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Abstract: Here, we demonstrate the fabrication of a flexible and transparent micro-supercapacitor

(MSC), using colorless polyimide (CPI) via a direct laser writing carbonization (DLWC) process.

The focused laser beam directly carbonizes the CPI substrate and generates a porous carbon structure

on the surface of the CPI substrate. Fluorine, which is one of the chemical compositions of CPI,

f,?,eﬁtf;’s' can enhance the specific area and the conductivity of the carbon electrode by creating micropores

o ) in carbon structures during carbonization. Thus, the fabricated carbonized CPI-based MSC shows
Citation: Kim, H.; Hwang, S.; . . 1 . o
enhanced specific capacitance (1.20 mF at 10 mV s™") and better transmittance (44.9%) compared
to the conventional PI-based MSC. Additionally, the fabricated carbonized CPI-based MSC shows

excellent cyclic performance with minimal reduction (<~10%) in 3000 cycles and high capacitance
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Recently, the demand for microscaled electronic devices has grown rapidly. Specif-
ically, significant attention has been directed toward transparent and flexible devices in
wearable device applications. Thus, this trend has resulted in the active study of small,
flexible [1,2] and transparent [3] energy-storage devices. Supercapacitors, featuring a
long cycle lifespan and high-power density, are one of the strongest candidates with the
potential to replace conventional batteries, which are not usually transparent nor flexible
microscale energy devices. Several studies have been conducted on flexible and transpar-
- ent supercapacitors, using nanomaterials such as silver nanowire and other metal-oxide
nanomaterials [4,5]. Pseudocapacitors, usually based on metal oxides [6-8] and conductive
polymers [9,10], store energy depending on electron charge transfer via electrosorption,
redox reactions and intercalation. However, redox reactions can severely damage the
surface of the electrode, inducing poor cycle sustainability in pseudocapacitors.

Attribution (CC BY) license (https:// Meanwhile, the electric double-layer capacitor (EDLC), which is another type of su-
creativecommons.org/ licenses /by / percapacitor, stores energy through electrical adsorption between its conductive electrode
40/). and electrolyte ion layer. Since the energy is stored only by the movement of electrolyte
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ions on the surface without chemical reaction, the surface of the electrode remains undam-
aged. As a result, EDLCs exhibit robust cycle performance compared to pseudocapacitors.
However, the EDLC can only store energy on the surface of the electrode; hence, increasing
the specific surface area and porosity of the electrode, which enhances the energy storage
performance, is important [11]. Since carbon materials are used to fabricate EDLCs due to
their excellent electrical and mechanical properties, such as high conductivity, electrochem-
ical and mechanical stability [12], various carbon materials, such as activated carbon [13],
carbon nanotubes [14,15], and onion-like carbon [16], have been studied for increasing the
specific area in EDLC.

Besides increasing specific area, doping carbon electrodes with heteroatoms has been
actively investigated to enhance the capacitance of supercapacitors [17,18]. For instance, py-
rolysis of polymeric precursors, which contains abundant carbon chains with heteroatoms
such as nitrogen and oxygen, can produce high-capacitance electrodes due to the remain-
ing heteroatoms [19]. Various organic materials, such as hemp [20], human hair [21], and
polyimide [22], can be used as the carbon precursor from which porous carbon materials
are derived by high-temperature pyrolysis. However, a high-temperature process usually
requires a rigid substrate with good thermal stability and an additional transfer process to
fabricate a flexible device.

To overcome these limitations, the direct laser writing carbonization (DLWC) process
has been recently suggested for the fabrication of flexible EDLCs. Generally, the DLWC
process produces mesoporous carbon nanostructures on the surface of the target substrate
by laser irradiation [23,24]. For polyimide substrates, gaseous nitrogen released during
the DLWC process [25-28] induces the formation of a random mesoporous carbon nanos-
tructure, having a high specific surface area [19]. Additionally, the mesoporous carbon
nanostructure produced by pyrolysis of polyimide has heteroatoms of nitrogen and oxygen
in the surface functional groups [19,26], which can improve capacitance through faradaic
redox reactions with acidic electrolytes [29,30]. However, polyimide has poor optical trans-
parency because of its brownish appearance, thus it is difficult to apply polyimide as a
transparent supercapacitor. Meanwhile, several studies demonstrated the fabrication of
colorless polyimide (CPI)-based flexible supercapacitors using DLWC processes, but the
fabricated supercapacitors exhibited poor optical transparency due to the limitation of their
relatively wide pattern width [31,32].

