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A B S T R A C T

Fast development of smart electronics requires urgently integrated energy storage devices, but conventional
supercapacitors, using two substrates, suffer from weak flexibility, low energy density and inferior integration.
Here we demonstrate a printable construction of all-solid-state high-energy planar asymmetric supercapacitors
(EG//MP-PASCs) based on all-in-one monolithic films of stacked-layer pseudocapacitive MnO2/poly(3,4-
ethylenedioxythiophene)–poly(styrenesulfonate) (MP) nanosheets as positive electrode, highly ionic conductive
boron nitride nanosheets as ultrathin separator (~ 2.2 μm), and capacitive electrochemically exfoliated
graphene (EG) nanosheets as negative electrode integrated on single substrate. Notably, EG//MP-PASCs are
free of conventional separators, additives, binders, and metal-based current collectors, significantly simplifying
the device fabrication process. EG//MP-PASCs can be operated reversibly at high voltage of 1.8 V at polyvinyl
alcohol/LiCl gel electrolyte, and exhibit volumetric energy density of 8.6 mW h cm−3, much higher than those of
conventional asymmetric supercapacitors based on two substrates (3.1 mW h cm−3), planar symmetric super-
capacitors based on EG//EG (0.64 mW h cm−3), MP//MP (2.5 mW h cm−3). Further, EG//MP-PASCs display
robust mechanical flexibility with ~ 98.8% of initial capacitance even bended at 180°, and applicable scalability
on various substrates. Remarkably, EG//MP-PASCs can be readily self-interconnected in series and parallel,
without usage of metal-based interconnections and contacts, to tailor the voltage and current output for
integrated circuits.

1. Introduction

The rapid development of wearable, portable, and implantable
electronics with intelligent multi-functionalities of thinness, flexibility,
miniaturization, and unusual shape diversity has immensely speeded
up the demand of flexible, compact, micro-scale energy storage systems
with high energy density integrated on single substrate [1–5].
However, the available conventional energy storage devices, such as
lithium ion batteries and supercapacitors, have fatal limitations on the
device configuration and assembly, e.g., using two pieces of substrates,
polymer binder, additive, thick separator, and liquid electrolyte, all of
them are the major issues of these devices with weak flexibility, inferior
shape diversity and low volumetric energy density, preventing their
seamless integration into designable circuits [6–9].

To address these issues, one reliable strategy is to develop planar

energy storage devices, e.g., planar supercapacitors (PSCs), constructed
with the major device components of two electrodes, separator,
electrolyte, and current collectors on the same substrate [10–13]. In
particular, microscale PSCs with interdigital geometry, exceptional
flexibility, and extremely short ionic pathway have been vastly ad-
vanced via rational fabrication and designed processing of nanostruc-
tured electrode materials, including carbide-derived carbon [14,15],
onion-like carbon [16], carbon nanotube [17], reduction graphene
oxide (rGO) [18–21], heteroatom doped graphene [22,23], activated
graphene [24,25], laser-scribed graphene (LSG) [26,27], MXene [28–
30], and their hybrids with pseudocapacitive metal oxide (e.g., MnO2

[31,32], RuO2 [33]) and conducting polymers (polyaniline [34,35],
polypyrrole [36], thiophene [37]), and exploitation of novel high-
voltage asymmetric device configuration with high energy density
[38–40]. However, these interdigital PSCs have their limitations on
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the special shape design due to the permanent existence of empty
interspace between negative and positive electrodes. Recently, our
group reported a reliable construction of graphene-based sandwich
PSCs with robust flexibility and innovative shape versatility, based on
2D nanosheet-based monolithic films of electrochemically exfoliated
graphene (EG) as two electrodes and nanosized graphene oxide (lateral
size of ~ 100 nm) as a separator on one single substrate [41], which
overcomes the limitation in shape design and fabrication. However,
these symmetric PSCs suffer from low volumetric energy density of 1–
3 mW h cm−3 due to limited voltage output (0.8 V). Therefore, further
effort in new construction design of such sandwich PSCs with novel
device geometry and a higher energy density is urgently required. In
addition, boron nitride (BN) with high ionic conductivity has been used
as separator for application of energy storage systems, such as lithium
ion battery [42] and dielectric capacitor [43], while BN nanosheets as
separator for supercapacitors with high performance has not been
reported.

