 2D nanostructure. X-ray photoelectron spectro-
scopy (XPS) was used to determine the oxidation state of Mn in δ-MnO2

Fig. 1. Characterization of δ-MnO2 nanosheets. a) XRD pattern of δ-MnO2 nanosheets. b) AFM image of δ-MnO2 nanosheets after deposition on a Si wafer by LB
technology. c) Lateral size distribution of δ-MnO2 nanosheets obtained by measuring 100 nanosheet flakes in Fig. 1b). d) TEM image of δ-MnO2 nanosheets. e) and f)
are the Mn 2p and Mn 3s XPS spectra of δ-MnO2 nanosheets, respectively.

Fig. 2. Optimization of δ-MnO2 ink formulation. a) Photograph of formulated δ-MnO2 nanosheet ink. b) Optical image of δ-MnO2 ink droplet formation vs time as
observed from the printer camera. The scale bar is 50 µm. c, d) Droplet drying process with c) excess surfactant and d) optimal surfactant concentration. e) AFM
image of printed single dot on glass substrate with excess surfactant. f) Cross-sectional profiles along three different directions in e). g) AFM image of printed single
dot on glass substrate with optimized surfactant concentration; h) cross-sectional profiles along three different directions in g).
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nanosheets. The two peaks at the binding energies of 641.9 eV and
653.7 eV as shown in Fig. 1e, can be assigned to the Mn 2p3/2 and 2p1/2
orbitals of Mn4+, respectively. The Mn 3s spectrum displays double
peaks that result from parallel spin coupling between the electrons in 3s
and 3d orbitals, with a splitting width of 4.8 eV, further indicating that
the Mn cations have an average valence close to 4 [23].

Water as such is not suitable for inkjet printing due to its high
surface tension (about 70mN/m) and low viscosity (about 1mPa s).
The inverse Ohnesorge number Z is often used to evaluate ink print-
ability, and is defined as =Z γρα η( ) /1/2 , where γ is the surface tension, ρ
the density, α the nozzle diameter and η the viscosity of the fluid. To
formulate a printable δ-MnO2 ink (Fig. 2a), Triton X-100, a non-ionic
surfactant, was selected as surface tension modifier to decrease the
surface tension of water from around 73–46mNm−1. Triton may also
help to avoid disrupting the electrostatic stabilization of δ-MnO2 na-
nosheets. Propylene glycol was added to modify the viscosity from 1.00
to 1.71mPa s in order to improve printing reliability. The value of the
surface tension, viscosity and nozzle diameter of 21.5 µm makes that Z
is about 19 for the modified water-based ink. This quality of the ink was
confirmed by the optical images of ink droplet formation vs time where
no satellite droplets are present (Fig. 2b). An additional advantage of
the addition of propylene glycol is that it can also suppress weak
Marangoni flow which will reduce the undesired coffee-ring effect [24].

The concentration of Triton X-100 was optimized since an excess
tends to shrink the droplet size. As schematically outlined in Fig. 2c,
excess Triton X-100 unpins the contact line led to a non-uniform

distribution of solids, which can indeed be clearly observed by AFM
(Fig. 2e). The cross-sectional profile of the AFM image of Fig. 2e in
Fig. 2f further confirms the pattern non-uniformity. More AFM images
and cross-sectional profiles along different directions of non-uniform
printed line are shown in Fig. S2a and S2b (Supporting information).
The concentration of Triton X-100 was therefore carefully optimized to
ensure the pinning of the contact line of the ink. Under ideal conditions
the material is uniformly deposited on the substrate due to recirculating
Marangoni flow, as schematically shown in Fig. 2d. The AFM image in
Fig. 2g shows a printed dot obtained from an ink with an optimized
Triton X-100 concentration. The corresponding cross-sectional analysis
in Fig. 2h reveals pattern uniformity in all directions, indicating the
reliability and quality of the printing process. The printed patterns also
show a smooth surface and low root mean square roughness at higher
magnification, as shown in Fig. S3 (Supporting information).

The morphology of printed δ-MnO2 lines on glass substrate at 50 °C
with variable droplet spacing is shown in Fig. 3a. The line became
bulged when the droplet spacing was 15 µm, due to the fact that dro-
plets significantly overlap with each other at this spacing. As the dro-
plet spacing increased to 40 µm, the morphology of the lines became
more uniform while the line width decreased. Any further increase of
the droplet spacing led to isolated droplets as they were too far from
each other to merge. The homogeneous morphology and fidelity of
printed lines employing a 40 µm droplet spacing was confirmed by
AFM; Fig. 3b shows a uniform distribution of nanosheet, while the
cross-sectional profiles of Fig. 3b in Fig. 3c confirm the uniformity of

