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Abstract— With the rapid development of miniaturized
multi-functional systems, micro-energy-storage devices have
drawn increasing attention due to the importance of power
supply. In this paper, a novel fabrication for freestanding solid-
state micro-supercapacitors (MSCs) has been proposed and devel-
oped by combining electrolyte transferring with laser patterning
process. Typical freestanding MSC is composed of interdigital
carbon nanotube/nanofibers as active material employed by
laser patterning process, PVA/H3PO4 as both the solid-state
electrolyte and the flexible substrate, and gold layer as the current
collector. With the in-planar electrode and electrolyte-substrate
layout, the dimension of the MSC could be greatly decreased
without excess substrate. Taking advantage of electrospinning
nanofibers with large surface area and carbon nanotubes with
high conductivity, we optimize the line-width (200 µm) of
the interdigital finger of the MSC, which exhibits high areal
capacitance (15.6 mF/cm2) and excellent cycling stability. With
the serial design, the working range of MSC units could be greatly
enhanced in wearable devices and low-power electronic systems.
Therefore, such flexible MSC is a promising candidate to satisfy
the requirements of miniaturized energy systems. [2017-0059]

Index Terms— Micro supercapacitor, freestanding, laser
patterning, electrolyte transferring, interdigital.

I. INTRODUCTION

THE CURRENT developments of integrated electron-
ics and portable devices have raised the demands for

rechargeable microscale power sources of appropriate size and
stable performance [1], [2]. With the rapid growth of various
energy technology, micro energy-storage units are especially
important for integrating energy conversion devices [3]–[8],
such as triboelectric nanogenerator, piezoelectric nanogen-
ertor, electromagnetic energy harvester and other electronic
circuits to build a self-powered microsystem [9], [10]. Among
the presently available energy storage devices [11]–[13],
supercapacitors are a promising state-of-the-art device, filling
the blank between the battery with high specific energy
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density and the conventional capacitor with high specific
power density. Supercapacitors have advantages of long cycle
lifetime, fast charging/discharging rate and wide operating
temperature ranges [13], [14]. These properties make super-
capacitors serving as crucial component to build advanced
energy systems [15], [16].

Unfortunately, sandwiched structure of the conventional
supercapacitor limits its applications in on-chip device and
microsystem [17], [18], because the miniaturized electron-
ics and mechanical devices desire energy components with
similar dimensions compared with other elements to form
self-powered system. Furthermore, microscale and on-chip
energy storage devices can achieve high ratio of energy
delivery at high charging/discharging rates due to a shortened
diffusion length. Therefore, the in-planar supercapacitor, also
called micro-supercapacitor (MSC) [19], has drawn great
attentions in micro energy fields. As an emerging member
in the family of the supercapacitor, such in-planar layout can
render the diffusion length and promote the procedure of ion
exchange [20]–[22]. Independent to the electrode thickness,
MSC could allow more active materials loaded per unit and
maintain excellent electrochemical performance at the same
time. In addition, owing to the in-planar layout and elimination
of the separator, the total thickness of the device could be
great decreased, enabling the integration of power sources to
the electronic circuit [23], [24].

Recently, several researches make considerable contribu-
tions to enhancing the energy density, reliably and cycling
stability of the MSC by utilizing different active nano-
materials [25] and developing advanced structures [26].
On one hand, carbon-based materials such as carbon nan-
otubes (CNTs) [27], graphene [28] and activated carbons [29]
have been widely used. On the other hand, solid-state elec-
trolytes are employed [30], which broadening the applica-
tions of the MSC with flexibility in wearable and portable
devices. However, most of the works mainly focused on the
performance improvement of the MSC, and ignored the cost,
ease of preparation and device integration, which are quite
important in micro energy fields [31]. For example, due to the
fact that the patterning of the interdigital MSC are commonly
employed with lithography process [32], it has proved costly
and awkward in developing energy storage devices, which
could possibly damage and corrode the electrode materials
during the etching stage. These processes lead to a complicated
fabrication and limit the performance of the flexible devices.
Moreover, in order to ensure the flexibility, the electrodes need
to be transferred from a rigid substrate to a flexible substrate,
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Fig. 1. Schematic illustration of the longer ion transfer distance and
incomplete utilization of surface area in (a) stacked SC, and shorter ion
transfer distance and complete utilization of surface in (b) interdigital MSC.

which brings in excess substrate to further increase the whole
thickness and destroys the device integrity to some extent [33].
Therefore, it remains a challenge to fabricate MSC with
excellent stability, flexibility in a low-cost and easy process
at the same time.

