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1 Introduction

Supercapacitors (also called electrochemical capacitors)
have many applications in electrical energy storage
and power harvesting because of their high power
densities, fast charge/discharge capabilities, and

ABSTRACT

In the last decade, pyrolyzed-carbon-based composites have attracted much
attention for their applications in micro-supercapacitors. Although various
methods have been investigated to improve the performance of pyrolyzed
carbons, such as conductivity, energy storage density and cycling performance,
effective methods for the integration and mass-production of pyrolyzed-carbon-
based composites on a large scale are lacking. Here, we report the development
of an optimized photolithographic technique for the fine micropatterning
of photoresist/chitosan-coated carbon nanotube (CHIT-CNT) composite. After
subsequent pyrolysis, the fabricated carbon/CHIT-CNT microelectrode-based
micro-supercapacitor has a high capacitance (6.09 mF-cm™) and energy density
(4.5 mWh-cm™) at a scan rate of 10 mV-s™. Additionally, the micro-supercapacitor
has a remarkable long-term cyclability, with 99.9% capacitance retention after
10,000 cyclic voltammetry cycles. This design and microfabrication process allow
the application of carbon microelectromechanical system (C-MEMS)-based
micro-supercapacitors due to their high potential for enhancing the mechanical
and electrochemical performance of micro-supercapacitors.

long cycle lifetimes [1, 2]. Based on the mechanism
of energy storage, supercapacitors can be divided into
two types: electric double layer capacitors (EDLCs)
and pseudocapacitors. The former store energy by
ion adsorption on the interface of high-surface-area
electrodes and the ion-containing electrolyte [3],
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whereas the latter store energy through fast surface
redox reactions in the active material [3-6]. Recent
demand of thin and light micro-supercapacitors for
portable electronic devices has made supercapacitors
a popular type of power source and energy storage
unit [7-14]. Carbonaceous materials, such as activated
carbon, carbon nanotubes (CNTs) and graphene, are
important and essential electrode materials for use in
micro-supercapacitors [2]. In particular, porous carbon
is often considered the most important EDLC electrode
material because of its abundance, high surface
area, well-developed manufacturing process, and
excellent cycling stability, however, its conductivity is
relatively poor [2,5]. For carbon-based materials,
CNTs are popular choices, often used to enhance the
performance of electrode materials; this performance
enhancement is due to the hollow structure of CNTs,
which results in a highly accessible surface area,
excellent conductivity, and structural stability; enabling
fast ion and electron transport [15-17]. Various methods
to modify CNTs have been developed to increase the
performance of CNT-based electrochemical energy
storage devices [4, 18, 19]. Of these effective modification
methods, coating CNTs with chitosan is popular and
has two main advantages. (1) To maintain the good
conductivity of CNT materials, the CNTs must be well
dispersed. One method of improving dispersibility is
hydrophilization of the CNTs by introducing of
hydrophilic functional groups to the surface; however,
there are no direct chemical processes to achieve this
[20]. Instead, chitosan can be used like a surfactant,
covering the CNTs and improving their dispersibility.
(2) In addition, chitosan contains nitrogen, allowing
doping of carbon-based supercapacitor during the
pyrolysis process. Furthermore, nitrogen doping
can enhance the capacitance of carbon-based super-
capacitors, which is an effect that results from robust
redox reactions at nitrogen-associated defects [3].

In the past decades, many efforts have been made
to fabricate high-performance carbon-microstructure-
based micro-supercapacitors. Kaempgen et al. fabri-
cated thin-film supercapacitors by spraying a stable
suspension of single-walled CNT (SWCNT) onto a
polyethylene-terphthalate (PET) substrate substrate,
resulting in an electrode with high energy (6 Wh-kg™)
and power densities (23 kW-kg™) when using a
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hydrogel electrolyte [15]. Shen et al. fabricated an
on-chip device based on microfabrication technologies
[16]. In their work, electrode materials containing com-
posites (MnQO, as the positive electrode and activated
carbon as the negative electrode) were injected into
interdigitating channels etched on the silicon substrate.
The asymmetric supercapacitor had a large voltage
range of 1.5 V and a high capacitance (30 mF-cm™).

