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Asymmetric micro-supercapacitors (AMSCs) are considered to be highly competitive miniaturized energy-
storage units for wearable and portable electronics. However, the energy density, voltage output and
fabrication technology for AMSCs remain challenges for practical applications. Herein, we adopt plasma
reduced and nitrogen-doped graphene oxide with a high nitrogen content of 8.05% and ultra-fine
MoO, nanoparticles with a diameter of 5-10 nm as electrode materials for high-energy flexible all-
solid-state AMSCs. The AMSCs based on plasma reduced and nitrogen-doped graphene oxide (PNG)
and plasma reduced and nitrogen-doped graphene oxide—MoO, composite films (PNG-MoO,) can be
integrated on diverse substrates (e.g., cloth, glass, leaves, and polyethylene terephthalate (PET) films)
and tailored into microelectrodes with various planar geometries by accurate laser cutting. The
resulting PNG//PNG-MoO,-AMSCs exhibit a high working voltage of 1.4 V, a significant areal
capacitance of 33.6 mF cm™2 and an outstanding volumetric capacitance of 1529 Fcm™> at 5 mV s~ %,
and offer an exceptionally high energy density of 381 mW h cm™>, outperforming most reported
AMSCs. Furthermore, the microdevices demonstrate electrochemical performance with excellent
stability under various bending conditions up to 180° and without obvious capacitance degradation
even after being bent at 60° for 1000 times. Furthermore, PNG//PNG-MoO,-AMSCs displayed
exceptional serial and parallel integration to boost the output of voltage and capacitance. This work
demonstrates the great potential of such AMSCs for practical application in miniaturized, wearable, and
flexible electronics.
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tremendous attention due to their ultra-long lifetime and
impressive power density, and being separator free and free of

Introduction

The rapid development in the field of miniaturization of
portable and wearable electronic devices has increased the
demand for miniaturized energy storage and micro-power
supply.*” Compared to commercially available Li thin-film or
microscale batteries, planar micro-supercapacitors (MSCs) as
a novel type of microscale energy storage device have attracted
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lithium-related safety issues.®” In addition, MSCs with an in-
plane configuration not only endow the device with high flex-
ibility but can also be integrated efficiently on-chips and in-
package within miniaturized electronics.*** However, most of
the reported MSCs cannot meet the requirement of high
voltage output, volumetric capacitance and energy density
without sacrificing their power density and lifetime, which
limited their practical applications in flexible and portable
electronics.

Recently, graphene has been considered an ideal two
dimensional material for MSCs to maximize the advantages of
the planar device configuration and energy storage due to its
high surface area, outstanding electrical conductivity and large
specific capacitance. For example, MSCs based on reduced
graphene oxide, graphene quantum dots and graphene
composites have demonstrated the merits of robust flexibility,
scalability, ultra-long cyclability and high power density."**° To

This journal is © The Royal Society of Chemistry 2019
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further boost the energy density (E) of graphene based MSCs, it
is efficient to implement high specific capacitance (C) electrode
materials with different working potentials in an asymmetric
configuration to increase the output voltage (V), namely gra-
phene based AMSCs, in terms of E = 0.5CV*.*'"» Nitrogen
doped graphene (NG) has larger specific capacitance compared
with pristine graphene due to additional pseudocapacitive
effects, which is an ideal film material for negative elec-
trodes.”*?® In addition, the fabrication of a heterogeneous film
incorporated with pseudocapacitive metal oxides (RuO,, MnO,,
Fe,0;, and MoO,) and graphene as the positive electrode
material is another efficient strategy for providing synergistic
benefits in terms of electrochemical and mechanical perfor-
mance.”* Until now, most NG or graphene heterogeneous
film electrodes reported are based on in situ CVD,** and post-
reduction treatment of graphene oxide (GO) films by thermal,
solvothermal, laser and hydrothermal methods.***” However,
most of these methods usually require multi-step procedures,
toxic chemical substances, high temperature and annealing
processes, which lead to poor compatibility with various
substrates and subsequent device fabrication techniques for
scalable and integrated applications.** Furthermore, mask-
assisted vacuum filtration, inkjet printing, electrochemical
deposition, and micro-electro-mechanical system (MEMS)
fabrication have been applied to fabricate asymmetric micro-
supercapacitors, and these are still not efficient and
economic enough to implement the assembly and integration
on various substrates as well as scalable production.’**
Therefore, a feasible and practical strategy that features
nitrogen-doped reduced graphene oxide which enables the
assembly of composite materials with an optimal ratio of
pseudocapacitive species for flexible patterning and large area
film electrodes for AMSCs is still in high demand for ready
integration into miniaturized electronic devices.