To address the above issues, based on our previous work
[34], we have presented an interdigital freestanding MSC
through the electrolyte transferring and laser patterning
process as a solution to fabricate the flexible and on-chip
energy storage device. In our design, the gel electrolyte serves
as both ion reservoir and flexible substrate, which could
reduce the total thickness and enhance the flexibility without
excess substrate. Meanwhile, without the lithography and use
of shadow mask, the interdigital structure could be facilely
obtained with the controllable laser-patterning process,
which could simplify the scalable and low-cost fabrication.
Additionally, taking advantage of the electrospinning
nanofibers with large surface area and CNTs with high
conductivity, we could optimize the line-width of the MSC
unit which exhibits high areal capacitance and stability.
The working range of the MSC could be further improved
through the serial design and drive low-power device reliably.
Therefore, such flexible freestanding MSC shows great
potentials in wearable devices and has significant impact on
the low-power electronic systems.

II. DEVICE

A. Device Configuration

For the conventional sandwiched supercapacitor, the
surfaces of active materials are incompletely utilized and
the electrolyte ions need to transfer a longer distance since
the materials are stacked in parallel to the current collector,
as illustrated in Fig. 1(a). Compared with the stacked structure,
MSC with in-planar layout (Fig. 1(b)) forming alternate inter-
digital electrodes shows several advantages. The electrolyte
ions can transfer along the interspace of active materials which
could shorten the transfer path and maximize the utilization
of the electrochemical surfaces, resulting in the higher capac-
itance and better rate performance. Furthermore, with the dis-
tance between adjacent electrodes precisely controlled in small
scale, the device configuration is promising to be extended in
the third dimension, and making full use of the limited on-chip
space. Therefore, the in-planar MSC could be developed with
compatible and scalable fabrication process and integrated
with low-power electronics and wearable devices.

The freestanding solid-state MSC device is designed
as shown in Fig. 2, which includes the nanofibers,

Fig. 2. Schematic diagram of the freestanding MSC. (a) Flexible view of
the device, and (b) exploded view of the interdigital structure.

active materials, current collector and solid-state electrolyte.
At first, the active materials should have good electrochemical
properties, high conductivity and mechanical strength to build
up 3D electrodes, such as carbon nanotubes and graphene.
Meanwhile, nanofiber network that is highly porous, pro-
viding pathway for ion transport. Nanofibers also own high
surface area for the active materials, showing capability for
the substrate of the electrodes. Herein, we choose electro-
spinning, a general method to obtain nanofibers, with drop-
drying process of active materials to meet the demands of
high performance electrodes, where the active materials are
densely coated on the nanofibers with large surface area and
high conductivity. Then the gel electrolyte plays the role of
both the ion reservoir and solid substrate, which could decrease
the whole device’s thickness and simplify the fabrication
process. The gel electrolyte with active materials forms the
3D electrolyte/electrode structure as the flexible and robust
substrate. A metal layer on the top layer serves as current
collector to enhance the ion transport and protect the active
materials. Finally, considering the fact that laser patterning
process owns low cost and high precision features, the inter-
digital electrodes could be obtained without further etching
stage.

B. Measurement and Analysis

The interdigital structure of the MSC is observed by an
optical microscopy (CX22, Nikon Co.). The morphological
characteristic of each layer and the interdigital MSC are
investigated by scanning electron microscopy (SEM, Quanta
600F, FEI Co., 20 kV). As for the electrochemical tests, after
the fabrication of MSCs, the contact pads of each electrode
are connected with aluminum foil using silver paste. Cyclic
voltammetry (CV), galvanostatic charging/discharging (GCD)
and electrochemical cycling stability of the freestanding MSC
devices under an in-planar configuration with gel electrolyte
are carried out with a two-electrode system using electro-
chemical workstation (CHI660C, CH instrument) at room
temperature.

III. EXPERIMENTS

A. Materials Preparation

As we know, the preparation of the polymer solution
is essential for the electrospinning process. In our process,
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Fig. 3. 3D schematic of the fabrication process of the freestanding MSC. (a) Depositing PVDF nanofibers on the PET substrate through electrospinning
process; (b) drop-drying CNT ink on the nanofibers as the active materials; (c) spray-coating electrolyte and transferring the electrodes by the electrolyte
from the substrate; (d) sputtering the gold layer as the current collector; (e) patterning the electrode and current collector with the laser cutting process, and
(f) obtaining the interdigital MSC device.