Fig. 3. Optimization of δ-MnO2 ink printing parameters. a) Optical images of printed lines at different droplet spacings. The scale bar is 100 µm. b) AFM image of
printed line at 40 µm drop spacing. c) Cross sectional profiles along three different directions in b). d) Optical image of printed δ-MnO2 thin films on glass substrate. e)
Top-view SEM images of d) at different magnifications, in which the δ-MnO2 nanosheets are uniformly distributed.
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the printed lines in all directions. The morphology of printed δ-MnO2

lines on polyimide substrate at room temperature with variable droplet
spacing was also studied as shown in Fig. S4 (Supporting information).
The lines became uniform using a droplet spacing from 20 to 50 µm. In
order to reduce printing layers and improve printing efficiency, a dro-
plet spacing at 20 µm was used for printing δ-MnO2 ink on polyimide
substrate. The δ-MnO2 ink was also used to print thin films with uni-
formly distributed δ-MnO2 nanosheets, as illustrated in Fig. 3d where
the optical image of a printed δ-MnO2 film on a glass substrate is
shown, and Fig. 3e where the top-view SEM images of Fig. 3d at dif-
ferent magnifications are shown.

To investigate the electrochemical performance of a printed δ-MnO2

film, printed poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate)
(PEDOT: PSS)/δ-MnO2 electrodes on polyimide substrates were made
and studied in three-electrode measurements. The reliable printing
process allowed us to print multilayered δ-MnO2 films with different δ-
MnO2 film thicknesses. As shown in Fig. 4a, the thickness of these
printed δ-MnO2 films was proportional to the number of printed layers.
A series of electrodes with varying δ-MnO2 films thicknesses between
65 and 1245 nm were made. These electrodes are referred to as Mn-65,
Mn-380, Mn-530, Mn-880, and Mn-1245, respectively, depending on
their thickness (in nanometers). All electrodes were characterized in a
three-electrode setup in 0.5M Na2SO4 solution. The cyclic voltammetry
(CV) curves of these electrodes at a scan rate of 10mV s−1 show rec-
tangular-like shapes, which are explained by the redox reaction MnO2

+Na+ +e-⇄MnOONa. The galvanostatic charge/discharge (GCD)
curves in Fig. 4c were acquired at a current density of 0.5 A cm−3. The
calculated volumetric capacitances (CV) are shown in Fig. 4d. As the
thickness of δ-MnO2 films increased to 65 nm, the CV of the Mn-65
electrode reached 78.4 F cm−3, which is higher than the pure PEDOT:
PSS electrode (23.4 F cm−3). The maximum CV of 271.6 F cm−3 was
obtained with the Mn-530 electrode, and this value is about an order of
magnitude higher than the pure PEDOT: PSS film. This value is also
clearly higher than the CV of the 65 nm thick film, showing that the δ-

MnO2 nanosheet layers contribute to the electrode reaction. In contrast,
when the thickness of the δ-MnO2 film was further increased to 880 nm,
the CV of the Mn-880 electrode decreased dramatically to 156.6 F cm−3.
Most likely, electron transfer between layers becomes limiting in thick
δ-MnO2 film, probably to the extent that the MnO2 nanosheet layers of
the electrode furthest away from the external electrode are electrically
isolated and do not contribute to the capacity of the supercapacitor.
Slow electron transfer kinetics or electrical insulation between adjacent
nanosheet layers has been observed in various studies involving mul-
tilayers of nanosheets [25]. The CV of the even thicker Mn-1245 elec-
trode decreased further to 100 F cm−3. Possibly, the electrically in-
sulating top part of the electrode acts only as a diffusion barrier for
Na+. In any case these results clearly show that the optimum thickness
of the MSC is in the range of about 500 nm.

To further investigate the use of δ-MnO2 nanosheets for practical
application, a symmetrical MSC with interdigitated electrode config-
uration was fabricated using inkjet printing δ-MnO2 on a flexible
polyimide substrate, as schematically illustrated in Fig. S5 (Supporting
information). Functional δ-MnO2 based devices including 10 in-plane
interdigitated patterns were printed. The δ-MnO2 film was about
530 nm thick, as shown in the SEM image of the cross-section of the film
in Fig. S6 (Supporting information). After drying the δ-MnO2 pattern,
PEDOT: PSS conducting electrodes were inkjet printed on top of the δ-
MnO2 patterns. Then a poly(vinyl alcohol)/lithium chloride (PVA/LiCl)
gel electrolyte was cast onto the surface of the PEDOT: PSS/δ-MnO2

electrode to complete the fabrication of the MSC (Fig. 5a). In order to
evaluate the electrochemical performance of the MSC, CV and galva-
nostatic charge-discharge measurements were carried out in a potential
window from 0 to 0.8 V. The CV curves of the MSC at different scan
rates showed a rectangular-like shape at low scan rates, which was
maintained at high scan rates up to 100mV s−1 (Fig. 5b). The charge-
discharge curves are shown in Fig. 5c. The volumetric capacitance of
the MSC was calculated based on the charge-discharge measurements.
As shown in Fig. 5d, the MSC showed a highest volumetric device