Microfabrication technologies used to prepare
micro-supercapacitors include photolithography, elec-
trodeposition, as well as dip and dry [7, 10, 12]. As
an example of an effective microfabrication process,
carbon-based microelectromechanical system (C-MEMS)
technology is a unique platform combining different
polymer fabrication techniques with pyrolysis or
thermal degradation [21-27]. C-MEMS is a power-
ful approach to the large-scale microfabrication of
carbon-based current collectors and electrodes for
micro-supercapacitors [12, 13, 28-32]. However, for the
microfabrication process, which is highly integrative
and compatible with micromachining technologies,
some substances and technologies should be avoided;
for example, the deep etching of silicon using strong
acids or alkalis and some binder materials that may
affect the electrochemical performance of the device.
Therefore, the development of a microfabrication
process that facilitates the preparation of high-
performance carbon microstructures with high
compatibility, high repeatability, and at a large scale
is necessary to allow the development of micro-
supercapacitors.

Herein, we report the fabrication of photoresist/
chitosan-coated CNT (CHIT-CNT) micropatterns by
one-time optimized photolithography, as shown in
Fig. 1. Our work is the first time that this type of
microfabrication has been used with this kind of com-
posite for micro-supercapacitor applications. The CHIT-
CNT micropatterns are converted to a carbon (C)/
CHIT-CNT microelectrode array and a current collector
by pyrolysis, and the resulting micro- supercapacitor
shows enhanced mechanical properties and electrical
conductivity. Moreover, the micro-supercapacitor
shows excellent electrochemical performance, with
ultrahigh specific capacitance (6.09 mF-cm™ at a scan
rate of 10 mV-S™) and cyclability (99.9% capacitance
retention after 10,000 CV cycles at a scan rate of 1 V-s™).
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(a) Wafer cleaning (b) Spin coating

Photoresist/

CHIT-CNT
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(c) Photolithography (d) Pyrolysis

Photoresist/
CHIT-CNT

Figure 1 Microfabrication process of the C/CHIT-CNT micro-supercapacitor. (a) RCA cleaning of the Si/SiO, substrate. (b) Spin coating
of photoresist/CHIT-CNT composite on the substrate. (c) Photolithography, development, and rinse. (d) Pyrolysis.

2 Experimental
2.1 Preparation of CHIT-CNT

CHIT-CNT was prepared by a controlled surface
deposition process, as shown in Fig.S1 (in the
Electronic Supplementary Material (ESM)). A typical
preparation procedure is as follows [20]: Multi-
walled CNTs (100 mg, MWCNT, purchased from XF
NANO) were dispersed in a 100-mL chitosan solution
(chitosan (0.1 g) dissolved in a 1% acetic acid solution
(100 mL)) via ultrasonic agitation for 10 min followed
by stirring for 1 h. Then, diluted ammonia was added
into the CHIT-CNT solution, followed by formalin
(40 mL). The solution was then heated at 60 °C for
20 min. Then, the CHIT-CNTs were washed with diluted
acetic acid (1 vol.%), separated by centrifugation,
and finally dried at 70 °C in an electric drying oven
for 12 h. This controlled deposition process is used
to improve the dispersion of CNTs in the photoresist
[33-35]. In addition, unlike acid-treatment, the pristine
structures of the CNTs are well preserved in the
process of decoration with chitosan because no defects
are introduced [36].