1 g of polyvinylidene fluoride (PVDF, Kureha) is dissolved
in dimethyl formamide (DMF)/acetone (Sigma Aldrich) mix-
tures at a polymer/solvent concentration of 10% w/w and
the mixture is subsequently magnetic stirred for 8 h at the
room temperature until the solution becomes homogeneous
and transparent. To optimize the electrospinning conditions,
we use different solvents such as butanone and dimethyl
sulfoxide with different proportions. We have found that the
addition of DMF is crucial for the continuous electrospinning
process, because DMF has a slower evaporation speed than
acetone or butanone and avoid the clogging of the needle.
The CNT ink solution is developed by dispersing 60 mg of
CNTs with 60 mg of sodium dodecylbenzenesulfonate (SDBS)
surfactant in 60 ml of deionized water. To disperse evenly,
the solution is bath-sonicated for 4 h. In addition, the solid-
state polyvinyl alcohol/phosphoric acid (PVA/H3PO4) gel elec-
trolyte is prepared by mixing PVA powder (6 g) into H3PO4
aqueous solution (6 g H3PO4 into 60 ml deionized water). The
whole mixture is heated to 85°C under magnetic stirring until
the solution becomes clear.

B. Fabrication Process

The fabrication process of the MSC device is demonstrated
in Fig. 3. Firstly, to obtain PVDF nanofibers with large surface
area, electrospinning process is performed by placing 0.9 ml
of PVDF solution into a 1.0 ml plastic syringe with a blunt-tip
needle. With the needle placed 8 cm away from the collector
and charged at a bias voltage of 10 kV, the solution is fed
up at a constant speed of 1 ml/h. Under such high voltage,
the polymer solution is ejected and finally collected by the

TABLE I

OPERATING PARAMETERS FOR PVDF NANOFIBER ELECTROSPINNING

substrate (Fig. 3(a)). The detailed operating parameters are
listed in Table. 1.

Then CNT ink solution is dropped on the nanofibers and
dried at 90°C for several times until the CNT is saturated
among the nanofibers as the active materials, leading to a
CNT density of 0.2 mg/cm2 (Fig. 3(b)). Next, gel elec-
trolyte consisting of PVA and H3PO4 is spray coated on the
CNT-nanofiber electrodes. The device is completely dried in
a regular oven at 45°C for 12 h to fully vaporize the excess
water. After the above layers are peeled off from the PET
substrate mechanically, the electrodes are easily transferred to
the electrolyte film without further substrate (Fig. 3(c)).

To efficiently promote the charge flow, Au (100 nm) is sput-
tered beyond the electrodes as current collector via magnetron
sputtering process (Fig. 3(d)). Using the laser cutting machine
(GKNQL-355, Beijing Guoke Laser Co.), the electrodes and
current collector could be patterned into designed interdigital
structure together (Fig. 3(e)). The detailed parameters of
the laser-patterning process are listed in Table. 2. Finally,
the freestanding solid-state MSC is successfully fabricated
and each single device weighs only 20 mg, which performs
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TABLE II

OPERATING PARAMETERS FOR LASER-PATTERNING PROCESS

Fig. 4. Photograph of the (a) MSC device placed on a coin and (b) in twisted
condition with high flexibility. (c) Microscopic image and (d) SEM image of
the interdigital structure of the MSC device with well-defined shape and sharp
boundaries.

excellent flexibility and portability and is easily integrated with
low-power electronic systems and flexible circuits (Fig. 3(f)).

C. Characterization

Using the proposed process, the freestanding MSC with
patterned electrodes has been fabricated. Fig. 4(a) shows
prototype of the device placed on a coin, the volume of which
is 1 cm × 1 cm × 300 μm. In addition, Fig. 4(b) demonstrates
a digital photograph of the MSC bended omnidirectionally
to the interdigital electrodes by the finger, indicating good
flexibility and excellent mechanical stability of the MSC.
From the optical microscopic image in Fig. 4(c) and SEM
image in Fig. 4(d), both of them clearly illustrate that the
electrodes of the MSC have a well-defined shape and sharp
boundaries. The whole device also proves the uniform laser-
cutting process, where the current collector and the electrodes
are patterned into the designed interdigital structure instead of
the electrolyte-substrate.

Fig. 5 gives more information about the morphologies
of the prototypes and materials. As shown in the SEM
image of Fig. 5(a), with the electrospinning time increasing,
the nanofibers would stack layer by layer and own large
surface area. In Fig. 5(b), SEM image with high magnification
shows the CNTs are densely coated among the nanofibers
after several drop-drying process, which form the conductive

Fig. 5. SEM image of (a) electrospinning nanofibers, (b) CNT densely coated
nanofibers, (c) gold sputtered electrodes uniformly and (d) the cross-section
of the electrolyte/electrode structure.