In this study, mesoporous carbon electrodes with a small pattern width (~150 um)
were formed on the surface of CPI substrates via a DLWC process. The carbonized CPI
substrates were then used to fabricate a flexible and transparent MSC using a carbonized
CPI substrate. As shown at Figure S1, CPI contains fluorine atoms that are different from
conventional PI. Fluorine is found to increase electrical conductivity of the carbon electrode
and enhance the capacitance [29]. During the pyrolysis of the CPI substrate via the DLWC
process, the trifluoromethyl (-CF3) contained in CPI is released as fluorine-based gases
(CF3, CHyF,, etc.), which produce micropores on the surface of the carbon structure [32].
Therefore, through the application of carbonized CPI produced using the DLWC process,
flexible and transparent MSCs, with enhanced capacitance compared to conventional
carbonized PI-based MSCs, are fabricated.

2. Experimental Methods
2.1. Preparation of the CPI Substrate and Fabrication of Carbonized CPI-Based MSC

Figure 1 shows a schematic representation of the DLWC process and the fabrication of
carbonized CPI-based MSCs by DLWC. The CPI substrate was prepared by the thermal
curing of liquid CPI varnish (DFCPI-301, Dongbaek Fine Chem.) To maintain a constant
and reproducible film thickness of the CPI substrate, liquid CPI varnish was spread onto
a clean glass as a sacrificial substrate by the doctor-blading process. Next, a sequence
of thermal curing processes at 80 °C for 30 min, 100 °C for 5 min, 160 °C for 10 min,
and 180 °C for 10 min was conducted to produce the CPI substrate, which was 50 um in
thickness. For the fabrication of the carbon electrodes in CPI substrate, a continuous wave
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laser (Sprout-H-8W, Lighthouse Photonics) of 532 nm in wavelength was used, as shown
in Figure 1. Additionally, a two-dimensional (2D) galvano mirror system (hurrySCAN II
14, SCANLAB) combined with the F-theta telecentric lens (4401-461-000-21, LINOS) was
used to make the digital pattern of the carbon electrode.

1 NANO Lab.
532 nm cw laser PVA-H;PO, // WP e ores Laoratory

Direct laser writing carbonization => Fabrication of carbonized CPI based MSC

Figure 1. Schematic illustration of the DLWC process and fabrication of carbonized CPI-based MSC.

The gel electrolyte was prepared by dissolving polyvinyl alcohol (PVA) and phospho-
ric acid (H3POy) in deionized water. First, 4 g PVA was put in 40 mL deionized water with
stirring at 100 °C until a clear solution was obtained. Then, 3.2 g H3PO4 was added to the
solution and stirred for 1 h at room temperature [15]. For the fabrication of the carbonized
CPI-based MSC, the prepared gel electrolyte was coated onto the carbon electrode and
solidified overnight at room temperature. As a result, since the gel electrolyte and CPI are
transparent, the carbonized CPI-based MSC fabricated by DLWC is flexible and transparent,
as shown in the inset image of Figure 1.

2.2. Charaterization

The morphologies of the carbon electrodes were examined using field emission scan-
ning electron microscopy (FE-SEM, Hitach, SU8220) and the chemical properties of the
carbon electrodes were characterized by X-ray photoelectron spectroscopy (XPS, Ther-
moFisher, Waltham, MA, USA, NEXSA) and Raman spectroscopy (Renishaw, Wotton-
under-Edge, Groucestershire, UK, inVia reflex). For electrochemical measurements, such
as cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD), the carbonized
CPI-based MSC was analyzed by an electrochemical workstation (Ivium vertex, Ivium
technologies) using a two-electrode system. Electrochemical impedance spectroscopy (EIS,
ZIVE SP1, WonATech, Seoul, Korea) was measured at a frequency ranging from 1 Hz to
1 MHz. Transmittance measurement was conducted by UV-VIS spectrophotometer (OPTI-
ZEN™ Alpha, K LAB, Daejeon, Korea) to examine an optical property of the carbonized
CPI-based MSC.

3. Results and Discussions
3.1. Laser-Induced Carbonization

Figure 2 shows various SEM images of the carbon electrode made by DLWC with
different laser powers and scan speeds. Interestingly, the morphologies of the carbon
electrodes are diversely dependent on the laser conditions. At low laser scan speeds
(Figure 2a—c), the porosity of the produced carbon widens as the laser power is increased.
Meanwhile, at high laser scan speeds (Figure 2g—i), an increase in a narrower and deeper
carbon crevice is more dominant rather than an increase in porosity as the laser power is
increased. It can be confirmed that the low scan speed and high laser power are suitable
conditions for fabricating deep crevices, as well as highly porous carbon nanostructures
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having high specific surface areas, as shown in Figure 2c and its inset image (tilting
SEM image).

