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ABSTRACT

In this paper, we present a novel fabrication for
freestanding solid-state micro-supercapacitor (MSC) with
interdigital carbon nanotube (CNT)/manofibers electrode
layer, gold current collector and the solid-state
electrolyte-substrate, which, for the first time, combines
electrolyte transferring with laser patterning process. With
the in-planar electrode and electrolyte-substrate layout, the
dimension of MSC could be greatly decreased. Meanwhile,
taking advantage of electrospinning nanofibers with large
surface-area and CNTs with high conductivity, the
line-width finger (200 pm) of MSC exhibits high areal
capacitance (15.6 mF/cm?), good energy and power
density. In addition, the capacitance retention retains more
than 83% after 2,000 cycles which performs stable and
excellent electrochemical performance. Therefore, such
flexible freestanding MSC shows great potentials to satisfy
the requirements of miniaturized energy systems and
wearable devices.

INTRODUCTION

With the rapid development of portable electronics,
the technology of highly integrated electronic systems has
been significantly advanced [1, 2]. Harvesting energy from
the environment from the environment such as triboelectric
nanogenerator [3, 4], piezoelectric nanogenerator [5, 6] is a
considerable approach. At the same time, besides various
nanogenerators, high performance energy storage devices,
as another critical component in power systems, are also in
great demands [7]. Among the presently available energy
storage devices, supercapacitors is a promising
state-of-the-art device, filling the blank between the battery
with high specific energy density and the conventional
capacitor with high specific power density. Supercapacitor
is considered to have high application potentials attributed
to its long cycle lifetime, fast charging/discharging rates
and great stability.

Recently, the emergence of in-planar supercapacitor
[10, 11], also called micro-supercapacitor is regarded as a
significant member in the family of miniaturized energy
storage devices, which has drawn great attentions in energy
fields. Compared with the normal supercapacitor which
owns sandwiched structure [12], such in-planar layout can
render the diffusion length and promote the procedure of
ion exchange. Independent to the electrode thickness, MSC
could allow more active materials loaded per unit area and
maintain excellent electrochemical performance at the
same time. More importantly, owing to the in-planar layout
and elimination of the separator [13], the total thickness of
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the device could be greatly decreased, showing capable
candidates in microelectronic power systems [14].

However, due to the fact that most of MSCs are
commonly employed with lithography process [15], it has
proved costly and awkward in developing energy-storage
devices, which could possibly damage and corrode the
electrode materials during the etching stage. In addition,
the process is complicated by transferring the electrodes
from a rigid substrate to a flexible substrate which brings in
excess substrate to further increase the whole thickness and
destroys the device integrity to some extent [16].

In order to address the above issues, we present an
interdigital freestanding MSC through the -electrolyte
transferring and laser patterning process in this paper.
Without excess substrate, the total thickness could be
further reduced and the flexibility also could be great
enhanced. Additionally, without the lithography process
and use of shadow mask, such the process could simplify
the scalable and integrated fabrication, which have
significant impacts on micro-energy storage devices.

EXPERIMENTAL METHODS

Schematic diagram of the MSC is shown in Fig. 1,
which includes the electrospinning nanofibers, flexible
electrode, current collector and solid-state electrolyte. It is
worth mentioning that the electrolyte also serves as the
substrate and interdigital electrodes composing CNTs
serve as anode and cathode. The whole device weighs only
20 mg, which performs good flexibility and portability.

» J Electrode

J Collector

- Nanofiber Electrolyte

Figure 1: Schematic diagram of the freestanding MSC. (a)
Flexible view, and (b) exploded view of the structure.

Material preparation

The preparation of the polymer solution is essential for
the electrospinning process. In our process, 1 g of
polyvinylidene fluoride (PVDF, Kureha) is dissolved in
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dimethyl formamide (DMF)/acetone (Sigma Aldrich)
mixtures 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.

The CNT ink solution is prepared by dispersing 60 mg
of CNTs with 60 mg of sodium dodecylbenzenesulfonate
(SDBS) surfactant in 60 ml of deionized water and
bath-sonicated for 4 h to disperse evenly. Then solid-state
electrolyte is prepared by adding polyvinyl alcohol (PVA)
powder (6 g) into H3PO4 aqueous solution (6 g H3;PO, into
60 ml deionized water). The whole mixture is heated to
85°C under vigorous stirring until the solution becomes
clear.