Fig. 6. (a) Interdigital structure of designed MSC with different parameters.
Electrochemical performance of MSC 200, MSC 400, MSC 800: (b) cyclic
voltammetry, (c) areal capacitance and (d) Ragone plots.

network with the high conductivity. SEM image in Fig. 5(c)
demonstrates that the conformal gold layer is deposited as
the top layer. It works as current collector to improve the
ion transport. The cross-section of the freestanding MSC
(SEM image in Fig. 5(d)) reveals the compact structure of
the electrode/electrolyte, which predicts good electrochemical
stability of the MSC. Additionally, the thickness of the elec-
trode materials is about 40 μm. It is worth noting that the
electrolyte is penetrated into the electrode, thus enhancing the
ion exchange greatly.

IV. RESULTS & DISCUSSION

A. Electrochemical Performance

To investigate the relationship between electrochemical
performance and the line-width, MSCs with 200, 400,
and 800 μm line-width of finger (defined as MSC 200,
MSC 400, and MSC 800) are designed. The schematic diagram
in Fig. 6(a) stands for a MSC unit and the meanings of each
symbol, where each interdigital electrode has four fingers.
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TABLE III

DETAILED PARAMETERS FOR DESIGNED INTERDIGITAL MSC UNIT

Table. 3 includes the detailed parameter of each symbol, where
each MSC unit owns different area and volume and the inter-
space of interdigital finger is kept for a value of 400 μm.

At first, CV curves of MSC 200, MSC 400, and MSC
800 at a scan rate of 100 mV/s with a potential window
of 0–1 V are recorded (Fig. 6(b)). Quasi-rectangular shapes
could be observed due to the characteristic of the carbon-
based materials, indicating the ideal double-layer electrochem-
ical behavior. As the areal capacitance is the most precise
characterization for evaluating the charge-storage capacity of
MSC, it is analyzed according to the following Equation (1)
with the CV curves of these freestanding MSCs: [35]

CA = Q

A · �V
= 1

k · A · �V

∫ V2

V1

I (V )dV , (1)

where CA is the areal capacitance, I (V ) is the discharge
current function, k is the scan rate, A is the area of the
MSC. Additionally, �V is the potential window during the dis-
charge process, where V1 and V2 are maximum and minimum
voltage values, respectively. With the scan rate of 10 mV/s,
the MSC 200 could achieve the maximum areal capacitance
of 15.6 mF/cm2, which is definitely higher than MSC 400
(14.6 mF/cm2) and MSC 800 (6.8 mF/cm2), indicating the
areal capacitance increases as the interdigital finger line-
width is decreased. Meanwhile, the areal capacitance decreases
slightly with the increase of the scan rate (Fig. 6(c)). As a
result, MSCs could withstand the charging-discharging process
without significant degradation in areal capacitance even at
high scan rate, showing a stable and excellent electrochemical
performance.

We suggest that the shorten line-width reduce the ions
and charge transport path to make use of active materials
completely and improve rate capability. The pathway of ions
transport from one electrode to the counted electrode is
obviously shortened as the line-width decreases. As a result,
a high capacitance and fast charge-discharge rate performance
are achieved, which show continuously increasing with a
decrease in line-width. Additionally, as for energy storage
devices, how much charges could be stored and how quickly
the charges could be stored and released are very important
for their applications. Therefore, energy density and power
density (Ragone plots) are other key metrics for evaluating the
different types of energy storage devices [36]. The volumetric
energy and power density of all MSCs are calculated from

Fig. 7. Electrochemical performance of the optimized MSC 200, (a) cyclic
voltammetry curves at different scan rates, (b) galvanostatic charging-
discharging curves at different current densities, (c) cyclic voltammetry curves
under different bending and rolling state at the scan rate of 100 mV/s and
(d) capacitance stability under several bending cycle.

CV curves at a voltage scan rate of 10 to 200 mV/s, and
shown in Fig. 6(d). Both of the energy and power density of
these MSCs at initial state could be achieved by the following
Equations (2)-(4) with different volumes: [35]

CV = Q

V · �V
= 1

k · V · �V

∫ V2

V1

I (V )dV (2)

E = 1

2 × 3600
CV (�V )2 (3)

P = E

�t
× 3600, (4)

where V is the volume of the MSC, CV is the volumetric
capacitance of the MSC which can be achieved through (2),
�t is the discharging time, E is the energy density and P is the
power density, respectively. Compared to other energy storage
devices, MSC 200 can obtain a maximum power density
(67.7 mW/cm3) at the scan rate of 200 mV/s. As the scan
rate changes to 10 mV/s, it can continue to maintain high
energy density (0.54 mWh/cm3). In addition, MSC 400 and
MSC 800 can also maintain high-specific energy and power as
shown in Ragone plots. Definitely, both of them vary slightly
with the increase of scan rates. The results reveal that these
MSCs possess good capability in delivering energy.