Herein, we report a versatile and scalable printing technique for the
fabrication of all-solid-state, high-energy planar asymmetric supercapa-
citors (denoted as EG//MP-PASCs) based on the all-in-one monolithic
films of stacked-layer pseudocapacitive MnO2/PH1000 (MP) (PH1000:
poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate)) nanosheets,
highly ionic conductive BN nanosheets, and capacitive electrochemically
exfoliated graphene (EG) nanosheets, directly serving as positive elec-
trode, thin separator (~ 2.2 μm), and negative electrode, respectively,
integrated on one single flexible substrate. The fully printed monolithic
film exhibits a sandwich-like layered heterostructure of EG/BN/MP,
outstanding uniformity, mechanical flexibility, and strong adhesion to the
substrate, and can be directly used as a monolithic supercapacitor
covered by the solidified polyvinyl alcohol/LiCl (PVA/LiCl) gel as the
electrolyte. Importantly, in this novel planar configuration, the assembled
EG//MP-PASCs are free of conventional separators, conductive additives,
polymer binders, and metal-based current collectors, and greatly simpli-
fying the device fabrication process. The demonstrated EG//MP-PASCs
can be operated reversibly at high voltage of 1.8 V, and present high areal
capacitance of ~ 9.6 mF cm−2 and superior volumetric energy density of
8.6 mW h cm−3, which is much higher than those of conventional
asymmetric supercapacitors (EG//MP-CASCs, 3.1 mW h cm−3) sand-
wiching PVA/LiCl gel between EG film-printed PET and MP film-
assembled PET substrates, symmetric EG//EG-PSCs (0.64 mW h cm−3)
and MP//MP-PSCs (2.5 mW h cm−3), and outperforms most recently
reported asymmetric supercapacitors. Further, our EG//MP-PASCs, in
comparison with EG//MP-CASCs, display threefold volumetric capaci-
tance, enhanced flexibility without obvious capacitance degradation even
at a highly bending state of 180°, and applicable scalability on various
substrates, e.g., polyethylene terephthalate (PET), A4 paper, nylon
membrane. Remarkably, such EG//MP-PASCs can be readily integrated
through interconnection in series and parallel, without need of metal-
based interconnects and contacts, to modulate the output voltage and
current for designable integrated circuits.

2. Experimental section

2.1. Preparation of BN nanosheets

The BN nanosheets were prepared according to our previous report
[44,45]. Typically, h-BN (Momentive Performance Materials Inc.) and
urea (Sigma-Aldrich) with a weight ratio of 1:20 were mixed together,
and then milled under N2 atmosphere using a planetary ball mill
(Pulverisette 7, Fritsch) at a rotation of 500 rpm for 20 h. The resultant
powder was dispersed into deionized water and dialyzed for one week
to remove the residual urea using a dialysis bag with a molecular
weight cutoff of 14,000. After that, the resulting BN dispersion was
centrifuged at low speed to remove un-exfoliated BN nanosheets and
bulk particles to form the stable solution. Finally, a stable ink of BN

nanosheets, with a concentration of ~ 1.0 mg mL−1, was obtained by
adding ethanol, and subsequently used for the fabrication of EG//MP-
PASCs.

2.2. Preparation of EG nanosheets

The EG nanosheets were prepared by electrochemical exfoliation of
graphite in 0.1 M H2SO4 electrolyte, as reported previously [46]. Then,
the EG nanosheets were dispersed in isopropyl alcohol with a
concentration of ~ 0.3 mg mL−1 for electrode fabrication of EG//MP-
PASCs.