2.2 Fabrication process of the micro-supercapacitor

Interdigital microelectrodes (each having seven fingers
with a size of 0.28 cm x 0.018 cm) were designed for
their high area and volumetric utilization of the
active materials [5, 7, 8]. The typical microfabrication
process of patterned microelectrodes by the C-MEMS
technique is shown in Fig. 1. This process consists of
four steps. First, preparation of photoresist/CHIT-CNT
composite and RCA cleaning of the Si/SiO, substrate
(the thickness of oxide layer was 500 nm). Secondly,
spin-coating of composite on the substrate. Thirdly,
micropatterning of the interdigital microelectrodes.

Fourthly, pyrolysis, during which the photoresist/
CHIT-CNT is converted to C/CHIT-CNT. The prepared
CHIT-CNT was mixed in PR1-9000A photoresist
(Futurrex) at 0.5 wt.% by continuous and simultaneous
stirring and ultrasonic agitation for 10h, yielding
a uniform photoresist/ CHIT-CNT composite. After
standing for 2 h to allow air bubbles trapped in the
composite to be lost, the composite was spin coated
on a cleaned 5i/SiO, wafer at 1,000 revolutions per
minute (rpm) for 10 s and 6,000 rpm for 40 s, followed
by 15 min soft-baking at 100 °C. The micropatterns
were fabricated using optimized photolithography,
development (conducted with RD6), and a longer
rinse than the standard treatment used for PR1-9000A
photoresist. After hard-baking at 115 °C for 10 min,
the sample was placed in a hot-wall furnace for
pyrolysis under N, atmosphere. The sample was
heated at a rate of 2 °C'min™ from room temperature
to 400 ‘C and held at this temperature for 30 min.
Then, the sample was heated at the same rate to either
800, 900, or 1,000 °C and kept at this temperature for
1 h. After cooling to room temperature naturally, the
preparation of the pyrolyzed-composite microelectrode
micro-supercapacitor was complete. After pyrolysis
at 900 °C, the thickness of C/CHIT-CNT microelectrode
was ~1.2 um, as determined by a surface profiler. Due
to the excellent mechanical properties and electrical
conductivity of C/CHIT-CNT, it can act not only as
the electrode active material but also as the current
collector. Microelectrodes with different materials
(pure pyrolyzed carbon and C/pristine CNT) were
also fabricated by a similar process.

2.3 Characterization

Scanning electron microscopy (SEM) images were
collected with a JEOL JSM-7100F SEM at an acceleration
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voltage of 15 kV. X-ray photoelectron spectroscopy
(XPS) measurements were performed using a VG
MultiLab 2000 instrument. Raman spectra were
acquired using a Renishaw RM-1000 laser Raman
microscope. Thermogravimetric (TG) measurements
were performed using a Netzsch STA 449C simul-
taneous thermal analyzer at a heating rate of
10 *C:min™ under N, atmosphere. The electrochemical
performances were evaluated using an Autolab 302N
combined with a probe station (Lake Shore, TTPX).

3 Results and discussion

3.1 Structural characterization

Figures 2(a) and 2(b) show SEM images of the
pristine MWCNTs and CHIT-CNTs, respectively,
showing their surface morphologies. The irregular
surface of the CHIT-CNTs indicates that chitosan is
uniformly coated on the CNTs. As shown in Fig. 2(c),
the prepared CHIT-CNT is dispersed uniformly
throughout the carbon after pyrolysis. The carboniza-
tion of the PR1-9000A photoresist was confirmed by
high-resolution XPS in the C 1s region (Fig. 2(d))
and an XPS survey of the surface of the fabricated

2513

microelectrode after pyrolysis at 900 °C (Fig. S2 in
the ESM). Thermogravimetric analysis (TGA) of the
PR1-9000A photoresist was carried out under N,
atmosphere (Fig.2(e)), and the weight retention at
800 °C was found to be ~16%; furthermore, there was
no obvious weight loss at temperatures higher than
800 °C. In this work, temperatures of 800, 900, and
1,000 °C were selected to explore the optimal pyrolysis
temperature.