B. Analysis of MSC 200

Afterwards, in order to further explore the electrochemical
performance of the MSC 200 with optimized line-width,
the device is carefully evaluated through CV, GCD and cycling
stability tests via the electrochemical workstation. With the
effective area of 0.1328 cm2, the MSC 200 is analyzed by
CV curves with the scan rates from 10 mV/s to 200 mV/s
at a stable potential window of 0–1 V (Fig. 7(a)). Definitely,
the CV curves retain quasi-rectangular shape and are approxi-
mately symmetrical about the zero-current line, thus indicating
the ideal double-layer electrochemical behavior.
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Fig. 8. Cycling stability of the MSC 200 at the first 2,000 charging-
discharging cycles.

Then GCD test is also carried out to further evaluate
the electrochemical performance of MSC 200. As shown
in Fig. 7(b), the typical GCD curves are performed,
the charging-discharging current densities of which are from
0.5 A/m2 to 2.4 A/m2. Discharging profiles of the fabricated
MSC 200 are dependent on the applied charging-discharging
current densities and similar curve shapes have been obtained
for different current densities. Evidently, GCD curves could
reveal that all of the charging curves are relatively symmetrical
with their corresponding discharging counterparts, as well as
their excellent linear voltage-time profiles, demonstrating good
electrochemical behavior of the device.

In order to evaluate the feasibility as energy storage com-
ponent for flexible electronics, the MSC device is tested under
various bending or rolling state at the scan rate of 100 mV/s.
From Fig. 7(c), there are negligible changes of the CV curves
under different bending and rolling states, which greatly proves
excellent flexibility of the MSC device. Furthermore, under
repeated bending cycles, the electrochemical performance is
nearly not altered shown in Fig. 7(d), convincing the remark-
able stability of the device.

Fig. 8 shows the capacitance retention of the MSC 200 with
interdigital electrodes during the repetitive charge/discharge
cycles (100 mV/s). It is obvious that about 83% of the initial
capacitance is maintained after 2,000 cycles of CV tests.
Therefore, the cycling stability and relative electrochemical
tests of the MSCs indicate that the freestanding device owns
stable and excellent electrochemical performance, which could
satisfy the needs of the flexible electronics and self-powered
systems.

C. Serial MSC Units

Since a single MSC device has limited working potential
window and energy storage capacity, to meet the demands
of various applications, the serial connecting circuit of flex-
ible MSC units is studied and explained in detail. Taking
the electrochemical performance and device robustness into
account, we utilize the MSC 400 for serially connected array

Fig. 9. (a) The circuit diagram of the four MSC 400 units connected in
serial. (b) Cyclic voltammetry curves of serial MSC 400 units compared with
the single MSC 400 unit and flexible tests of the performance.

Fig. 10. (a) Serial MSC units show potentials in wearable devices and
low-power electronic systems. (b) Commercial calculator and (c) wearable
LED could be driven stably with the serial MSC units placed on the bent
surface or coat pocket.

that possesses the good capability in delivering energy and
shows good stability at the same time. Fig. 9(a) illustrates
the schematic of four MSC 400 units connected in serial.
From the CV curves in Fig. 9(b), an enhanced potential
range by MSC 400 units connected in serial can be provided.
However, the current of four MSC 400 units connected in
serial is inevitably reduced compared with the single MSC
400 unit due to the increase of serial resistance. Moreover,
the MSC units perform stably even in the bent conditions
as shown in Fig. 9(c), which is capable of satisfying various
applications. As a result, the potential range can be improved
by connecting MSC units in serial to meet the power and
energy requirements.

D. Applications

With the in-planar layout and ideal electrochemical per-
formance, the serial MSC units show promising potentials
to supply the wearable devices and low-power electronic
systems (Fig. 10(a)), such as commercial light emitting
diode (LED) and liquid crystal display (LCD). Due to the
flexibility and portability, it could be directly attached to the



SONG et al.: FREESTANDING MSC WITH INTERDIGITAL ELECTRODES FOR LOW-POWER ELECTRONIC SYSTEMS 1061

bended surface of device or placed on the pocket without
occupying too much space. When fully charged to 4 V,
the serial connected MSC unit is powerful enough to drive
a calculator to perform a series of calculations stably for
10 minutes as shown in Fig. 10(b). In addition, it could
also power wearable LED continuously with 1 minute as the
warning label without external energy supply (Fig. 10(c)).