2.3. Preparation of MnO2 nanosheets

Manganese dioxide (MnO2) nanosheets were prepared according to
the previously reported work [47,48]. Typically, manganese nitrate
(Mn(NO3)2) aqueous dispersion (4.8 g, 50 wt%) was diluted into
40 mL. 7 mL of hydrogen peroxide (30 wt%) was slowly added into
17 mL of tetramethylammonium hydroxide (25 wt%, TMAOH) and the
resultant solution was diluted to 80 mL. Successively, the resulting
Mn(NO3)2 and TMAOH solutions were mixed together under vigorous
stirring for 12 h. Finally, the colloidal suspension of MnO2 nanosheets
was obtained after dialysis and centrifugation. To obtain a conductive
ink, high conductive PH1000 was added into MnO2 colloidal suspen-
sion, with the MnO2 and PH1000 weight ratio of 1:1, to form a hybrid
conductive ink. The concentration of the final MP ink was ~
0.2 mg mL−1.

2.4. Fabrication of EG//MP-PASCs

Customized masks were applied to fabricate the all-in-one mono-
lithic EG/BN/MP film for EG//MP-PASCs. To completely avoid direct
contact and short circuit between the bottom MP layer and the top EG
layer in an EG/BN/MP film, the mask 2 for BN patterns was wider
(about hundreds to thousands of micrometers) than mask 1 for MP and
make 3 for EG patterns. The fabrication process of EG/BN/MP film
was carried out on a hot plate set at the temperature of 50 °C to
accelerate the solvent evaporation. The distance between the air brush
pistol and the substrate was kept at 2 cm, and the spray coating
pressure of nitrogen gas was fixed at 0.1 MPa for MP, 0.03 MPa for BN
and EG inks. Using the air brush pistols with a diameter of 0.3 mm,
these three inks of MP (0.2 mg mL−1 in water-methanol), BN
(1.0 mg mL−1 in water-ethanol), and EG (0.3 mg mL−1 in isopropanol)
were printed one-by-one on a flexible substrate, with the assistance of
alternating shape-tailored customized masks. Finally, after PVA/LiCl
gel electrolyte was carefully drop-casted and solidified overnight, EG//
MP-PASCs were obtained. The thickness of MP and EG was readily
controlled by adjusting the amount or concentration of those two inks.
For comparison, EG//MP-CASCs were also fabricated sandwiching
PVA/LiCl gel electrolyte between MP and EG film electrodes with the
same thick film of EG//MP-PASCs on two individual PET substrates.
All the parameters of EG//MP-PASCs, e.g., length and width, were
listed in Supplementary material Fig. S15.

2.5. Materials characterizations

The morphology and structures of the related 2D nanosheets and
fabricated films were examined using scanning electron microscopy
(SEM, JSM-7800F), transmission electron microscopy (TEM, JEM-
2100), atomic force microscopy (AFM, Cypher atomic force micro-
scope), Raman spectrometer (LabRAM HR 800 Raman spectrometer,
532 nm), Fourier transform infrared (FTIR) spectrometer (Nicolet
7199), X-ray diffraction (XRD, X'pert Pro), X-ray photoelectron
spectroscopy (XPS, ESCALAB 250 instrument equipped with a non-
monochromatic Mg-Ka X-ray source).
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2.6. Electrochemical measurement

The electrochemical performances were performed by electroche-
mical workstation (CHI760E) using cyclic voltammetry (CV) measure-
ments with scan rates from 10 to 500 mV s−1, galvanostatic charge and
discharge (GCD) profiles with different current densities, and electro-
chemical impedance spectroscopy (EIS) recorded in the frequency
range from 0.01 Hz to 100 kHz with the ac amplitude of 5 mV.

3. Results and discussion

3.1. Structural characterization of EG//MP-PASCs

Fig. 1a conceptually illustrates the fabrication procedure for the
EG//MP-PASCs based on the monolithic film with EG/BN/MP in a
sandwich-like heterostructure on one single substrate (Fig. 1b and c).
To engineer EG//MP-PASCs, three different 2D nanosheets of solu-
tion-processable EG nanosheets (≤ 3 layers, Figs. 1d and S1) [41,46],
electronically insulating BN nanosheets with excellent ionic conductiv-
ity (lateral size of 100–500 nm, thickness of 1–1.5 nm, Figs. 1e and S2)

