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Laser processing of flexible and stretchable RGO in-plane micro-super-
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Abstract: The performance instability and degradation of flexible and stretchable in-plane micro-supercapa-
citors (FS-MSCs) under large deformation have limited their applications. Selecting suitable flexible elec-
trode materials and integrating them with stretchable substrates is crucial to solve the problem, while it re-
mains a challenge to simplify the device preparation and optimize performance. Here, we report a program-
mable single-wavelength laser processing strategy that simultaneously reduces/patterns reduced graphene ox-
ide (RGO) interdigital electrodes and textures an elastomeric substrate. By pre-stretching the substrate and
fitting it to the flexible RGO electrodes, our device demonstrates excellent performance robustness. A bend-
ing angle of over 300° and a tensile strain of about 120% of its original length can be withstood. Furthermore,
by optimizing the substrate surface morphology with ordered gridding, the electrochemical properties and
stability of the device have been significantly improved, which achieves a maximum capacitance of 1.34
mF/cm? with a fluctuation of only 1.5% under different tensile conditions. Even as the current density in-
creases from 0.01 to 0.05 mA/cm? gradually, the specific capacitance fluctuation of the devices remains
<7.4% under varying tensile strengths. Our work offers an effective solution for enhancing performance sta-
bility of in-plane FS-MSCs in harsh deformation environments, holding great potential for their future applic-

ations in wearable and portable energy storage.
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ible electrodes to a pre-stretched elastomeric sub-

1 Introduction strate is commonly applied P, To further optimize

device performance, it is also crucial to meticu-

Supercapacitors, s typical energy storage lously engineer the substrates to alleviate material

devices, have found widespread applications due to
their superior characteristics such as high power
density, fast charge/discharge rates, long-cycle life,
environmental friendliness and so on %, With the
rapid development of integrated optoelectronics re-
cently, the need for flexible and stretchable micro-
supercapacitors (FS-MSCs) with an optimized in-
plane architecture and stable performance has been
further highlighted B~ In general, the performance
of in-plane FS-MSCs is determined by the intrinsic
properties of the electrode and substrate materials,
as well as their structural integration. The former
governs the electrochemical behaviors, while the latt-
er ensures the mechanical robustness and stability 1,
Among various strategies that have been proposed

to keep high performance of devices, attaching flex-

stress and enhance mechanical strength ', Micro-
nano structures processed orderly and regularly can
bolster the stability and controllability of devices,
which is especially important in their integration in-
to micro-chips "'"'¥, However, how to fashion the
structures conveniently while simplifying the over-
all device design is still challenging, which present
significant research value to promote the develop-

ment of this field.

2 Experiment

To this end, here we developed a laser direct
writing technique for preparing the in-plane FS-
MSCs, which consist of flexible photo-patterned re-
duced graphene oxide (RGO) electrodes integrated
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with pre-stretched elastic substrates ablated with
regular structures. The excellent mechanical proper-
ties of the selected materials ensure the devices to
withstand a bending range exceeding 300° without
compromising performance. Even after enduring re-
peat bending for 1000 cycles, the specific capacit-
ance remained at 111% of their initial states. The
pre-stretch design of our FS-MSCs allows them to
achieve a maximum stretchability of over 118%,
which can adapt to most tensile demands of human
skin or wearable equipment '*', In addition, the
specific capacitance fluctuation of our devices can
be further lowered from 15.9% to 1.5% by further
optimizing the structures of substrate, indicating a
remarkable improvement in the stability and reliab-
ility.

It should be noted that a same light source
(CO, laser, ~10.64 um) was utilized for processing
both the RGO electrodes and structured substrates
here. We just need to functionalize the different
components by controlling the parameters, which
can not only improve the working efficiency but
also maintain the stability of device performance
during processing. Nevertheless, the CO, laser plays
distinct roles in the above operations. In terms of
electrodes, based on the thermal reduction effect, the
laser can selectively eliminate oxygen-containing
groups (OCGs) from graphene oxide (GO) film
coated on the polymer surface, resulting in its re-