V. CONCLUSIONS

In summary, we propose a facile and scalable procedure for
fabricating a freestanding solid-state MSC with superior char-
acteristics of lightweight, flexibility, stabilization and excel-
lent electrochemical performance. Combing the electrolyte
transferring with laser patterning process, the MSC is con-
figured with CNT/nanofibers interdigital fingers as electrodes,
gold thin layer as the current collector and the PVA/H3PO4 gel
electrolyte as the ion reservoir and flexible substrate. With the
in-planar and electrolyte-substrate layout, the dimension
of MSC could be greatly decreased. The entire device
demonstrates excellent electrochemical behavior with a high
capacitance and stable cycling performance according to the
fact that the electrospinning nanofibers own large surface area
and CNTs exhibit high conductivity. In order to investigate
the relationship between the line-width and electrochemical
performance, we optimize the line-width (200 μm) of the MSC
unit, which shows reliable areal capacitance (15.6 mF/cm2)
and retains more than 83% performance after 2,000 charging/
discharging cycles. Furthermore, the potential range of MSC
unit could be improved through serial connection to meet the
demands of various low-power electronic systems. Based on
the superior performance and on-chip compatibility, the free-
standing MSC can be performed as ideal energy storage unit
combined with the energy harvesting device or micro sensors
to produce a self-powered system. Therefore, such freestand-
ing MSC performs significant advantages in MEMS-based
technology and low-cost electronics, as well as wearable
devices and flexible miniaturized energy systems.

ACKNOWLEDGMENT

The authors would like to thank the staff of the National
Key Laboratory of Science and Technology on Micro/Nano
Fabrication, Peking University, for their help on the fabrica-
tions, cooperation and assistance.

REFERENCES

[1] J. H. Pikul, H. G. Zhang, J. Cho, P. V. Braun, and W. P. King, “High-
power lithium ion microbatteries from interdigitated three-dimensional
bicontinuousnanoporous electrodes,” Nature Commun., vol. 4, p. 1732,
Apr. 2013.

[2] M. F. El-Kady and R. B. Kaner, “Scalable fabrication of high-power
graphene micro-supercapacitors for flexible and on-chip energy storage,”
Nature Commun., vol. 4, p. 1475, Feb. 2013.

[3] X. Cheng et al., “A flexible large-area triboelectric generator by low-cost
roll-to-roll process for location-based monitoring,” Sens. Actuators A,
Phys., vol. 247, pp. 206–214, Aug. 2016.

[4] L. Dhakar, F. E. H. Tay, and C. Lee, “Development of a broadband tribo-
electric energy harvester with SU-8 micropillars,” J. Microelectromech.
Syst., vol. 24, no. 1, pp. 91–99, Feb. 2015.

[5] H. Liu, C. J. Tay, C. Quan, T. Kobayashi, and C. Lee, “Piezoelectric
MEMS energy harvester for low-frequency vibrations with wideband
operation range and steadily increased output power,” J. Micromech.
Microeng., vol. 20, no. 5, pp. 1131–1142, Oct. 2011.

[6] Y. Jia and A. A. Seshia, “Power optimization by mass tun-
ing for MEMS piezoelectric cantilever vibration energy harvesting,”
J. Microelectromech. Syst., vol. 25, no. 1, pp. 108–117, Feb. 2016.

[7] M. Han, Q. Yuan, X. Sun, and H. Zhang, “Design and fabrication
of integrated magnetic MEMS energy harvester for low frequency
applications,” J. Microelectromech. Syst., vol. 23, no. 1, pp. 204–212,
Jan. 2014.

[8] K. Tao et al., “A novel two-degree-of-freedom MEMS electromagnetic
vibration energy harvester,” J. Micromech. Microeng., vol. 26, no. 3,
p. 035020, Feb. 2016.

[9] B.-U. Hwang et al., “Transparent stretchable self-powered patchable
sensor platform with ultrasensitive recognition of human activities,” ACS
Nano, vol. 9, no. 9, pp. 8801–8810, Aug. 2015.

[10] Y. Song et al., “Integrated self-charging power unit with flexible super-
capacitor and triboelectric nanogenerator,” J. Mater. Chem. A, vol. 4,
no. 37, pp. 14298–14306, Oct. 2016.

[11] K. Kashyap, A. Kumar, M. T. Hou, and J. A. Yeh, “Sidewall nanotextur-
ing for high rupture strength of silicon solar cells,” J. Microelectromech.
Syst., vol. 24, no. 1, pp. 7–9, Feb. 2015.