Laser Power

paads uesg

Figure 2. SEM images of carbon electrode fabricated by DLWC of CPI substrate at laser powers of
(a) 50, (b) 100, and (c) 150 mW at a fixed scanning speed of 1 mm s~ 1. The second row was processed
by laser powers of (d) 50, (e) 100, and (f) 150 mW at a fixed scanning speed of 3 mm s~1. The third
row was processed by laser powers of (g) 50, (h) 100, and (i) 150 mW at a fixed scanning speed of
5mm s~ . The inset image of Figure 2c is a tilted image of the carbon electrode. A constant scale bar
of 20 um was used throughout.

Figure 3a shows the Raman spectrum according to the selected areas of the carbon
electrode at a laser power and scan speed of 150 mW and 1 mm s, respectively (denoted
in Figure 2a,c). The measured peaks at 1350, 1580, and 2690 cm ! correspond to the
D, G, and 2D peaks (Carbon D and G bands), respectively. As shown in Figure 3a, the
blue-colored spectrum represents the carbon electrode produced by DLWC, which shows
strong carbon peaks that are consistent with a previous study on PI substrates fabricated
by DLWC [25], whereas the yellow-colored spectrum represents the edge of the produced
carbon electrode, which shows mixed peaks of amorphous and graphitic carbon. This
observation is also in excellent agreement with a previous study on PI substrates [25].

These results can be explained by the pyrolysis process of PI at a high temperature.
During pyrolysis, the PI substrate becomes amorphous carbon, at first. After then, under a
relatively high-temperature condition, carbonized polyimide is crystallized. The process is
called graphitization [19]. Since the intensity distribution of the applied laser is Gaussian,
the induced temperature field on the CPI substrate made by DLWC is also Gaussian.
Therefore, as reported in a previous study on the DLWC of PI substrates [33], crystallized
carbon nanostructures (laser-induced graphene) are produced at the middle of the carbon
electrode and the amorphous-graphitic carbon structure is produced at the edge of the
carbon electrode in the CPI substrate.
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Figure 3. (a) Raman spectra of the carbon electrode produced by DLWC of the CPI substrate in a

selected area at a laser power and scan speed of 150 mW and 1 mm s~!

, respectively. (b) Raman
spectra of carbon electrodes with different laser powers at a fixed scan speed of 1 mm s~!. Measured
line width and electrical resistance of the carbon electrode with different laser (c) powers and

(d) scan speeds.

Figure 3b shows the Raman spectrum of the carbon electrode at different laser powers.
The difference between the intensity of D and G peaks increases as the laser power increases.
These results imply that the crystallinity of the carbon electrode depends on the applied
laser power. With higher laser power, lower surface defects are formed on the produced
carbon electrode. Figure S2 shows the Raman spectra of the crystallized and amorphous
area in a carbon electrode fabricated by various laser powers. As shown in Figure S2,
the crystallized area is widened as the laser power is increased. During DLWC, the laser
parameters affect electrical resistance and the pattern width as well as the crystallinity
of the carbon electrode. Therefore, as the laser power and scan speed are increased and
decreased, respectively, the conductivity of the carbon electrode is improved, whereas the
pattern width of the carbon electrode becomes wider, as shown in Figure 3c,d. The line
width of the carbon electrode produced by DLWC at 150 mW and 1 mm s~ ! is ~150 um,
which is the optimal condition for maximum areal capacitance in this study.

Figure 4a shows the full XPS spectrum of the carbon electrode, confirming the existence
of C, E N, and O. The measured atomic ratios of C, F, N, and O in the XPS spectrum are
65.92%, 19.42%, 7.92%, and 6.74%, respectively. For the DLWC of PI [28], only N and O
exist, whereas F, N, and O were found in the carbon electrodes fabricated by the DLWC of
the CPI substrate.
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Figure 4. (a) XPS survey spectrum of the carbon electrode produced by the DLWC of the CPI substrate
and core level deconvoluted spectra of (b) C1s, (c) F1s, and (d) N1s.