Raman spectra of the C/CHIT-CNT microelectrodes
formed by pyrolysis at 900 and 1,000 °C were measured
to confirm the carbonaceous nature of the pyrolyzed
samples, and these are shown in Fig. 2(f). Two broad
peaks centered at ~1,320 (disorder-induced band,
D-band) and ~1,600 cm™ (graphitic band, G-band) are
clear in the two samples. The smaller intensity ratio
of D/G band (Ip/I; = 1.06) after pyrolysis at 900 °C is
indicative of the higher degree of graphitization and
larger graphite crystallites of that composite compared
to that pyrolyzed at 1,000 “C (Ip/Ig = 1.13) [18].

3.2 Electrochemical characterization

Symmetric micro-supercapacitors formed of C/CHIT-
CNT, pure pyrolyzed carbon, and C/pristine CNT
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Figure 2 SEM images of (a) pristine CNTs, (b) CHIT-CNTs, and (c) C/CHIT-CNT microelectrodes after pyrolysis at 900 °C.
(d) High-resolution XPS spectrum in the C 1s region of the pyrolyzed carbon microelectrodes after pyrolysis at 900 °C. (e) TGA curve
of the PR1-9000A photoresist. (f) Raman spectra of the samples after pyrolysis at 900 and 1,000 °C.
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counter microelectrodes were fabricated, and their
electrochemical performances were evaluated. Cyclic
voltammetry (CV) tests at various scan rates ranging
from 10 mV-s™ to 20 V-s™ were carried out to assess the
capacitive performance of the micro-supercapacitors
using an aqueous H,SO, (1 mol-L™) solution as the
electrolyte. CV curves of the micro-supercapacitor
comprised of C/CHIT-CNT microelectrodes formed
at different pyrolysis temperatures and measured at
a scan rate of 10 mV-s™ are shown in Fig. 3(a); all the
CVs have a rectangular shape, indicating ideal
capacitive behavior [1, 18]. As can be seen in Fig. 3(a),
the current response of the sample formed by pyrolysis
at 900 °C is much higher than those formed at 800
and 1,000 °C at the same scan rate. For the sample
pyrolyzed at 900 °C, calculations indicate a high specific
capacitance of 6.09 mF-cm™ at a scan rate of 10 mV-s™,
much greater than those of the samples prepared at
pyrolysis temperatures of 800 °C (0.20 mF-cm™) and
1,000 °C (1.43 mF-cm™). The same tendency was also
observed in the CV curves of pure pyrolyzed carbon
and C/pristine CNT microelectrode-based superca-
pacitors, as shown in Fig. S3 (in the ESM).

The
supercapacitors was further investigated by galvanos-

electrochemical performance of micro-
tatic charge-discharge measurements at different
current densities. The charge—discharge curves, shown
in Fig.3(b), at a current density of 0.1 mA-cm™
further confirm that 900 °C is the optimal pyrolysis
temperature. The discharge time (59.845s) of the
sample formed by pyrolysis at 900 °C is longer than
those of the samples formed at pyrolysis temperatures
of 800 and 1,000 °C. Similarly, micro-supercapacitors
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containing pure pyrolyzed carbon and C/pristine CNT
microelectrodes formed by pyrolysis at 900 °C also had
longer discharge times (14.25 and 29.32 s) compared
to those pyrolyzed at 800 and 1,000 °C (Fig. S3 in the
ESM). It can be concluded that 900 °C is the optimal
pyrolysis temperature to fabricate the C/CHIT-CNT
composite microelectrodes for micro-supercapacitors.