[12] W. Yang, K. K. Lee, and S. Choi, “A laminar-flow based microbial fuel
cell array,” Sens. Actuators A, Chem., vol. 243, pp. 292–297, May 2017.

[13] J. Chmiola, C. Largeot, P.-L. Taberna, P. Simon, and Y. Gogotsi,
“Monolithic carbide-derived carbon films for micro-supercapacitors,”
Science, vol. 328, no. 5977, pp. 480–483, Apr. 2010.

[14] P. Simon and Y. Gogotsi, “Materials for electrochemical capacitors,”
Nature Mater., vol. 7, no. 11, pp. 845–854, Nov. 2008.

[15] Y. Huang et al., “Highly integrated supercapacitor-sensor systems via
material and geometry design,” Small, vol. 12, no. 25, pp. 3393–3399,
Jun. 2016.

[16] P. Saenger, N. Devillers, K. Deschinkel, M. C. Pera, R. Couturier, and
F. Gustin, “Optimization of electrical energy storage system sizing for an
accurate energy management in an aircraft,” IEEE Trans. Veh. Technol.,
to be published, doi: 10.1109/TVT.2016.2617288.

[17] Y. Song et al., “Highly compression-tolerant folded carbon nan-
otube/paper as solid-state supercapacitor electrode,” Micro Nano Lett.,
vol. 11, no. 10, pp. 586–590, Oct. 2016.

[18] C. Guo, H. Li, X. Zhang, H. Huo, and C. Xu, “3D porous CNT/MnO2
composite electrode for high-performance enzymeless glucose detection
and supercapacitor application,” Sens. Actuators B, Chem., vol. 206,
pp. 407–414, Jan. 2015.

[19] J.-H. Sung, S.-J. Kim, S.-H. Jeong, E.-H. Kim, and K.-H. Lee,
“Flexible micro-supercapacitors,” J. Power Sources, vol. 162, no. 2,
pp. 1467–1470, Sep. 2006.

[20] S. Li, X. Wang, H. Xing, and C. Shen, “Micro supercapacitors based on
a 3D structure with symmetric graphene or activated carbon electrodes,”
J. Micromech. Microeng., vol. 23, no. 11, p. 114013, Oct. 2013.

[21] K. Wang et al., “An all-solid-state flexible micro-supercapacitor
on a chip,” Adv. Energy Mater., vol. 1, no. 6, pp. 1068–1072,
Sep. 2011.

[22] X. Pu et al., “Wearable textile-based in-plane microsupercapacitors,”
Adv. Energy Mater., vol. 6, no. 24, Aug. 2016.

[23] X. Liu, S. Chen, J. Pu, and X. Wang, “A flexible all-solid-state micro
supercapacitor and its application in electrostatic energy management
system,” J. Microelectromech. Syst., vol. 25, no. 5, pp. 929–936,
Oct. 2016.

[24] X. Wang and S. Li, “Micro supercapacitors for energy storage,
on-chip devices based on prototyping of patterned nanoporous car-
bon,” in Proc. 18th Int. Conf. Solid-State Sens., Actuators, Microsyst.
(TRANSDUCERS), Jun. 2015, pp. 488–493.

[25] C. W. Ma, P. C. Huang, and Y. J. Yang, “A paper-like mi-cro-
supercapacitor with patterned buckypaper electrodes using a novel
vacuum filtration technique,” in Proc. IEEE 28th Int. Conf. Micro Electro
Mech. Syst. (MEMS), Jan. 2015, pp. 1067–1070.

[26] M. Xue et al., “Microfluidic etching for fabrication of flexible and
all-solid-state micro supercapacitor based on MnO2 nanoparticles,”
Nanosc., vol. 3, no. 7, pp. 2703–2708, Mar. 2011.

[27] J. Ren et al., “Twisting carbon nanotube fibers for both wire-shaped
micro-supercapacitor and micro-battery,” Adv. Mater., vol. 25, no. 8,
pp. 1155–1159, Feb. 2013.

[28] J. Yun et al., “Stretchable patterned graphene gas sensor driven
by integrated micro-supercapacitor array,” Nano Energy, vol. 19,
pp. 401–414, Jan. 2016.

[29] P. Huang et al., “On-chip and freestanding elastic carbon films for
micro-supercapacitors,” Science, vol. 351, no. 6274, pp. 691–695,
Feb. 2016.



1062 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 26, NO. 5, OCTOBER 2017

[30] M. Gnerlich, E. Pomerantseva, K. Gregorczyk, D. Ketchum, G. Rubloff,
and R. Ghodssi, “Solid flexible electrochemical supercapacitor using
Tobacco mosaic virus nanostructures and ALD ruthenium oxide,”
J. Micromech. Microeng., vol. 23, no. 11, p. 114014, Oct. 2013.