[16

duced analogue ', By meticulously adjusting the
laser parameters, this process not only maintains the
high conductivity and stable physicochemical prop-
erties of the carbon materials without damages, but
also enhances the specific area of RGO with hier-
archical micro-nano structures, there-by promoting
electrochemical reactivity in subsequent experi-
ments 71, In contrast, when it comes to the sub-
strate, the laser can selectively ablate its surface for
creating structures as design, providing convenien-
ce for controlling the performance of FS-MSCs 221,
While laser-processed graphene MSC, substrate

structuring for mechanical robustness, and pre-

stretching for enhanced flexibility/ stretchability
have been reported, combining these features via a
simple single-wavelength laser strategy is rarely
seen 1 This simplified operation, along with the
control of device stress distribution through
micro/nanostructures, enables the device to exhibit
superior stability. The key performance metrics of
our device are compared with representative works
in Table 1. This work offers remarkable flexibility
as it is not limited to specific materials and is com-
patible with existing semiconductor processes tech-
niques, making it suitable for the widespread fabric-

ation of integrated FS-MSCs in the future >,

3 Results and Discussion

Figs. 1(a) shows the flow diagram of pro-
cessing in-plane FS-MSCs using laser direct writ-
ing technique. First, GO solution was spin-coated
onto the surface of a flexible polymer film, and a
beam of CO, laser was employed to photo-reduce
the GO to RGO electrodes as design [Figs. 1(a), I-
II]. The GO material is selected mainly because of
its excellent electrochemical performance, as well as
its ease of peeling and dispersion in water, and its
tractability for further electrode formation with uni-
form thickness . Meanwhile, the interdigital struc-
ture design eliminates the need for sandwiching a
membrane separator between two electrodes like
traditional devices, which can greatly enhance the
ion transmission efficiency, and mitigate the risks of
short circuit and electrolyte leakage. Then, the laser
was utilized again to ablate one-dimensional (1D)
periodic grooves on an elastomeric substrate [Figs. 1
(a), IV]. A typical period of 1 mm with a 3:7 duty
factor was set on an area of 2x2 cm?. After that, the
substrate was pre-stretched to 120% of its initial
length, and the RGO/polymer electrode film was
transferred and attached onto it to assemble them in-
to a complete device [Figs. 1(a), III, V]. Since only
the top surfaces of the grooves were in contact with

the film, periodic buckling folds formed on surface
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of the device as the deformation of substrate was re-
covered [Figs. 1(a), VI]. Finally, a PVA-H;PO, gel
electrolyte was drop-coated onto the interdigital
RGO electrode region, filling the gaps between the

fingers to form the solid-state electrolyte layer. No

additional encapsulation was applied, as the gel
electrolyte itself provides sufficient ionic conduc-
tion and mechanical compliance for device opera-
tion [Figs. 1(a), VII].
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Fig. 1

(a) Schematic diagram of RGO in-plane FS-MSCs processing with laser direct writing technique. (b) OM and SEM im-

ages of local electrodes positions. (c)-(e) XPS, Raman and XRD spectra characterization of GO films where it is photo-

reduced or not.

Subsequently, the morphology and chemical
composition of the interdigital electrode were char-
acterized in detail. Figs. 1b presents the optical
(OM) and scanning electron microscope (SEM) im-
ages of the local electrode patterns where the GO
were photo-reduced or not. The RGO area turns
black obviously and the peels roll up to form plenti-
ful hierarchical micro-nano structures. In the area of
2.6x2.6 mm?,

reaches the order of 100 microns, which is benefi-

the fluctuation of reduced region

cial to provide sufficient location for charge storage
and improve electrochemical performance of the

devices. Notably, our technique presents compatibil-

ity with the substrate material and offers significant
flexibility in device morphology fabrication. By
varying the processing conditions and parameters,
different device morphologies can be achieved. Fur-
ther details are available in Supplementary Informa-
tion (SI) S1, S2 and S3.

To further clarify the reduction degree of GO,
X-ray photoelectron spectroscopy (XPS), X-Ray
Diffraction (XRD) and Raman spectra were respect-
ively characterized. First, from the XPS results
shown in Figs. lc, two peaks at 287 and 532 eV cor-
responding to the C 1s and O 1s signals are seen
both in GO and RGO materials, while the intensity
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of O 1s peak descends obviously after reduction 27
By fitting the C Is spectra into three peaks, C-C, C-
O and C=0 components at 284.5, 286.5, 288.4 eV
are obtained. Due to the laser-induced deoxygena-
tion after treatment, the peak intensities of C-O and
C=0 reduce, indicating the sharp decrease of ele-
mental oxygen content. Quantitative analysis re-
veals that the oxygen atomic content decreases from
approximately 30.6% in GO to 8.7% in RGO, con-
firming effective removal of oxygen-containing
functional groups (OCGs, e.g., C-OH at 285.8 eV
and C-O-C at 286.7 eV). Moreover, the C-C peak of
the structured RGO becomes narrower compared to
that of GO, indicating improved graphitization and
restoration of the conjugated carbon network.