Fabrication of MSC device

The fabrication process of the MSC device is
demonstrated in Fig. 2. Firstly, it begins by electrospinning
PVDF nanofibers with large surface area, which 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 substrate.

Then CNT ink solution is dropped on the nanofibers
and dried at 90°C for several times until the CNT is
saturated in the nanofibers as the active materials. Next, gel
electrolyte consisting of PVA and H3;POy 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 is peeled off from
the PET substrate mechanically, the electrodes are easily
transferred to the electrolyte film without further substrate.

To efficiently promote the charge flow, Au (100 nm)
is sputtered beyond the electrodes as current collector via
magnetron sputtering process. Finally, the electrodes and
current collector are patterned into interdigital structure by
laser-cutting process, and the freestanding MSC is
successfully prepared.

(a) Electrospinning Nanofiber (d) Electrolyte Transferring

(b) Drop-drying CNT ink (e) Gold Sputtering
e —

(c) Spray-coating Electrolyte

(f) Laser Patterning
EEEEEEEE
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Figure 2: Fabrication process of the freestanding MSC. (a)
Depositing nanofiber electrospinning on the PET substrate,
(b) drop-drying CNT ink on the nanofibers, (c)
spray-coating  electrolyte on the electrodes, (d)
transferring the electrodes by the electrolyte, (e) sputtering
the gold as the current collector, and (f) patterning the
electrode by laser cutting process.
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Measurement and Analysis

The morphologies, structure of each layer and the
interdigital MSC are all analyzed using a scanning electron
microscope (SEM) (Quanta 600F, FEI Co.). All of the
electrochemical tests of the freestanding MSC are carried
out by a two-electrode system using CHI660C (CH

instrument) electrochemical workstation at room
temperature.
RESULTS AND DISCUSSION

Optical and SEM analysis

Using the proposed process, the freestanding MSC
with patterned electrodes has been fabricated shown in Fig.
3a, the side length of which is 1 cm. From the optical
microscopic image in Fig. 3b, it clearly demonstrates that
the electrodes of the MSC have a well-defined shape and
sharp boundaries. In addition, SEM images in Fig. 3c-3¢
clearly demonstrate the morphologies of every process,
where the nanofibers are freely electrospun in the
substrate, CNTs are uniformly coated among the
nanofibers and conformal gold layer is deposited as the
current collector, respectively. The cross-section SEM
image of the device in Fig. 3d shows each finger contains
two layers, which are solid-state electrolyte film and
electrode layer from the bottom to the top. Here, the
electrolyte is penetrated into the electrode, thus enhancing
the ion exchange greatly (Fig. 3f).

Electrolyte

Figure 3: (a) Digital image and (b) Microscopic image of
the device. SEM image of (c) electrospinning nanofibers,
(d) CNT coated nanofibers, (e) gold sputtered electrodes
and (f) the cross-section of the device.

To  investigate  the  relationship  between
electrochemical performance and the line-width, MSC
with 200 um line-width of finger (defined as MSC 200) is
designed. The inter-space of the interdigital finger is kept
for a value of 400 um. The structure in Fig. 4a stands for
the designed MSC unit and the meanings of each symbol,
where each interdigital electrode has 4 fingers.



Additionally, the Fig. 4b includes the detailed parameter of
each symbol and the whole area and volume of each MSC
200 device.

(a) (b)

Parameter MSC 200

Wi (1um) 200

W, (um) 200

I (um) 400

L (um) 6000
i Total S (cm?) 0.1328

Total V (x10™* ecm?)|  5.312

Figure 4: (a) Structure and (b) detailed parameter of
designed micro-electrodes.