In this work, we developed flexible high-energy all-solid-state
AMSCs with diverse planar micropatterns based on plasma
reduced and nitrogen-doped graphene oxide and ultra-fine
MoO, nanoparticles. The AMSCs consist of a PNG film as the
negative electrode and a PNG-MoO, film as the positive elec-
trode, which was denoted as PNG//PNG-Mo0O,-AMSCs. This
plasma technique, combined with laser cutting, brings great
advantages of applicable scalability, high efficiency, low cost,
environmental benignity, and versatile post-tailored geometries
and size, which can be readily integrated and is compatible with
miniaturized electronic device manufacturing. In addition, the
assembled flexible AMSCs can be transferred onto various
substrates (e.g. glass, leaves, and PET). Notably, the flexible
PNG//PNG-M00O,-AMSCs delivered an outstanding areal
capacitance of 33.6 mF cm ™%, a volumetric capacitance of 152.9
F cm*, and a remarkable energy density of 38.1 mW h cm™>.
Moreover, the PNG//PNG-Mo0O,-AMSCs demonstrated excellent
cyclability with 88% capacitance retention after 10 000 cycles as
well as exceptional mechanical flexibility with ~97.2% capaci-
tance retention after repeatedly bending to 60° for 1000 times.
We believe that our demonstration of PNG//PNG-MoO,-AMSCs
will offer opportunities to power various miniaturized wearable
electronic devices.

This journal is © The Royal Society of Chemistry 2019
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Experimental section
Materials synthesis

All chemicals are purchased from Sigma Aldrich without further
purification. GO solution with a concentration of 5 mg mL "
was synthesized by Hummers' method.** A MoO, solution with
a concentration of 3.4 mg mL ' was prepared via a hydro-
thermal method.*® In detail, 0.3 g commercial MoO; powder
(Sigma Aldrich, metal basis, 99%), 10 mL absolute ethylene
glycol (Sigma Aldrich, analytical grade, 99%) and 10 mL DI
water were stirred for 30 minutes. The mixture was transferred
into a 100 mL Teflon-lined stainless steel autoclave. The auto-
clave was sealed and put into an oven at 120 °C for 6 h. After the
autoclave cooled down, the dark solution was centrifuged and
washed several times at 3500 rpm. Then the upper MoO, solu-
tion was collected by centrifuging at 7000 rpm for 30 min. The
final MoO, colloidal solution was obtained with a concentration
of 3.4 mg mL™".

Fabrication of RGO-MSCs and PNG-MSCs

To fabricate a thin GO film for MSCs, the layer-by-layer depo-
sition method was used, as we reported recently."** 10 mg GO
solution was added into 50 mL DI water by sonication for
10 min, and then the GO film was obtained by directly vacuum
filtering the solution onto cellulose paper. The RGO film was
prepared by heat reducing the GO film in an oven at 200 °C for
24 hours. The PNG film was obtained by treatment with N,/H,
(15 vol%) plasma with a 200 W power for 1 hour in a homemade
plasma system. The gold layer was sputtered on both of the PNG
and RGO films with a rate of 0.5 nm s~ at a chamber pressure
of 9 x 10~ mbar. The microelectrodes were prepared by laser
cutting of the corresponding RGO and PNG films. Finally, the
patterned microelectrodes were assembled on PET with dual
adhesive tape and a polymer gel electrolyte PVA-LiCl was care-
fully drop-casted. RGO-MSCs are based on RGO microelec-
trodes. PNG-MSCs are based on PNG microelectrodes.