This conclusion can also be verified by Raman
spectra measurement (Figs. 1d). It can be seen two
characteristic peaks of carbon materials correspond-
ing to the D and G signals at 1345 cm™ and 1592
cm !, respectively ¥, The G peak is usually used to
characterize the sp>-bonded carbon atoms, and the D
peak is related to the carbon atoms oscillations with
dangling bonds in plane terminations of disordered
graphite. The intensity ratio of the two (Ip/Ig) de-
creases from 0.95 (GO) to 0.61(RGO) after laser ir-
radiation, which means the removal of OCGs and
recovery of C-C hybridization ®. This decrease in
ID/IG reflects the partial restoration of sp? domains,
which is essential for enhancing electrical conduct-
ivity. The removal of hydrophilic OCGs further con-
tributestotheconductivityrecovery. A2Dpeakat2 704
cm™' in the RGO spectra can also be observed,
again indicating the effective reduction of GO film.
In addition, the typical diffraction peak at 20 =
11.05° in the XRD curve of GO material disappears
with laser treatment (Figs. 1e), which is further con-
sistent with the above conclusion well P! The
OCGs on the surface of GO film have an adverse ef-
fect on its conductivity. Hence, the non-conductive
part of GO naturally plays a role in isolating the in-
terdigital electrodes, and the controllable conductiv-

ity of RGO is also crucial to ensuring the high per-

formance of FS-MSC devices in the subsequent ex-
periments.After analyzing the above-mentioned ba-
sic characteristics of the samples, we then tested the
electrochemical performance and mechanical ro-
bustness. Due to the excellent physical flexibility,
the electrode/polymer film can be assembled closely
onto the attachments with different curvatures
(Figs. 2a). The devices can maintain stability even
under harsh conditions where they were bent by
more than 300 degrees on a millimeter scale. To de-
scribe the performance in detail, we measured the
typical electrochemical response curves and com-
pared their changes under different bending condi-
tions. The PVA-H;PO, solid electrolyte was em-
ployed on the surface of interdigital electrode and a
two-electrode system was applied here (detailed in
SI S4).

Figs. 2b shows typical cyclic voltammetry
(CV) curves of our device under scan rate of 20, 30,
40 and 100 mV/s, respectively. The specific capacit-

ances (C,) are calculated by the formula below:

o 1dv

TAS (Va-V) v

Cs

Where the I, S, A, Vy and V. are current dens-
ity, scan rate, electrode acreage, discharge start
voltage and discharge end voltage, respectively. The
initial Cy calculated from the CV curves, presented
as a near-rectangular shape, at 10 mV/s scan rate is
0.86 mF/cm®. With the increase of scan speed, the
extracted capacitance decreases gradually, which
can be also proven in the galvanostatic charge/dis-
charge (GCD) results measured under different cur-
rent density of 0.01, 0.015, 0.02 and 0.05 mA/cm?,

32331 The GCD curves are sym-

as shown in Figs. 2¢!
metrical and approximate to triangle, indicating that
our device has good coulomb efficiency. Based on
the discharge time (4¢), the C; value can be calcu-
lated by the following formula:
ALY
A-AV

Cs 2)

Where A4V is the potential difference between
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the start and end of the discharge. The correspond-
ing initial C; calculated from the GCD plot at
0.005 mA/cm? current density is 1.47 mF/cm?® As
the scan rate and the current density respectively in-
creases (10to 100 mV/s, 0.005to 0.05 mA/cm?),
only 20% and 16% of the initial values remains
(Figs. 2d), indicating limited rate performance. This
is mainly due to the high viscosity of the PVA-
H;PO, gel electrolyte, which restricts ion migration
at high current densities. At the same time, the
stacked RGO sheets present relatively high interfa-

cial impedance, which aggravate polarization. To

0.08

(©)