For a detailed analysis of the CPI substrate fabricated by DLWC, the measured peaks
in the XPS spectra were further examined. The deconvoluted C1s spectra in Figure 4b show
dominating C—C (284.6 eV), C-N (285.8 eV), O—C=0 (287.7 eV), CF2 (291.7 eV), and CF3
(292.2 eV) bonding peaks. Interestingly, the deconvoluted C1s spectra indicate the new
CF, peak as well as the CF;3 peak, which originates from the pristine CPI substrate (see
Figure S3b of the Supplementary Materials). In addition, from the two peaks of covalent
(686.4 eV) and semi-ionic (686.4 eV) bonds in the F1s spectra of Figure 4c, fluorine existence
in the carbon electrode are confirmed. Compared to the carbon electrode fabricated by the
DLWC of PI, the presence of fluorine in the carbon electrode fabricated by the DLWC of
CPI enhances the electrical conductivity and resistance [29].

Meanwhile, the deconvoluted N1s spectra (Figure 4d) show various nitrogen species
and carbon structures, including pyridinic-N (399.2 eV), pyrrolic-N (400 eV), and graphitic-
N (402.3 eV). As shown in Figure 5, pyrrolic-N is a pentagon carbon ring in which the
nitrogen atom replaces one carbon. In the case of pyridinic-N and graphitic-N, nitrogen
is located at the end of the hexagon carbon ring and inside the hexagon carbon ring,
respectively. Compared to the pristine CPI substrate (see Figure S3c of the Supplementary
Materials), Figure 4d indicates that new pyridinic-N and graphitic-N peaks were generated
in the CPI substrate after the DLWC process. Thus, these results confirm that the nitrogen in
the pentagon carbon ring and fluorine atoms in CF3 groups might be broken and replaced
in the pristine CPI during the DLWC process (Figure 5), which is consistent with previous
studies on the conventional pyrolysis of CPI [19,34]. Additionally, since nitrogen-based
gases [25-28] and fluorine-based gases [29,30,32] are released from CPI during the pyrolysis,
micropores on the surface of carbon electrode are increased by the DLWC process. As a
result, these nitrogen species and mesoporous carbon structures react with electrolytes,
which improves the capacitance in a supercapacitor through faradaic redox reactions [29].
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3.2. Electrochemical Characteristics of MSCs

The areal capacitance (C,) is calculated as follows [25]:

_ J1av

CA= SAoav

@
where, f 1dV, A, v, and AV are the area under the CV curve, device area, voltage scan
rate, and potential window width, respectively. Using the computed areal capacitance,
the electrochemical measurements of carbonized CPI-based MSC were plotted (Figure 6).
Figure 6a shows CV curves in the potential range of 0-1 V at various scan rates from
10 mV s~! to 1V s~1. Since the nitrogen and oxygen heteroatoms in the carbon electrode
cause the faradaic redox reactions leading to a pseudocapacitive effect [19,29,30], the CV
curve shows a quasi-rectangular shape in previously reported MSC based on carbonized
PI by DLWC [26,35], against the ideal rectangular shape of typical EDLCs [36]. Similar
to results of previously reported MSC based on carbonized PI, the EDLC characteristic is
dominant but faradaic redox reactions from nitrogen and oxygen heteroatoms in the carbon
electrode also contribute to the specific capacitance in MSC based on carbonized CPI.

Figure 6b shows the areal capacitance of the carbonized CPI-based MSC at different
scan rates. A maximum areal capacitance of 1.20 mF cm~2 at 10 mV s~ ! was recorded,
which is a higher value that that reported in a previous study of carbonized PI-based
MSC [26]. As aforementioned, since the fluorine in the CPI substrate generates highly
electronegative fluorine functional groups in the surface of the carbon electrode, the
carbonized CPI-based MSC shows enhanced capacitance and electroconductivity [29,37]
Additionally, through the decomposition of CF3 during DLWC, fluorinated gases are
released, leading to induced micropores on the carbon structure, which increases the
specific area [34].

GCD curves are obtained at current densities from 0.1 to 1 mA cm~2 for carbonized
CPI based MSC (Figure 6c). The measured GCD curves exhibit nearly linear shapes, which
is generally found from typical EDLCs [38,39]. This suggests that the non-faradaic charge
storage mechanism prevails in the charge-discharge process.
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Figure 6. (a) Measured CV curves of carbonized CPI-based MSC at different scan rates. (b) Specific
capacitance calculated from different CV curves. (c) GCD curves at different current densities.
(d) Nyquist plot of carbonized CPI-based MSC at various impedances. The inset is the expanded
view in the high frequency region.