Fabrication of RGO//RGO-M00,-AMSCs and PNG//PNG-
MoO,-AMSCs

To prepare GO-MoO, films, 10 mg GO sheets and 1.1 mg MoO,
nanoparticles (the mass ratio of GO-MoO, is 9 : 1) were added
into 50 mL DI water by sonication for 10 min, and then the GO-
MoO, films were obtained by directly vacuum filtering the
solution onto cellulose paper. Subsequently, PNG-MoO, films
were prepared by using a homemade plasma system using a N,/
H, (15 vol%) gas with a 200 W power for 1 hour. RGO-MoO,
films were obtained in an oven at 200 °C for 24 hours. A 40 nm
gold layer was sputtered on both of PNG and PNG-MoO, films
with a rate of 0.5 nm s~ ' at a chamber pressure of 9 x 107>
mbar. The PNG, PNG-MoO,, RGO and RGO-MoO, microelec-
trodes were prepared by laser cutting the films (Dobot Robot
Shenzhen Yuejiang Technology Co., Ltd.). Finally, the patterned
microelectrodes were assembled on PET using dual adhesive
tape and a polymer gel electrolyte of PVA-LiCl was carefully
drop-casted. The PNG//PNG-Mo00O,-AMSCs are based on PNG
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and PNG-MoO, microelectrodes. The RGO//RGO-Mo00O,-AMSCs
are based on RGO and RGO-MoO, microelectrodes.

Materials characterization

Materials characterization for the structure and morphology
was performed by XRD (PAN analytical X'pert Pro.), FTIR
(Bruker Vertex-70), Raman spectroscopy (Renishaw), XPS (Kra-
tos AXIS Nova instrument equipped with a monochromatic Al
Ko X-ray source), TGA (Q-500, TA Instruments), SEM (Zeiss
Supra 55VP) and Transmission Electron Microscopy (TEM)
(JEOL 2100). Sheet resistance was measured by using
a conductivity meter with a four point probe head (ST22588-F01,
Suzhou Jingge Electronic Co., Ltd.).

Electrochemical measurement

The electrochemical performance of the fabricated devices was
measured by CV tests from 5 to 200 mV s~ . The GCD test took
measurements at different current densities and electro-
chemical impendence spectroscopy was performed in the
frequency range of 0.1 Hz to 100 kHz with a 5 mV AC amplitude.
All the electrochemical measurements were carried out using an
electrochemical workstation (reference 600+, Garmy Co., Ltd).

Results and discussion

Fig. 1a schematically illustrates the fabrication procedure of all-
solid-state planar PNG//PNG-Mo00O,-AMSCs based on PNG and
PNG-MoO, films. First, a thin film of GO was fabricated onto
paper by vacuum filtration of a 50 mL well dispersed GO (10 mg)
solution. A GO-MoO, film was prepared by the same method
using 50 mL mixed solutions of GO sheets (10 mg) and MoO,
nanoparticles (1.1 mg). TEM images show ultra-fine MoO,
nanoparticles with a diameter of 5-10 nm (Fig. S1 and S27). The
SEM image of the GO film displays a uniform and flat surface
(Fig. S3a and bt), while the GO-MoO, film shows a wrinkled
and rough surface due to the uniformly dispersed MoO,
nanoparticles in GO as pinning obstacles which effectively
prevent the restacking of GO after reduction (Fig. S3¢ and df).
The cross-sectional images of PNG and PNG-MoO, reveal the
compact stacking of PNG sheets and PNG-MoO, composites
with a uniform thickness of ~2.2 pm and 2.3 um, respectively
(Fig. S3e and f¥). In addition, TGA indicates that there is 13 wt%
MoO, in the composite (Fig. S47).