[45], and high-capacitance MnO2 nanosheets (Figs. 1f and S3) [49]
were taken into full consideration as negative electrode, separator, and
positive electrode, respectively. Because of poor electrical conductivity
of MnO2, highly-conductive PH1000 was mixed with MnO2 suspension
to obtain a hybrid ink of MnO2/PH1000 (MP, weight ratio of 1:1). Note
that PH1000 can serve as surfactant to stabilize the ink due to its
strongly adhesion on the surface of MnO2 nanosheets (Fig. S4). Using
this printable technique, these three inks of MP (0.2 mg mL−1 in water-
methanol), BN (1.0 mg mL−1 in water-ethanol), and EG (0.3 mg mL−1

in isopropanol) were printed step-by-step on a flexible PET substrate,
with assistance of alternating shape-tailored customized masks.
Afterward, a sandwich-like, stacked-layer monolithic film of EG/BN/
MP was obtained (Fig. 1g–i). Cross-section SEM image (Fig. 1i) of the
monolithic film displays the stacked-layer compact structure of as-
fabricated EG/BN/MP film, exhibiting a thickness of ~ 0.9, ~ 2.2 and ~
1.8 μm for MP, BN and EG layers, respectively. The presence of MP,
BN and EG were also confirmed by elemental mapping analysis from
the cross-section EG/BN/MP film (Fig. 1l). Top-view SEM image of the
MP film discloses the smoothly flat and highly uniform morphology
(Figs. 1j and S5), due to the strong interaction of PH1000 on MnO2

Fig. 1. Fabrication and characterization of EG//MP-PASCs based on EG/BN/MP monolithic film. (a) Schematic of the stepwise fabrication of EG//MP-PASCs with the help of
customized masks on substrate. (b,c) Photographs of EG//MP-PASCs with flat (b) and bending (c) states on PET substrate. (d) TEM image of EG. Inset shows a double-layer EG
nanosheet. (e) TEM image of BN nanosheets. Inset shows four BN layers of one BN nanosheet. (f) TEM image of MnO2 nanosheets. (g) Cross-section SEM image of EG/BN/MP film. (h)
Cross-section schematic of EG/BN/MP film. (i) Cross-section SEM image of EG/BN/MP film with high magnification. (j) Top-view SEM image of MP film. (k) SEM image of the
interfacial edges of stacked MP/BN layer. (l) Cross-section elemental mapping analysis of EG/BN/MP film.
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nanosheets [50]. Also, SEM image (Fig. 1k) reveals the tightly inter-
facial contact between MP layer and BN layer, as well as an excellent
adhesion between the substrate and monolithic film. Subsequently, a
polymer gel electrolyte of PVA/LiCl was carefully drop-casted onto the
surface of the film and solidified overnight. Finally, all-solid-state EG//
MP-PASCs based on the EG/BN/MP film were attained (See details
in Section 2).

3.2. Electrochemical performance and superiority of EG//MP-PASCs

To elucidate the electrochemical performance, we first examined
the optimal charge and mass balance of two electrodes (Fig. S6), and
measured CV curves at various scan rates from 10 to 100 mV s−1 and
GCD profiles at different current densities of 0.15–0.87 mA cm−2 of all-
solid-state EG//MP-PASCs, within a voltage range of 0–1.8 V (Fig. 2a–
c). To highlight the superiority of planar sandwich geometry for EG//
MP-PASCs, we also constructed the CASCs (denoted as EG//MP-
CASCs, Fig. S7) based on the same MP film as positive electrode and
EG film as negative electrode printed on two separated PET substrates,

using PVA/LiCl gel as the middle separator and electrolyte instead of
BN layer in EG//MP-PASCs. As expected, both CV curves with quasi-
rectangle shapes (Fig. 2b) and GCD profiles with nearly triangle shapes
at different current densities (Fig. 2c) of EG//MP-PASCs exhibit a
stable high voltage of 1.8 V and significant self-discharge time of 600 s
from 1.8 to 1.1 V (Fig. S8), suggestive of the successful construction of
such novel PASCs. From the comparison (Fig. 2d), it can be seen that
EG//MP-PASCs displayed higher areal capacitance of ~ 9.6 mF cm−2