The CV curves of the micro-supercapacitors formed
of different microelectrodes (pure pyrolyzed carbon,
C/pristine CNT, and C/CHIT-CNT) at 10 mV-s! are
shown in Fig. 4(a). The largest current response with
a C/CHIT-CNT microelectrode-based supercapacitor
demonstrates the significant improvement in electro-
chemical performance gained by compositing carbon
with CHIT-CNT. The specific capacitance of C/CHIT-
CNT (6.09 mF-cm™) at a scan rate of 10 mV-s™ is 1.47
times greater than that of pure pyrolyzed carbon
(247 mF-em™) and 0.57 times higher than that of
C/pristine CNT (3.87 mF-cm™) (Fig. 4(b)). Moreover,
the specific capacitance is higher than that of several
reported micro-supercapacitors containing carbon-
based microelectrodes including photoresist-derived
carbon [14, 37], carbide-derived carbon [38], inkjet-
printed carbon [39], vertically aligned CNTs [40, 41],
graphene films [42], graphene/CNT [43], and reduced
graphene oxide/Fe,O; [44]. In addition, the charge-
discharge curves at a current density of 0.1 mA-cm™
confirm the significant improvement in electrochemical
performance (Fig. 4(c)). The discharge time increases
from 14.25 to 59.84 s, meaning that more charge is
stored by C/CHIT-CNT composite microelectrodes. It
is obvious that the performance of the C/CHIT-CNT
microelectrode-based micro-supercapacitor is greatly
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Figure 3 (a) CV curves of the C/CHIT-CNT microelectrode-based micro-supercapacitor at a scan rate of 10 mV-s . (b) Galvanostatic
charge—discharge profile of C/CHIT-CNT microelectrode-based micro-supercapacitor at a current density of 0.1 mA-cm .
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Figure 4 (a) Comparison of CV curves of micro-supercapacitors with different microelectrodes at a scan rate of 10 mV-s™. (b) Calculated
capacitances of micro-supercapacitors with different microelectrodes at various scan rates. (c) Comparison of the galvanostatic
charge—discharge profile of micro-supercapacitors with different microelectrodes at a current density of 0.1 mA-cm™. (d) Nyquist plots
of micro-supercapacitors with different microelectrodes at frequency from 0.1 Hz to 100 kHz. (e) and (f) CV curves of C/CHIT-CNT
microelectrode- based micro-supercapacitor at different scan rates. (g) Comparison of the galvanostatic charge—discharge profile of
the C/CHIT-CNT microelectrode-based micro-supercapacitor at different current densities. (h) Cycling stability of C/CHIT-CNT
microelectrode-based micro-supercapacitor at a scan rate of 1 V-s™' over 10,000 cycles.

improved by the compositing process and integra-
tion of CNTs, and it is further improved by coating
chitosan onto the CNTs. Electrochemical impedance
spectroscopy (EIS) measurements were made to
evaluate the impedance properties of pure pyrolyzed
carbon, C/pristine CNT, and C/CHIT-CNT micro-
electrodes, respectively. As shown in the corres-
ponding plots (Fig. 4(d)), a high-frequency semicircle
is observed, possibly caused by the porous nature
of the microelectrodes, i.e., small pores lead to high
resistance to ionic transport [37]. The smaller equivalent

series resistance (ESR) values of C/CHIT-CNT micro-
electrodes also confirm the improvement in electrical
transport compared with pure pyrolyzed carbon and
C/pristine CNT [7]. The smaller ESR values result
from the porous structure of pyrolyzed carbon, which
has good conductivity, and their compositing with
CNTs, which increases the contact area between
electrolyte and electrodes. Furthermore, integration
with high specific-surface-area (SSA) CNTs not only
improves the electrode conductivity (the electrical
conductivity of CNTs is higher than that of pyrolyzed

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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carbon) but also shortens the path of diffusion for
fast-moving electrons [45-48]. The chitosan coating,
which is converted to carbon during pyrolysis, prevents
agglomeration of CNTs in the matrix. Consequently,
a more uniform dispersion of CNTs is obtained, leading
to more pathways for electron transport. Furthermore,
the obtained carbon layer enhances the contact between
the pyrolyzed carbon and CNTs and facilitates ion
transport. The C/CHIT-CNT microelectrodes have a
high surface area, which accommodates more electrolyte
ions, creates more electron pathways, and causes less
resistance to electron transport during electrochemical
processes. Consequently, outstanding electrochemical
performance can be realized by using this micro-
electrode design and architecture.