The simultaneous reduction and N-doping of GO and GO-
MoO, films were realized by plasma-assisted treatment with N,/
H, (15 vol%) gas for 1 h. After plasma treatment, it can be clearly
seen that the colour of the GO film changed from yellow brown
to dark black, as shown in Fig. S5,1 indicating the successful
reduction of GO. The SEM image of the PNG-MoO, film shows
a surface morphology similar to that of the GO-MoO, film
(Fig. 1b, ¢ and S3ct). The PNG and PNG-MoO, films exhibit
sheet resistances of 2.3 x 10* Q sq~ " and 2.5 x 10* Q sq*,
respectively, tested by using the four-point probe method before
gold coating. The sheet resistances of the RGO and RGO-MoO,
films are 4.6 x 10° Q sq ' and 5.1 x 10° Q sq". The sheet
resistance of plasma reduced graphene oxide is much lower
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than that of the reduced graphene oxide by thermal reduction
treatment at 150 °C (2.14 x 10° Q sq™"),* suggesting its supe-
rior electrical conductivity and a highly effective plasma-
assisted reduction at a low temperature (~50 °C). The corre-
sponding elemental mapping images in Fig. 1d-g show the
highly homogeneous C, N, Mo, and O elements in the PNG-
MoO, film, which demonstrates the successful formation of
nitrogen-doped reduced graphene oxide. The reduction and
nitrogen-doping effects on the GO/GO-MoO, film during
plasma processes can be confirmed and quantified by XPS. The
XPS survey data (Table S1t) show an oxygen content is 28.57 at%
in the GO film and 14.03 at% in the PNG film. The O/C atomic
ratio is 0.40 for the GO film, which is much larger than 0.18 for
the PNG film. Except for C1s and O1s peaks centered at 284.7 eV
and 530 eV in GO, an additional N1s feature appears at 400 eV in
PNG, accompanied by a dramatic decrease of O1s peak intensity
(Fig. S6t). The high-resolution N1s spectrum of PNG can be
deconvoluted into three peaks locating at 396.2 eV, 397.9 eV and
402.5 eV, which can be assigned to pyridinic, pyrrolic and
graphitic N (Fig. Séct).**>* It has been reported that the
graphitic and pyridinic N on the graphene surface can greatly
increase the quantum capacitance of nitrogen-doped reduced
graphene oxide compared to pristine graphene, which indicates
that the as-produced PNG could deliver a larger space charge
capacitance.®® The XPS results additionally reveal that the total
nitrogen concentration is as high as 8.05 at% in PNG (Table
S1t). After plasma treatment, the D bands and G bands of PNG
and PNG-MoO, in Raman spectra show a red-shift and the
relative intensity ratio between the D and G bands (Ip/lg)
decreases from 0.92 for GO to 0.88 for PNG (Fig. S7t), suggest-
ing that the partially ionised N,/H, gas reacts with the oxygen-
functional groups on the surface of GO films, leading to the
effective reduction of the GO films and re-established the
conjugated graphene network (sp” carbon). In addition, the
disappearance of O-H bands is accompanied by new C-N peaks
which emerged in FTIR spectra (in Fig. S8t) after plasma
treatment, which further confirm our XPS and Raman results.

After plasma-assisted reduction, a thin layer of gold was
deposited on the PNG and PNG-MoO, films as current collec-
tors. Laser cutting was used to precisely cut the films into
microelectrode patterns with desirable in-plane geometries.
This facile technique can potentially enable the scalable
production of planar MSCs in different configurations with
desirable sizes and geometries, e.g. spiral, parallel strips, and
interdigital fingers (Fig. 1h-k). More importantly, compared
with conventional MSCs which require a specific substrate due
to the brittleness of thin graphene films, the obtained MSCs can
be feasibly assembled on one substrate and transferred to
different substrates (e.g., cloth, PET, leaves, and glass) with the
assistance of dual adhesive tape (Fig. 11-0), which can largely
extend their application to a range of devices with different
requirements. Therefore, the combination of plasma and laser
cutting techniques offers a simple, scalable and effective
method to fabricate planar and flexible AMSCs. Finally, the all-
solid-state planar PNG//PNG-Mo00O,-AMSCs were obtained by
drop casting the PVA/LICl electrolyte.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Fabrication and characterization of flexible in-plane PNG//PNG-

MoO,-AMSCs. (a) Schematic diagram of the fabrication process of PNG//

PNG-MoO,-AMSCs. (b) SEM image of the surface of PNG-MoO; at high resolution, and scale bar is 500 nm. (c) SEM image of the surface of the
PNG-MoO; film at low resolution, with a scale bar of 25 um. (d—g) Elemental mapping analysis of the PNG-MoO, film. Photography of PNG//
PNG-MoO,-AMSCs with various sizes and shapes of (h) spiral, (i) two parallel strips, (j) parallel interdigital fingers, and (k) nine parallel interdigital
PNG//PNG-MoO,-AMSCs assembled on one paper, and a scale bar of 0.5 mm for figures h to k. PNG//PNG-MoO,-AMSCs transferred onto

different substrates: (1) cloth, (m) PET, (n) leaf, and (o) glass.