than the EG//MP-CASCs (~ 8.9 mF cm−2) at a low scan rate of
10 mV s−1, resulting from the relatively shorter ionic pathway of BN
layer (~ 2.2 μm) in comparison with PVA/LiCl separator (~ 11 μm)
(Fig. S9). At high scan rate of 100 mV s−1, EG//MP-PASCs delivered
slightly lower areal capacitance of ~ 6.7 mF cm−2, in comparison with
EG//MP-CASCs (~ 6.8 mF cm−2 at 100 mV s−1). Remarkably, EG//
MP-PASCs showed higher volumetric capacitance of 19.2 F cm−3 than
that of EG//MP-CASCs (6.8 F cm−3, Figs. 2e and S10) at the same scan
rate of 10 mV s−1 due to the advantageous planar cell geometry of EG//
MP-PASCs using the thinner BN film as a separator. Furthermore,
Fig. 2f shows the similar vertical lines of the complex plane plots in low

Fig. 2. Electrochemical characterization of EG//MP-PASCs. (a) Schematic of EG//MP-PASCs on a PET substrate. (b) CV curves of EG//MP-PASCs tested at different scan rates from 10
to 100 mV s-1. (c) GCD curves measured at varying current densities from 0.15 to 0.87 mA cm−2. (d, e) Comparison of (d) areal capacitance and (e) volumetric capacitance of EG//MP-
PASCs and EG//MP-CASCs. (f) Complex plane plots of EG//MP-PASCs and EG//MP-CASCs. Inset is the magnified plots in high frequency region. (g) Bode plots of EG//MP-PASCs and
EG//MP-CASCs. (h) Cycling stability of EG//MP-PASCs. Inset is the CV curves at 1st, 2500th and 5000th cycles. (i) Ragone plot of EG//MP-PASCs, EG//MP-CASCs, MP//MP-PSCs,
EG//EG-PSCs and other commercially available energy storage devices.
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frequency region and the absence of semi-circle charge transport
resistance in high frequency regions of both EG//MP-PASCs and
EG//MP-CASCs, indicative of high ionic conductivity of BN layer as
separator. As depicted in high-frequency magnified plot, EG//MP-
PASCs presented a small equivalent series resistance (ESR) of
65.2 Ω cm−2, well comparable to EG//MP-CASCs with an ESR of
47.3 Ω cm−2. The characteristic frequency (fo) is related to the relaxa-
tion time constant τo (τo = 1/fo), which characterizes the minimum
time needed to discharge all the energy from the device in an efficiency
of more than 50%. Notably, the almost overlapped Bode plots of EG//
MP-PASCs and EG//MP-CASCs with the corresponding characteristic
frequency f0 of 0.49 and 0.58 Hz at phase angle of −45° also
demonstrated high ionic diffusion in the middle BN separator in
EG//MP-PASCs (Fig. 2g). In addition, EG//MP-PASCs disclosed
excellent cycling stability with capacitance retention of 92% after
5000 cycles (Fig. 2h), superior to that of EG//MP-CASCs with only
75% remained after 3600 cycles (Fig. S11), further demonstrative of
the cell geometry superiority of EG//MP-PASCs.

The Ragone plot was shown to compare the volumetric energy
density and power density of our EG//MP-PASCs to EG//MP-CASCs,
symmetric MP//MP-PSCs and EG//EG-PSCs, and other commercially
available energy storage devices (Fig. 2i). It can be seen that EG//MP-
PASCs offered a superior energy density of 8.6 mW h cm−3, much
higher than those of EG//MP-CASCs (3.1 mW h cm−3), MP//MP-
PSCs (2.5 mW h cm−3), and EG//EG-PSCs (0.64 mW h cm−3), and
well comparable to that of lithium thin-film battery (1–
10 mW h cm−3). Very importantly, this energy density value is also
higher than those of the recently-reported state-of-the-art ASCs
(Table S1), such as MnO2-filter paper (FP)//active carbon-FP
(0.78 mW h cm−3) [51], laser induced graphene (LIG)-FeOOH//