[31] Y. Wang, Y. Shi, C. X. Zhao, J. I. Wong, X. W. Sun, and H. Y. Yang,
“Printed all-solid flexible microsupercapacitors: Towards the general
route for high energy storage devices,” Nanotechnology, vol. 25, no. 9,
p. 094010, Feb. 2014.

[32] W. Si, C. Yan, Y. Chen, S. Oswald, L. Han, and O. G. Schmidt, “On chip,
all solid-state and flexible micro-supercapacitors with high performance
based on MnOx /Au multilayers,” Energy Environ. Sci., vol. 6, no. 11,
pp. 3218–3223, Jul. 2013.

[33] M. S. Kim, B. Hsia, C. Carraro, and R. Maboudian, “Flexible micro-
supercapacitors from photoresist-derived carbon electrodes on flexible
substrates,” in Proc. IEEE 27th Int. Conf. Micro Electro Mech. Syst.
(MEMS), Jan. 2014, pp. 389–392.

[34] Y. Song et al., “Freestanding solid-state micro-supercapacitor based on
laser-patterned nanofibers,” in Proc. IEEE 30th Int. Conf. Micro Electro
Mech. Syst. (MEMS), Jan. 2017, pp. 809–812.

[35] B. E. Conway, Electrochemical Supercapacitor: Scientific Fundamentals
and Technological Applications. New York, NY, USA: Kluwer, 1999.

[36] X. Lu, M. Yu, G. Wang, Y. Tong, and Y. Li, “Flexible solid-state
supercapacitors: Design, fabrication and applications,” Energy Environ.
Sci., vol. 7, no. 7, pp. 2160–2181, Jul. 2014.

[37] B. Xie et al., “Laser-processed graphene based micro-supercapacitors for
ultrathin, rollable, compact and designable energy storage components,”
Nano Energy, vol. 26, pp. 276–285, Apr. 2016.

[38] C. Zhang, J. Xiao, L. Qian, S. Yuan, S. Wang, and P. Lei, “Planar
integration of flexible micro-supercapacitors with ultrafast charge and
discharge based on interdigital nanoporous gold electrodes on a chip,”
J. Mater. Chem. A, vol. 4, no. 24, pp. 9502–9510, Jun. 2016.

Yu Song received the B.S. degree in electronic
science and technology from the Huazhong Uni-
versity of Science and Technology, Wuhan, China,
in 2015. He is currently pursuing the Ph.D. degree
with the National Key Laboratory of Nano/Micro
Fabrication Technology, Peking University, Beijing,
China. He majors in MEMS, and his research is
focusing on supercapacitors and self-charging power
system.

Xue-Xian Chen received the B.S. degree from the
University of Electronic Science and Technology of
China, Chengdu, in 2015. She is currently pursuing
the Ph.D. degree with the National Key Labora-
tory of Nano/Micro Fabrication Technology, Peking
University, Beijing, China. Her research interests
mainly include design and fabrication of hybrid
nanogenerator and electrospinning process.

Jin-Xin Zhang received the B.S. degree from the
School of Electronics Engineering and Computer
Science, Peking University, Beijing, China, in 2016,
where he is currently pursuing the Ph.D. degree with
the National Key Laboratory of Nano/Micro Fab-
rication Technology. His research interests mainly
include electronic skin design and pressure sensor
fabrication.

Xiao-Liang Cheng received the B.S. degree from
the University of Electronic Science and Technology
of China, Chengdu, in 2014. He is currently pursuing
the Ph.D. degree with the National Key Laboratory
of Nano/Micro Fabrication Technology, Peking Uni-
versity, Beijing, China. His research interests mainly
include design and fabrication of nanogenerator and
mechanical energy harvester.

Hai-Xia (Alice) Zhang (SM’10) received the
Ph.D. degree in mechanical engineering from the
Huazhong University of Science and Technology,
Wuhan, China, 1998. She is currently a Profes-
sor with the Institute of Microelectronics, Peking
University, Beijing, China. She joined the Faculty
of the Institute of Microelectronics in 2001 after
finishing her Post-Doctoral Research at Tsinghua
University. Her research interests include MEMS
design and fabrication technology, SiC MEMS, and
microenergy technology. She was a recipient of the

National Invention Award of Science and Technology in 2006. She has served
as the General Chair of the IEEE NEMS 2013 Conference and the Organizing
Chair of Transducers’11. As the Founder of the International Contest of
Applications in Network of Things, she has been organizing this world-wide
event since 2007.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