The nitrogen doping effect on improving the capacitance was
ascertained by comparing the electrochemical performance of
RGO-MSCs and PNG-MSCs. To be more specific, the positively
charged graphitic N is located on the valley and the centre
position of the defective graphene lattice. This structure
delivers the largest binding energy difference compared with
the pure graphene counterpart, which improves the electronic
conductivity, electron transfer rate and capacitance. The nega-
tively charged pyridinic N and pyrrolic N could further increase
the capacitance via enlarging the binding energy at both basal
planes and edges.”” Fig. S91 shows the electrochemical perfor-
mance results of PNG-MSCs and RGO-MSCs. The rectangle
shape of CV curves and the symmetric triangle shape of GCD
curves of RGO-MSCs and PNG-MSCs show the typical electro-
chemical response of electrochemical double layer capacitance
(EDLC) materials. An areal capacitance of 37.1 mF cm > and
a volumetric capacitance of 166.9 mF cm ™ were obtained for
PNG-MSCs at 5 mV s~ ', which is four times larger than the areal
capacitance of 8.5 mF cm™ > and 38.5 mF cm * for RGO-MSCs
(Fig. S91). The improved capacitance of PNG-MSCs derived
from the additional active sites, excellent wettability and
enhanced conductivity compared with RGO-MSCs.*® Therefore,
PNG is expected to be a better electrode material to obtain high-
performance AMSCs.

Fig. 2a schematically shows the adsorption and intercalation
process of PNG//PNG-Mo00O,-AMSCs. AMSCs have an in-plane
geometry, in which positive and negative electrodes are

This journal is © The Royal Society of Chemistry 2019

separated in an interdigital structure. The unique structure
increases the ability of the electrolyte ions CI~ and Li" to
percolate into the PNG and PNG-MoO, layers by full utilization
of the electrochemical surface area.*® To demonstrate the elec-
trochemical performance of PNG//PNG-Mo00O,-AMSCs, we first
investigated the working potential window by recording the
cyclic voltammetry (CV) curves of the PNG film and PNG-MoO,
film in a typical three-electrode test. It can be seen that the
operating potential window of the PNG electrode is found to be
from —0.8 to 0 V vs. Ag/AgCl and that for the PNG-MoO, elec-
trode is from 0 to 0.6 V, as shown in Fig. S11.f The CV and
galvanostatic charge and discharge (GCD) curves of planar
PNG//PNG-M00,-AMSCs (Fig. 2b and c) were recorded at
various working voltages at a constant scan rate (5 mV s~ ') and
current density (0.5 mA cm ?), respectively, which show
a uniform electrochemical response, reaching a stable oper-
ating voltage of 1.4 V without obvious redox peaks. In addition,
the PNG//PNG-Mo00O,-AMSCs exhibit a relatively rectangular
shaped CV curve even at high scan rate of 100 mV s ', sug-
gesting fast charge-transfer kinetics and fast ion transport
between the layers of PNG, as shown in Fig. 2a and d.°**
Moreover, the symmetric triangular shape of the GCD curves at
various current densities up to 2 mA cm™? indicates the good
reversibility and capacitive properties of such PNG//PNG-MoO,-
AMSCs (Fig. 2e). Notably, the all-solid-state PNG//PNG-MoO,-
AMSCs delivered an outstanding specific areal capacitance of
33.6 mF cm > and volumetric capacitance of 152.9 F cm™> at

J. Mater. Chem. A, 2019, 7, 14328-14336 | 14331
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Fig. 2 Electrochemical characterization of in-plane PNG//PNG-MoO,-AMSCs. (a) Mechanism illustration of PNG//PNG-MoO,-AMSCs. (b) CV
curves of PNG//PNG-MoO,-AMSCs at different voltages from 0.8 to 1.4 V at a scan rate of 5 mV s~ (c) GCD curves with different voltages at

a current density of 0.5 mA cm™2. (d) CV curves obtained at different scan rates from 5 to 100 mV s
. (f) Areal capacitance and (g) volumetric capacitance of PNG//PNG-MoO,-AMSCs. (h) Complex plane plots of

densities from 0.25 to 2 mA cm ™2

~1 (e) GCD curves obtained at various current

PNG//PNG-MoO,-AMSCs. (i) Cycling stability of PNG//PNG~MoO,-AMSCs at a current density of 0.75 mA cm 2. Inset shows the GCD curves of

PNG//PNG-MoO,-AMSCs before and after 10 000 cycle.