address these issues, several improvement strategies
can be explored in the subsequent experiments. For
example, we fabricated the RGO/MnO, composite
electrodes by adding MnO, to the GO precursor.
The composite device showed a capacitance 5 times
higher than that of the pure RGO device at 20 mV/s,
and a capacitance retention of 38.5% when the cur-
rent density increased from 0.05 to 0.1 mA/cm?, in-
dicating improved rate capability. A systematic in-
vestigation of composite electrodes is planned for
future work (SI S5).
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Fig.2 (a) OM images of our RGO FS-MSCs assembled on the attachments with different curvatures. (b)-(c) CV and GCD
curves respectively measured under different scan rates and current densities, (d)-(f) specific capacitance retention
(SCR), variation on frequency, and Nyquist plots of the devices. (g) SCR of devices after 1000 bending cycles (top)

and the corresponding CV, GCD performance comparison at different bending conditions (bottom).

Furthermore, we also measured the frequency-
dependent response of our devices with electro-
chemical impedance spectroscopy (EIS), reflected
as Bode diagram in Figs. 2e *¥. The phase angle of
the supercapacitor is about —70°, and the response
time is calculated as short as 2.83 s. At the same
time, the large slope of the curve in its low-fre-
quency range (~225 degree/Hz). Moreover, in the
high-frequency range, the Nyquist curve intersects
the real part axis of the impedance at a point, corres-

ponding to an internal resistance of about 33 Q

(Figs. 2f). It should be noted that the hydrogel used
in our device will gradually lose water over time,
and the corresponding ionic conductivity will de-
crease as a result, leading to the degradation of the
device’s performance. In the later stage, if we want
to maintain the excellent performance of the device,
we need to rehydrate the gel electrolyte appropri-
ately. The detailed description can be found in SI
S6.

After testing the typical electrochemical prop-

erties of our devices, we then focused on their per-
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formance and bending stability next. Figs. 2g (top)
shows their specific capacitance retention (SCR)
results, and the capacitance remains above 111% of
the initial values after 1000 charge-discharge
cycles. The sudden increase in capacitance after
400 cycles may be due to the improved wettability
at the electrode-electrolyte interface and fuller elec-
trochemical activation, which in turn favors the stor-
age of higher electrochemical charges . Similar
phenomena have been observed in other RGO-based
flexible supercapacitors. Figs. 2g (bottom) presents
the CV and GCD performance comparison of the
devices under different bending conditions. The CV
and GCD results were measured at a scan rate of
20 mV/s and a current density of 0.01 mA/cm?, re-
spectively. Compared with the performance of our
devices without deformation, the average variation
of CV and GCD curves caused by bending are only
about 3.5% and 6.8%. These almost identical tested
results once again demonstrate an excellent bending
robustness of the RGO FS-MSCs. In addition, we
have also developed processing techniques for
multi-device series and parallel connection. More
detailed discussions have been shown in SI S7.
Furthermore, the stretchability of these devices
was also tested and compared. We first set up the
elastomeric substrate surface as a periodic grating
structure and fit it to the polymer/RGO electrode
film after pre-stretching it by 120% deformation.
The tensile direction of the substrate is perpendicu-
lar to the one of the grating. The period of the
grooves is ~1 mm with a duty factor of 3:7 and the
depth is ~850 pm, as shown in a three-dimensional
(3D) morphology image in Figs. 3a. This structural
design of the devices enables them to maintain
stable performance. A variation of <5.3% in CV and
GCD curves can be guaranteed as the RGO elec-
trode film is integrated with the structured substrate
(Figs. 3b, SI S8). Then, the CV and GCD perform-
ance of the above devices under different tensile
states were measured in detail. When the tensile

strain increases from 0% to 120% gradually, the in-

tegral area of CV plots increases slightly with a kept
scanning speed of 20 mV/s. The extracted Cs in-
creases from 0.52 to 0.69 mF/cm?, which is mainly
because the electrode film flattens in a larger ten-
sion condition and the charges are more fully in con-
tact with gel electrolyte at this time (Figs. 3¢) ">,
Similar trends are also reflected in the GCD curves
with a current density of 0.01 mA/cm? in Figs. 3d.
However, when the scan rate and current density are
respectively increased from 10to 100 mV/s and
0.01 to 0.05 mA/cm? significant decreases in the
SCR values to 12.4% and 13.4% can be clearly ob-
served (Figs. 3e). But when we focus on the differ-
ence caused by the tensile strain under a certain
measurement condition, we can found a perform-
ance fluctuation less than 7.8%, which also reflects
the tensile stability of our devices from the side. The
detailed measured CV and GCD curves can be seen
in SI S9.

