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Fig. 1 Single-wire resistances and line widths under different powers and scanning speeds. (a) Single-wire resistance;

(b) line width
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Fig. 2 Determination of sweeping line clearance. (a) SEM image of carbonized surface by single-line scanning; (b) SEM image

of carbonized side by single-line scanning; (c) schematic of resistance measurement of carbide electrode; (d) structural

diagram of interdigital electrode
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Table 1 Ultrasonic spray coating parameters of RuCl,
Parameter Substrate temperature /°C Pressure /MPa Flow /(mLe*min ) Number of spray coating layers
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Fig. 3 Preparation of LIG and LIG/Ru0,

preparation of LIG/RuQ, electrode; (c¢) PI film fixed on glass slide; (d) PI film with RuCl, sprayed on its surface;

electrodes. (a) Schematic of preparation of LIG electrode; (b) schematic of

(e) interdigital electrode array; (f) formed interdigital electrode
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Fig. 4 Micro-nano structure of electrode and EDS characterization. (a) SEM image of LIG/RuQ, electrode surface; (b) porous

structure inside LIG electrode; (¢) micro-nano structure of LIG/RuQ, electrode surface; (d) micro-nano structure inside

LIG/RuQ, electrode; (e) flocculent structure of LIG/RuQ, electrode surface; (f) element content in flocculent structure
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Fig. 5 EDS scanning results of LIG/RuQ, electrode surface. (a) C element distribution; (b) N element distribution; (¢) O

element distribution; (d) Cl element distribution; (e) Ru element distribution; (f) atomic fraction of each element

W 2GS R AR L 0] LSRAT O R IR P
WAL E B . B 6 Ca) Ry (i F L 2 % 3% 10 3 43 31 1Y
LIG FES B R S8 1% . n LLA S BH 5 A0 B Y R AF 1
fI45 D (1345 em™ D G 1577 em™ '), SHRAERY

T A RHERAE I D I (1350 em ) F1 G W& (1580 ecm )
FEA—F, HIESR (I, /1) R 0.9, %W KRN
MBS T Rtk . B 6(b) A LIG/RuO, &
G M XPS sl 42, I ] Cls FfAE g 284. 8 eV

1602016-4



# 49 % £ 16 #1/2022 £ 8 A/ E

1600 G
1400 |
1200 -
1000 -
800
600
400 1
200

Intensity /arb. units

300 600 900 1200 1500 1800 2100
Raman shift /cm™

(b) & Ru 3p,,(IID Ru3p,(IV)

Intensity

.....

Al acde
——raw data -—resolved peaks
—A—background —e—fitting curve
490 485 780 475 470 4656 460
Binding energy /eV

K6 HLHA Raman & XPS F1E, ()LIG B Raman i ; (b)) LIG/RuO, HLH 1 XPS 43 14 il 2k
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Fig. 7 Cyclic voltammetric curves of electrodes with different interdigital spacings at voltage sweeping speed of 10 mV/s.

(a) Cyclic voltammetric curves of LIG electrodes; (b) cyclic voltammetric curves of LIG/RuQ, electrodes
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Fig. 8 Capacitance comparison of LIG electrode and LIG/RuQ, electrode at voltage sweeping speed of 10 mV/s. (a) Capacitance
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Fabrication of LIG/RuQ, Composite Electrode by Femtosecond Laser
Direct Writing

Wang Lianfu, Guan Yanchao, Ding Ye , Li Jingyi, Yang Lijun
Key Laboratory of Micro-systems and Micro-structures Manufacturing, Ministry of Education, Harbin Institute of
Technology, Harbin 150001, Heilongjiang, China

Abstract

Objective With the rapid development of equipment, smart textiles, electric vehicles, and renewable energy generators
in flexible electronics, the electrochemical energy storage devices have attracted extensive attention. How to obtain an
efficient, stable, and safe energy storage system has become an urgent problem to be solved at present. As a new type of
energy storage device, the super-capacitor can provide a high power density and a long service life (= 100000 cycle), so
it has become the key research direction in the field of energy storage. However, the application of a super-capacitor is
limited by its low energy density. In recent years, the application of the laser direct writing technology to the preparation
of energy storage electrodes has become a new research hotspot. Laser-induced graphene (LIG) electrode based on
polyimide (PI) films has gradually attracted extensive attention due to its advantages of simple preparation and strong
expandability, but its further application is limited by its low energy density.