5 mV s~ ' (Fig. 2f and g), which is four times larger than the
RGO//RGO-Mo00O,, areal and volumetric capacitance of 7.9 mF
em 2 and 36.2 F cm (Fig. S107). Even at a high scan rate of
200 mV s~ ', the areal capacitance and volumetric capacitance
were maintained at 12.7 mF cm > and 57.7 F cm >, respectively.
The Nyquist plot in Fig. 2h shows that the PNG//PNG-MoO,-
AMSCs have an equivalent series resistance (ESR) of ~55 Q. This
ESR is relatively low considering the limited area of the elec-
trodes and the overall small footprint of the device, contributing
to excellent rate capability. The specific areal capacitance is
much higher than that of most of the latest reported symmetric
or asymmetric MSCs (Table S2t), such as photochemically
reduced graphene (1.5 mF cm™ ?),** Sulfur-Doped Graphene
(0.55 mF cm™?),*” Fluorine-Doped Graphene (17.4 mF cm™?),%®
LIG-FeOOH//LIG-MnO, (21.9 mF cm ™ ?),*> GP/PANI-G/GP (7.63
mF cm™ ), LTO//AG (27.8 mF cm ™ ?),> VN//Co(OH), (21 mF
cm ™ ?),* NPG/MnO,//NPG/PPy (1.27 mF cm 2),** and RGO//

14332 | J. Mater. Chem. A, 2019, 7, 14328-14336

RGO-Mo0O, (8.7 mF em™>). More importantly, the as-fabricated
PNG//PNG-Mo00O,-AMSCs retain 88% of their initial capacitance
after 10 000 cycles with a voltage window of 0-1.4 V at a current
density of 0.75 mA cm™” (Fig. 2i), manifesting an excellent
cycling stability of charge storage. The capacitance fading may
result from the partial solubility of MoO, due to the residual
water in the PVA-LICl gel electrolyte. The ineffective contact
between the active materials and current collector layer after
long-term cycling could contribute the degradation as well.*>%*

To highlight the excellent flexibility of the fabricated AMSCs,
we further recorded CV curves of all solid-state PNG//PNG-
Mo00O,-AMSCs at various bending angles from 0-180° at a scan
rate of 50 mV s~ ' (Fig. 3a and b). Remarkably, all of the CV
curves with rectangle patterns almost overlapped and 96.4% of
the initial capacitance was maintained even at a high bending
angle of 180°, demonstrating the exceptional flexibility and
structural integrity of the device. In addition, PNG//PNG-MoO,-

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Flexibility and integration of all-solid-state PNG//PNG-MoO,-AMSCs. (a) Photographs of PNG//PNG-MoO,-AMSCs measured under

different bending states. (b) CV curves obtained at different bending angles at 50 mV's

~1 (c) Capacitance retention as a function of bending angle.

(d) Cycling stability of PNG//PNG-MoO,-AMSCs during repeated bending cycles with a constant bending angle (60°). Inset shows GCD curves

recorded at a current density of 0.75 mA cm™2.

AMSCs showed outstanding electrochemical stability and
mechanical durability, retaining 97.2% of capacitance after
repeatedly bending at 60° for 1000 times. This superior
performance makes PNG//PNG-MoO,-AMSCs a candidate for
practical applications in smart garments and flexible electronic
devices.

The outstanding electrochemical performance and flexibility
of the as-fabricated PNG//PNG-Mo0O,-AMSCs should be
ascribed to the combined synergistic effects. First, the low sheet
resistance and excellent electrical conductivity of both PNG film
and PNG-MoO, film electrodes after plasma treatment are
beneficial to achieve fast charge transfer. The PNG film delivers
high capacitance due to the additional pseudocapacitance
contributions originated from the nitrogen doping. In addition,
nano-sized MoO, particles in the PNG-MoO, film provide space
accommodation to prevent the layer-to-layer stacking during
the charge-discharge cycle. The ultrafine structure and good
conductivity of MoO, particles are beneficial for ion adsorption,
intercalation processes and the redox reaction, providing
a capacitance enhancement for PNG//PNG-Mo00O,-AMSCs.>"?%6*
Secondly, the planar configuration eliminates the need for
polymer-based separators required in the sandwich configura-
tion. In particular, the planar configuration allows the ultrafast
diffusion of electrolyte ions into (or from) the adjacent gra-
phene based microelectrodes in an extremely short interspace
and the full utilization of the highly accessible surface area of
PNG and PNG-MoO, for charge storage. Furthermore, the
cellulose paper with excellent flexibility and strength as
a substrate for loading electrode materials is facile to be fabri-
cated into interdigital microelectrodes by laser cutting and
integrated onto various substrates, imparting the microdevice

This journal is © The Royal Society of Chemistry 2019

with outstanding mechanical flexibility. Last but not least, the
usage of a gel electrolyte can not only enhance the contact
between the microelectrodes and substrate, but also feature
a soft characteristics thus contributing to excellent flexibility
and high rate performance.