Figure 6d shows the nyquist plot of CPI-based MSC. In the plot, the equivalent series
resistance (ESR) estimated from the intercept of the real axis is ~238 (). At low frequencies,
the slope of the measured plot is semi-vertical. In addition, at high frequencies, the curve
of the measured plot is observed as slightly horizontal, as shown in the inset image of
Figure 6d. Since ion transportation is delayed at high frequencies due to the drastic
change in the electric field, the electrode can only accommodate a few ions existing in the
limited area, thus the capacitance and apparent pore resistance are decreased. These results
are consistent with typical EDLC [40], but also with previously reported MSC based on
carbonized PI [26].

Figure 7a,b shows the areal capacitance at a scan rate of 10 mV s~! and the trans-
mittance at different laser parameters. The measured areal capacitance of the carbonized
CPI-based MSC increases as the laser power and scan speed increase and decrease, re-
spectively. A maximum areal capacitance of 1.2 mF cm 2 at 150 mW and 1 mm s~ ! was
recorded. As shown in the SEM images of carbon electrodes at Figure 2, the specific
area also expands as the laser power and scan speed increase and decrease, respectively.
Thus, it confirmed that higher laser power contributes a higher specific area of carbon
electrode and enhances capacitive performance. In Figure 7a, however, the highest laser
power condition (200 mW) makes a areal capacitance lower than 150 mW. As shown in
Figure 54, since the carbon electrode produced by DLWC at 200 mW and 1 mm s~ ! can
be exploded and destroyed during DLWC, the specific capacitance might be decreased
under excess laser power conditions. Meanwhile, the higher laser power makes a wider
carbon electrode (Figure 3c). Thus, the transmittance of the carbonized CPI based MSC is
decreased from ~70% to ~44% as there is an increase in laser power at 550 nm wavelength,
as shown in Figure 7a. This is reason why the transmittance of the carbonized CPI-based
MSC decreases as the areal capacitance is increased. A detailed plot about the transmittance
of the carbonized CPI-based MSC is provided in Supplementary Materials (Figure S5).
Therefore, the highest areal capacitance of 1.2 mF cm 2 shows transmittance of 44.9% at
150 mW and 1 mm s~ 1.
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Figure 7. Specific capacitance and transmittance at 550 nm wavelength for different laser (a) powers and (b) scanning

speeds. (c) Capacitance retention and Coulombic efficiency at a current density of 0.3 mA em 2. (d) CV curves of the

carbonized CPI-based MSC under mechanical bending conditions bending at a scan rate of 100 mV s~ 1.

The long cycle stability of the carbonized CPI-based MSC for capacitance retention
and Coulombic efficiency was conducted through a 3000-cyclic charge-discharge test at a
current density of 0.3 mA cm~2 (Figure 7c). Capacitance retention of ~90% of the initial
value after the 3000-cyclic test was recorded, indicating good cycle stability. Additionally,
the Coulombic efficiency maintains almost 99% of the initial cycle during 3000 cycles. Thus,
these results confirm that the carbonized CPI-based MSC has high charge—discharge
energy efficiency.

For the flexibility test of the carbonized CPI-based MSC, the CV measurements were
conducted with different radii of the carbonized CPI-based MSC, which were attached
around cylinders with various radii from 30 mm to 2 mm. Figure 7d shows the mea-
sured CV of the carbonized CPI-based MSC under mechanical bending at a scan rate of
100 mV s~!. Since the measured CV results show minimal variation in all bending configu-
rations, the carbonized CPI-based MSC is confirmed to have good flexibility. Therefore,
transparent and flexible carbonized CPI-based MSCs can be fabricated by DLWC.

4. Conclusions

In summary, we introduced the fabrication of flexible and transparent carbonized CPI-
based MSCs by DLWC. Due to the presence of fluorine in the CPI substrate, the carbonized
CPI-based MSC shows enhanced electroconductivity. By creating micropores in the carbon
electrodes during laser carbonization, the specific area of the carbonized CPI-based MSC
increased, resulting in better capacitance performance compared to conventional Pl-based
MSC. The fabricated carbonized CPI-based MSC shows stable cycle performance and
good mechanical robustness. Thus, due to its mechanical flexibility and transparency, the
carbonized CPI-based MSC can be applied to other flexible and transparent optoelectronic
devices, including MSCs.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/en14092547 /s1, Figure S1: Chemical structure of PI and CPI. Figure S52: Raman spectra of
carbon electrode fabricated by laser. Figure S3: The XPS survey spectrum of pristine CPI substrate
and core level deconvoluted spectra. Figure S4: The SEM image of carbon electrode produced by
DLWC at 200 mW and 1 mm s~!. Figure S5: Digital images and the transmittances of carbonized CPI
based MSC with different laser powers.
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