LIG-MnO2 (3.2 mW h cm−3) [39], active carbon- cellulose paper
(CP)//Co2Ni4-CP (2.5 mW h cm−3) [52]. Furthermore, EG//MP-
PASCs presented a robust volumetric power density of 4.2 W cm−3

(at 2.6 mW h cm−3), which is superior to those of EG//MP-CASCs
(1.9 W cm−3), MP//MP-PSCs (0.8 W cm−3), and EG//EG-PSCs
(1.1 W cm−3), and commercial supercapacitors (5.5 V/100 mF and
2.75 V/44 mF, < 1 W cm−3), and at least two orders of magnitude
higher than that of lithium thin-film battery (< 0.01 W cm−3). Note
that even taking the whole device volume including PVA/LiCl
electrolyte and substrate into consideration, the volumetric capaci-
tance and energy density of our EG//MP-PASCs are still much higher
than those of EG//MP-CASCs (Fig. S12).

To highlight the outstanding mechanical flexibility and structural
integrity of EG//MP-PASCs over EG//MP-CASCs for flexible electro-
nics, we further examined CV curves of as-assembled EG//MP-PASCs
and EG//MP-CASCs at different bending angles from 0° to 180° at scan
rate of 100 mV s−1 (Figs. 3a and b and S13). Clearly, it is observed that
all the CV curves with box-like shapes of EG//MP-PASCs were almost
overlapped well, and ~98.8% of initial capacitance was remained even
at highly bending state of 180° (Fig. 3b). In a sharp contrast, EG//MP-
CASCs bended at 180° only kept 90.6% of initial capacitance (Figs. 3c
and S13). This result substantially depicted the planar cell geometry
superiority of EG//MP-PASCs built on one substrate over EG//MP-
CASCs assembled with two individual substrates. Thanks to the
intimate contact between the stacked-layer monolithic film of EG/
BN/MP and flexible PET substrate, no delamination and destruction of
both the monolithic film and substrate was observed after continuous
bending. Furthermore, after repeatedly bending for 1000 times, EG//
MP-PASCs still kept ~ 95.4% of capacitance retention (Fig. 3d),
suggestive of exceptional electrochemical stability.

Fig. 3. Flexibility of all-solid-state EG//MP-PASCs. (a) Photographs of EG//MP-PASCs tested under different bending states of 0–180°. (b) CV curves of EG//MP-PASCs measured at
different bending angles at 100 mV s−1. (c) Capacitance ratio as a function of bending angle of EG//MP-PASCs and EG//MP-CASCs. (d) Cycling stability of EG//MP-PASCs tested under
repeated bending state. Inset is the photographs of EG//MP-PASCs under flat and bending states.
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3.3. EG//MP-PASCs on various substrates

To explore the availability of EG//MP-PASCs, we further con-
structed EG//MP-PASCs on different flexible substrates such as A4
paper and nylon membrane (Fig. 4a), while other steps were kept the
same as PET-based EG//MP-PASCs, with a thickness of ~ 0.5, ~ 2.2
and ~ 1.0 μm for MP, BN and EG layers, respectively. Notably, CV
curves of EG//MP-PASCs on three substrates of paper, nylon mem-
brane and PET showed similar box-like shape with slightly varying
areal capacitance (Fig. 4b). For instance, ~ 4.2, ~ 4.0, and ~
3.8 mF cm−2 at 50 mV s−1 were obtained for EG//MP-PASCs on
substrates of PET, nylon membrane, and paper, respectively
(Fig. 4c). This is likely ascribed to the disparity of the surface roughness
on those three substrates, resulting from the different resistances for
PET, nylon membrane and paper of 109 Ω cm−2, 138 Ω cm−2,
120 Ω cm−2, respectively (Fig. S14). It is of great value in robust
mechanical flexibility of EG//MP-PASCs on those three substrates
under different bending states, all of which maintained at least 91% of
their initial capacitances, even at bending angle of 180° (Fig. 4d). Those
results imply that our printable technology is versatile, highly flexible
and applicable for the fabrication of EG//MP-PASCs on various
substrates for electronics.