The electrochemical performance of the micro-
supercapacitor with C/CHIT-CNT microelectrodes was
further studied by CV measurements at different scan
rates (Figs. 4(e) and 4(f)) and galvanostatic charge—
discharge curves at different current densities (Fig. 4(g)).
Figure 4(e) shows the CV curves at low scan rates
from 10 to 80 mV-s™. The rectangular shape is charac-
teristic of the double-layer capacitance mechanism
for charge storage. Furthermore, the current response
increased at nearly the same time as the increase in
scan rate. This and the calculated specific capacitance,
which changes from 6.09 to 4.31 mF-cm™ (Fig. 4(b)),
are indications of the good electrochemical stability
and high capacitance of the microelectrodes. Because
there is insufficient time for ions to diffuse and absorb
into the small pores of the pyrolyzed composite at high
scan rates, the CV curve deviates from a rectangular
shape, accompanied by a decrease in capacitance
(Fig. 4(f)). The triangular shapes of charge-discharge
curves at different current densities, a typical charac-
teristic of EDLC supercapacitors [9], are consistent
with the CV curves. In addition, a very low insulation
resistance (iR) drop at each current density from 0.1
to 2 mA-cm™ indicates a low cell resistance, and a
capacitance of 7.48 mF-cm™ and a coulombic efficiency
of about 95.6% at a current density of 0.1 mA-cm™
were determined. Figure 4(h) shows the cycling per-
formance of C/CHIT-CNT microelectrode-based micro-
supercapacitor; little capacitance loss during the cycling
process and a remarkable long-term cyclability with
99.9% capacitance retention after 10,000 CV cycles at

Nano Res. 2016, 9(8): 2510-2519

a scan rate of 1V-s™ was observed, demonstrating
the excellent cycling performance of the fabricated
C/CHIT-CNT microelectrode.

The volumetric energy and power density of micro-
supercapacitors with different microelectrodes were
calculated from the results of CV measurements, and
these are shown in Ragone plots (Fig. 5). At a scan rate
of 10 mV-s, the highest energy density (4.5 mWh-cm™)
and highest power density (0.20 W-cm™) were recorded
for the C/CHIT-CNT microelectrode-based micro-
supercapacitor. The energy density is higher than
that of commercial Li-ion thin-film battery [37]. There
is a small drop in energy density with increasing
power density for the C/CHIT-CNT microelectrode-
based micro-supercapacitor. These results demonstrate
the advantages of C/CHIT-CNT microelectrodes and
are in agreement with CV and galvanostatic charge-
discharge data. Furthermore, these results show that
this integration strategy is a promising route for
the preparation of high-performance C-MEMS-based
micro-supercapacitors.

107
_ C/CHIT-CNTs
T
3 ‘m
<
=
g
Eﬂ 10~ 4 C/pristine CNTs
=
o Pure C
£
2
(=}
n
107 — — .
107 107 10 10'

Specific power (W-cm™)

Figure 5 Ragone plots of the volumetric energy and power
density of the fabricated micro-supercapacitors with different
microelectrodes.

4 Conclusion

In summary, an interdigital micro-supercapacitor
with C/CHIT-CNT microelectrodes was fabricated
by optimized photolithography and pyrolysis. The
excellent electrochemical performance with ultrahigh
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specific capacitance and ultra-stable cyclability is
attributed to the scalable C-MEMS process and
integration of CHIT-CNT. It is significant that our
approach enables device fabrication with a composite
electrode, simplifying the process. The fine micro-
patterning of this composite is suitable for large-scale
production and integration with C-MEMS. Furthermore,
other kinds of photoresists and inorganic precursors,
such as carbon materials and transition metal oxides,
can be utilized to explore the potential of this optimized
microfabrication process in the development of
electrochemical energy storage devices.
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