Fig. 4. Electrochemical performance of printed
δ-MnO2 films with varying thickness. a)
Relationship between δ-MnO2 film thickness
and the number of printed layers. b) CV curves
of δ-MnO2 films with varying thicknesses at a
scan rate of 10mV s−1. c) GCD of δ-MnO2

electrodes with varying thicknesses at a cur-
rent density of 0.5 A cm−3. d) Volumetric ca-
pacitances CV of δ-MnO2 electrodes as a func-
tion of film thickness at 0.5 A cm−3.
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capacitance of 2.4 F cm−3 at a current density of 0.05 A cm−3. This
value corresponds with an areal capacitance of 0.26mF cm−2. The
areal capacitance is comparable to most graphene-based MSCs fabri-
cated by other techniques [26,27], and can be used in many on-chip
integrated systems which only require areal capacitances of around
1 μF cm−2 [28,29]. Notably, the volume used in the calculation of the
volumetric capacitance included the volume of the electrodes and the
spatial gap between the electrodes, while the area used in the calcu-
lation of the areal capacitance includes both the electrode area and the
area of the gap between the electrodes. Fig. 5e shows Ragone plots of
the volumetric energy density and the power density of the MSC, as
well as a comparison with other recently reported SC systems. The high
equivalent series resistance (ESR) of the MSC indicates a low charge/
discharge rate (see Fig. S7, Supporting information). The energy density
for the MSC is evaluated to be 1.8× 10−4 Wh cm−3, with a power
density of 0.018W cm−3. Hence, the energy density of the nanosheet-
based inkjet printed MSC is superior to a commercial 3 V/300 μF Al
electrolyte capacitor [30], as well as to other supercapacitors such as
ZnO@MnO2 carbon fiber [31] and graphene [32]. The performance of
the nanosheet-based MSC is comparable to other devices made of
MnO2/carbon fibers [33] and laser-induced graphene (LIG) MSC [34].

To demonstrate the mechanical flexibility of the MSC, the device
was bent at different angles (Fig. 6a). The CV curves remained nearly
unchanged while the device was highly bent over 120° with a bending
radius of about 1 cm (Fig. 6b), indicating that the MSC has potential as
energy storage unit cell for small flexible electronics applications.
Furthermore, the device was also bent for 250 times with a bending

radius of about 1 cm. As shown in Fig. S8 (Supporting information), the
CV curves showed a slight decrease after 100 times bending and a
further decrease after 250 times bending due to the occurrence of a
small crack in the electrode (Fig. S9, Supporting information). How-
ever, the devices was still functional, albeit operating at a lower per-
formance. To meet the requirements for practical application to satisfy
specific energy and power needs, MSCs can be connected in series or
parallel configurations (Fig. 6c). The voltage window was doubled by
connecting two MSCs in series, while the output current was increased
by a factor of almost 2 when two MSCs were connected in parallel
(Fig. 6d), indicating that these devices can be integrated to scale up the
voltage and current output. A 22% drop in volumetric capacitance of
MSC over 3600 charge-discharge cycles was observed (Fig. 6e), in-
dicating good cycling stability. It is noted that this work focused on
demonstrating the efficiency and possibility of inkjet printing tech-
nology for realizing flexible δ-MnO2 nanosheet-based MSC devices. We
did not attempt to determine the performance limits of these devices.
Devices performance improvements may be expected by integrating
other fabrication strategies with our inkjet printing technology, such as
chemical doping of δ-MnO2 nanosheets in order to improve con-
ductivity and/or energy density.

4. Conclusions

We have developed water-based, inkjet printable and highly con-
centrated δ-MnO2 nanosheets inks for supercapacitor application. By
ink formulation engineering, examining the drop spacing, we

Fig. 5. Electrochemical performance of inkjet printed MSC. a) Schematic diagram of MSC with interdigitated electrode configuration. b) CV curves of MSC at scan
rates from 5 to 100mV s−1. c) Galvanostatic charge-discharge curves of MSC at current densities from 0.05 to 0.2 A cm−3. d) Volumetric capacitance of MSC at
different current densities. e) Ragone plot of MSC and recent data from literature [28–33].

Y. Wang et al. Nano Energy 49 (2018) 481–488

486



determined the optimal printing conditions to prevent the undesired
“coffee-ring” effect. We have shown that the inkjet printed MSCs are
mechanically flexible and achieve high performance, which is com-
parable with other MSCs fabricated by different techniques. The inkjet
printing of two-dimensional materials also shows a high potential for
all-solid-state flexible energy storage devices. Overall, such inkjet
printed flexible energy storage devices shows great promising as energy
storage units for low-cost flexible and wearable electronics applica-
tions.
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