3.4. Scalable integration of EG//MP-PASCs

To fulfil the demand of high output voltage of electronics, we also
adopted the aforementioned printing technology to fabricate modular
power sources of three EG//MP-PASCs self-interconnected in series on
one PET substrate, without usage of conventional metal-based inter-
connects and contacts, through the tailored-shape customized masks of
depositing the patterns of first MP positive electrodes, second BN
separators, and third EG negative electrodes, respectively (Fig. 5a and
b). It should be mentioned that the directly overlapped films of both the
bottom MP layers and the top EG layer, localized two sides of EG//BN/
MP films, can act as interconnects, thus resulting in the self-integra-
tion. Remarkably, the CV curves with near rectangle shape (Fig. 5c)
obtained at 100 mV s−1 and GCD curves with symmetric triangle shape
(Fig. 5d) tested at 0.2 mA cm−2 of three serially-connected EG//MP-
PASCs showed a stepwise voltage increase from 1.8 to 5.4 V with
increasing the number of 1 to 3 serially-connected devices, demon-
strative of the successful integration. Moreover, the current densities of
CV curves (Fig. 5e) and discharge time of GCD profiles (Fig. 5f) from
EG//MP-PASCs connected from 1 to 3 devices in parallel increased
progressively, suggestive of outstanding performance uniformity.
Further, three serially-connected EG//MP-PASCs can readily power a

Fig. 4. Performance comparison of EG//MP-PASCs printed on different flexible substrates. (a) Photographs of EG//MP-PASCs constructed on PET (top), A4 paper (middle) and nylon
membrane (bottom). (b) CV curves of EG//MP-PASCs on different substrates tested at 50 mV s−1. (c) Comparison of areal capacitance of EG//MP-PASCs obtained at 50 mV s−1. (d)
Capacitance retention of three EG//MP-PASCs on different substrates as a function of bending angel from 0° to 180°.
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red light emitting diode (LED) (Fig. 5g), highlighting the tremendous
potential of our PASCs as smart power source units for integrated
circuity. It is emphasized that this advanced scalable integration of
planar modular power source from high-voltage PASCs on one
substrate has never been achieved without need of metal-based
interconnects and current collectors.

4. Conclusion

In summary, we have demonstrated a versatile and scalable
printable technique for the facile construction of high-voltage PASCs
based on all-in-one monolithic film of EG/BN/MP on various flexible
substrates with tremendous merits of high energy density, superior
flexibility, roust applicability, and outstanding integration. The as-
assembled EG//MP-PASCs are free of conventional separator, con-
ductive additives, binders, and metal-based current collectors, greatly
simplifying the device manufacturing process. The resulting EG//MP-
PASCs were operated reversibly at the high voltage of 1.8 V, and offered
a superior volumetric energy density of ~ 8.6 mW h cm−3, outperform-
ing most recently-reported CASCs. Through further exploitation of

advanced 2D nanosheet materials as both high capacitance electrodes
and superior ionic conductive separators, combined with high-voltage
all-solid-state electrolyte, electrochemical performance of these PASCs
will be immensely improved. Furthermore, our strategy for fabricating
PASCs is highly flexible and compatible for various high-resolution
printing techniques, e.g., inkjet printing, 3D printing. Therefore, our
technique is highly favorable for mass production of printable planar
asymmetric energy storage devices with integrated features of high
energy density, high voltage, and flexibility for versatile-shaped printed
electronics.
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Fig. 5. Scalable integration of three EG//MP-PASCs printed on one single substrate. (a) Schematic of the integration of three rectangle-shaped EG//MP-PASCs interconnected in series,
with the assistance of customized masks. (b) Photographs of the first MP layer, second BN separator layer, and third EG layer (from left to right), respectively. (c) CV curves obtained at
100 mV s−1, and (d) GCD profiles measured at 0.2 mA cm−2 of EG//MP-PASCs interconnected from 1 to 3 devices in series. (e) CV curves tested at 100 mV s−1, and (f) GCD profiles
measured at 0.2 mA cm−2 of EG//MP-PASCs interconnected from 1 to 3 devices in parallel. (g) Photograph of a LED powered by 3 EG//MP-PASCs interconnected in series under
bending state.
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Appendix A. Supplementary material

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.ensm.2017.08.002.
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