Electrochemical analysis

Afterwards, in order to further explore the
electrochemical performance of the freestanding MSC, the
device is carefully evaluated through cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), Ragone
plots and cycling stability via the electrochemical
workstation. Firstly, with the effective area of 0.1328 cm?,
the MSC is analyzed by CV curves with the scan rates from
10 mV/s to 200 mV/s at a stable potential window between
0 and 1 V (Fig. 5a). Definitely, the CV curves retain
quasi-rectangular  shape and are approximately
symmetrical about the zero-current line, thus indicating the
ideal double-layer electrochemical behavior.
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Figure 5: Electrochemical behavior of the MSC 200. (a)
CV curves, (b) GCD curves, (c) calculated areal
capacitance and (d) Ragone plot of the device.
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Then GCD test is also carried out to further evaluate
the electrochemical performance of freestanding MSC. As
shown in Fig. 5b, the typical GCD curves are performed,
the charging-discharging current densities of which are
from 0.5 A/m? to 2.4 A/m?. Discharging profiles of the
fabricated MSC 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 symmetrical with their corresponding
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discharging counterparts, as well as their excellent linear
voltage-time profiles, demonstrating good electrochemical
behavior of the device.

Besides, the areal capacitance is achieved according to
the following equations with the CV curves of the
freestanding MSC:

c=—2 __1 [ 10nav (1
AN kAAV

where, Ca is the areal capacitance, /(V) is the discharge
current function, k is the scan rate, 4 is the area of the MSC
and AV is the potential window during the discharge
process, where Vi and V> are maximum and minimum
voltage values, respectively. With the scan rate of the MSC
at the 10 mV/s, the MSC could achieves the maximum
areal capacitance of 15.6 mF/cm?, which decreases slightly
with the increase of the scan rate (Fig. 5¢). As a result, such
MSC device could withstand the charging-discharging
process without significant degradation in areal
capacitance even at high scan rate, showing a stable and
excellent electrochemical performance.

The volumetric energy and power density of the MSC
are calculated from CV curves at a voltage scan rate of 10
to 200 mV/s, and shown in Fig. 5d. Both of the energy and
power density of the MSC device at initial state could be
achieved by the following equations with the volume of
5.312x10* cm?:

0 1
C, = = 1dV 2
R AY\4 k~V~AV-[V1 ") @)
¢, (ary 3)
2%3600
P=L 53600 )
At

where, Cy is the volumetric capacitance of the MSC which
can be achieved through eq. 2, At is the discharging time, £
is the energy density and P is the power density,
respectively. The highest energy density of the MSC is
0.54 mWh/cm? at the scan rate of 10 mV/s, at the same
time, the highest power density is 67.7 mW/cm? at the scan
rate of 200 mV/s, respectively. Definitely, both of them
vary slightly with the increase of scan rates.

50 ~
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Figure 6: Cycling stability of the MSC 200; (inset) the CV
curves recorded during the cycling process.
Fig. 6 shows the capacitance retention of the MSC



with interdigital electrodes during the repetitive
charge/discharge cycles. It is evident that about 83% of the
initial capacitance is maintained after 2,000 cycles of CV
tests. The inset of Fig. 6 demonstrates the typical CV
curves of the first and last cycles, exhibiting the stable
quasi-rectangular shape. Therefore, the cycling stability
and relative electrochemical tests of the freestanding MSC
indicates that the MSC device owns stable and excellent
electrochemical performance, which could satisfy the
needs of the flexible electronics and self-powered systems.

CONCLUSIONS

In summary, we propose a facile and scalable
procedure for fabricating a freestanding solid-state MSC
with superior characteristics of lightweight, flexibility,
stabilization and excellent electrochemical performance.
Combing the electrolyte transferring with laser patterning
process, such MSC device 1is configured with
CNT/nanofibers as interdigital electrodes, gold layer as
current collector and PVA/H3PO4 as the solid-state
electrolyte and 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 stability cycling performance according to the fact that
the electrospinning nanofibers own large surface area and
CNTs exhibit high conductivity. Furthermore, MSC device
could be further enhanced by optimizing the line-width of
finger and designing serial or parallel connection to
broaden its working range. Therefore, such freestanding
MSC performs significant advantages in MEMS-based
technology, large-scale fabrication and low-cost
electronics, as well as wearable devices and flexible
miniaturized energy systems.
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