Superior flexibility, electrochemical stability and high
capacitance are performance metrics for practical applications
of MSCs. The PNG//PNG-M00O,-AMSCs can be feasibly assem-
bled and arranged in different configurations, such as in series
and/or in parallel (Fig. 4). Four PNG//PNG-Mo00O,-AMSCs con-
nected in series can extend the operating voltage window from
1.4 Vto 5.6 V, as evidenced by CV and GCD curves at a scan rate
of 50 mV s~ and a current density of 0.75 mA cm %, respectively
(Fig. 4a and d). Besides, the parallelly connected PNG//PNG-
Mo00O,-AMSCs exhibited the stepwise improvement of both
current and discharged time, indicative of high performance
uniformity of the AMSC units (Fig. 4b and e). Furthermore,
different output voltages and discharge times could also be
achieved by connecting four PNG//PNG-MoO,-AMSCs in
a fashion of 2 in series and 2 in parallel(Fig. 4c and f). These
integrated PNG//PNG-Mo00O,-AMSCs were able to light a red
light emitting diode (LED) (Fig. 4f and S127), suggesting the
potential of the prepared AMSCs as efficient micro-energy
storage units.

High volumetric energy density and power density are crit-
ical requirements for the energy storage units of high perfor-
mance wearable and flexible electronics. The comparison of the
as-fabricated PNG//PNG-Mo00O,-AMSCs with other commercially
available energy storage devices is displayed in the Ragone plot
(Fig. 5). Remarkably, the as-prepared PNG//PNG-Mo0O,-AMSCs
offered an excellent volumetric energy density of 38.7 mW h ™ at
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parallel, and (f) in a combination of 2 series and 2 parallel, obtained at a current density of 0.75 mA cm™2 (inset: a red LED was powered by two
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Fig. 5 Ragone plot of all-solid-state PNG//PNG-MoO,-AMSCs and
commercially available energy storage devices.

a power density of 0.8 W cm * (areal energy density of 8.38
mW h em ™2 at 174.4 mW cm™?), which is much higher than that
of commercial Li thin-film batteries (<10 mW h cm™),
commercial supercapacitors (5.5 V/100 mF, 2.7 V/24 mF and 3.5
V/25 mF), and Al electrolytic capacitors.®® In addition, such
superior volumetric energy density of PNG//PNG-Mo0O,-AMSC
devices is also better than that of most reported high-power
MSCs so far (Table S1f), e.g., photochemically reduced gra-
phene (1.5 mW h cm?),% Sulfur-Doped Graphene (3.1 mW h

14334 | J. Mater. Chem. A, 2019, 7, 14328-14336

ecm?),” MXenes (18 mW h ecm™>),* EGMX (1.4 mW h cm3),%
LIG-FeOOH//LIG-MnO, (2.4 mW h cm™>),® MnO,~PPy//V,05-
PANI (19.8 mW h cm™?),*® VN//Co(OH), (12.4 mW h em—*)* and
RGO//RGO-M00, (5.46 mW h cm™?). Furthermore, our PNG//
PNG-Mo00O,-AMSCs can reach a maximum power density of
6.4 W cm > (1370.8 mW cm™2).

Conclusions

In summary, we develop a plasma strategy to obtain nitrogen-
doped reduced graphene oxide and ultra-fine MoO, for all-
solid-state PNG//PNG-Mo00,-AMSCs with diversified planar
geometries, high energy density and excellent flexibility. The
fabricated devices can be operated at a high working voltage of
1.4V and deliver a remarkable volumetric capacitance of 152.9 F
cm " and energy density of 38.1 mW h cm>. More notably, the
microdevice exhibits long cycle life, exceptional mechanical
stability, and compatibility for various substrates, offering great
feasibility to integrate into miniaturized devices and extend the
usage scenarios. Therefore, our work paves the way for using
plasma functioned reduced graphene oxide and its composite
films as high capacitance electrodes and mass fabrication of
shape-tailored graphene based AMSCs with a combination of
high voltage, high energy density, and robust mechanical flex-
ibility to fulfil the requirement of wearable and flexible
electronics.

This journal is © The Royal Society of Chemistry 2019
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