Methods In order to improve the electrochemical performance of LIG electrodes, the influence of laser power and
scanning speed on the carbonization effect of the PI film is first studied, and the appropriate processing parameters of LIG
electrodes are determined. Then, the RuCl; crystal is sprayed onto the surface of the PI film by ultrasonic spraying, and
the LIG/RuQ, composite electrode is prepared by the femtosecond laser direct writing technology. Finally, the super-
capacitor is assembled. By means of scanning electron microscope (SEM), energy dispersive spectroscopy (EDS), Raman
spectrum, and X-ray photoelectron spectroscopy (XPS), the micro-nano structure and composition of the electrode are
analyzed, and the influence of interdigital spacing on the electrode capacitance is studied. By comparing the
electrochemical performances of the LIG/RuQ, electrode and LIG electrode, the influence of the combination of RuO, and
LIG on the performance of the super-capacitor is clarified.

Results and Discussions Through the single-line scanning experiment, it can be found that the line resistance per unit
length decreases with the increase of laser power and the decrease of scanning line speed. Because the laser energy
deposited per unit area increases with the increase of laser power and the decrease of scanning line speed, the
carbonization degree and depth deepen and the line resistance decreases. The SEM and EDS characterizations show that
the electrode surface is a neat laser ablation groove, and the surface structure is still relatively flat. The inner walls of the
grooves are all porous structures, which are porous carbon net structures formed after laser-induced carbonization of the
PI film. The EDS analysis of the flocculent structure in the LIG/RuQ, composite electrode shows that the main component
is C, and the atomic fraction ratio of Ru to Cl is 7.73. Therefore, it can be judged that RuO, is generated in the flocculent
structure by removing a small amount of RuCl; residues (Fig. 4). The EDS mapping analysis results on the surface of
LIG/Ru0Q, composite electrode are basically the same as those in flocculent structure, but the Ru content decreases, which
may be due to the fact that the thermal deposition on the surface is less than that inside the electrode, and the generation
of RuO, is decreased (Fig. 5). The Raman spectral analysis and the XPS analysis of the LIG electrode and LIG/RuO,
composite electrode show that the electrode has a good carbonization degree, and the tetravalent Ru in the XPS peak
splitting curve indicates the existence of RuQ, (Fig. 6). Comparing the cycle voltammetry (CV) curves under different
interdigital spacings, it can be found that with the decrease of interdigital spacing, the electrode capacitance gradually
increases (Fig. 7). Except for the electrode with a 200 um interdigital spacing, it can be found that the specific area
capacitance of the LIG/RuQ, composite electrode is more than 4.5 times that of the LIG electrode (Fig. 8). Through
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different voltage sweeping CV tests, it can be found that the rate performance of the LIG/RuQO, composite electrode is
obviously better than that of the LIG electrode (Fig. 9). In addition, the galvanostatic charge-discharge (GCD) test and
the electrochemical impedance spectroscopy (EIS) test of the LIG/RuO, composite electrode show that it has reversible
charge-discharge characteristics and obvious pseudo-capacitance characteristics (Fig. 10).

Conclusions Through the femtosecond laser direct writing technology, the RuCl, crystals on the surface of the PI film
are transformed into RuO, nanoparticles and anchored to the surface of porous carbon mesh structure while preparing the
LIG electrode, thus the one-step preparation of LIG/RuQ, composite electrode is realized. The SEM and EDS show that
RuO, is formed in the micro-nano structure on the electrode surface after femtosecond laser irradiation, and the Raman
spectral test shows that the LIG electrode has a good carbonization effect. With the decrease of interdigital spacing, the
specific area capacitance of the electrode gradually increases. Compared with the unmodified LIG electrode, the LIG/RuO,
composite electrode shows good rate performance and ion reaction kinetics. At a voltage sweeping speed of 10 mV/s, the
specific area capacitance of the LIG/RuQ, composite electrode super-capacitor is 4.9 mF/cm®, 4.85 times that of the LIG
electrode, and the energy density of 0.173 W-h/cm’ at a current density of 0.1 mA/cm” is superior. In addition, the
constant current charge-discharge test and the impedance spectrum show that the LIG/RuO, composite electrode has good
charge-discharge performance and conductivity. This laser direct writing technology does not need any mask design or
auxiliary gases, so it is suitable for simple and scalable preparation of planar miniature super-capacitors.

Key words laser technique; femtosecond laser direct writing; laser-induced graphene; RuQ, ; super-capacitor
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