In addition, to more clarify the wearable of the
RGO FS-MSCs, we tested the device by attaching it
on the finger for bending measurement. GCD curves
of RGO FS-MSCs at a current density of
0.02 mA/cm? have also been tested at bending de-
grees of 0°, 80° and 120°, respectively. All the GCD
curves of RGO FS-MSCs with structured substrates
(gridding in Fig.4) were almost retained equilateral
triangle shape. Meanwhile, the GCD curves of the
RGO FS-MSCs under 80° and 120° bending degree
were well overlapped for the initial status. The capa-
citances are 0.52, 0.53 and 0.56 mF/cm? respect-
ively. The above results indicate that our device still
maintains performance stability in practical applica-
tions and can be used in real-world scenarios. More
detailed information can be seen in SI S10.

It should be noted that the fluctuation in the
electrochemical performance of the above-men-
tioned FS-MSCs during stretching may come from
the uneven stress distribution caused by the single
directional grating structures of the substrate *7. For
this reason, we further designed and fabricated the

gridding that intersects vertically on the substrate by
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using the laser processing technique. In contrast, the
characteristic widths of the gridding pits were kept
unchanged as 500 um, while the spacing between
them was adjusted to 200, 500 and 800 pum, respect-
ively. The S5-2, S5-5 and S5-8 were used to con-
veniently distinguish these samples with different
signatures. A 120% pre-stretching was also carried

out along the direction of one edge of gridding be-

(@)  RGO/polymer/substrate

~
b

(b) & [mcv (©

Capacitance/(mF-c

Current density/(mA-cm

Before After
Transfer

—-0.02

fore attaching them to the RGO electrode film. Nev-
ertheless, due to the discrepancy in gridding spa-
cing between different types of samples, there was a
deformation deviation of about 2% when the same
tensile strength was applied to achieve the 120%
tensile strain. The specific morphologies of these
samples have been shown in the optical images in
Figs. 4a, 4b and SI S11.

(d)LOO
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0
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Fig. 3 (a) FS-MSC schematic (top), 3D confocal laser scanning microscopy (CLSM) image of the structured substrate (bot-
tom), and the OM images of the FS-MSCs at different tensile strain conditions. The scale is 3 mm. The 120% of the

tensile strain corresponds to a stretching deformation of 220% of the initial length of sample. Other tensile strain condi-

tions are defined according to the same criteria. (b) Cs values comparison calculated from CV (scan rate 20 mV/s) and

GCD (current density 0.01 mA/cm?) curves before and after the RGO supercapacitor is transferred to an elastomeric
substrate. (¢)-(d) The CV (scan rate 20 mV/s) and GCD performance (current density 0.01 mA/cm?) of the devices un-

der different tension conditions. (¢) SCR of the devices with the increase of scan rate and current density.

For devices based on the newly designed sub-
strates, we repeated the previous electrochemical ex-
periments. We first measured the CV and GCD
curves of RGO FS-MSCs with the different sub-
strates (S5-2, S5-5 and S5-8) under different stretch-
ing states. The scanning speed and the current dens-
ity were also focused as 20 mV/s and 0.01 mA/cm?,
respectively. Through the performance comparison,
we found that the sample S5-5 presented the largest
integral area and longest discharge time, which dir-
ectly indicates a highest capacitance with an optim-
al design of the substrate structure. Therefore, the

change of its performance will be focused on as a

representative in the follow-up work (SI S12 and
Table S1). Owing to the stress regulation provided
by the grids within the substrate, our device exhib-
its stable electrochemical performance under
stretching along perpendicular in-plane directions.
The CV curves measured at 50% and 120% stretch-
ing states almost overlap, indicating that the ionic
conductivity and electrochemical stability of the gel
electrolyte are well maintained during mechanical
deformation. The detailed performance can be found
in SI S13.

It is not difficult to find that the optimization of

the substrate structure also plays a crucial role in
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maintaining the stability of the device performance.
We extracted flag values and compared them to
more intuitively observe the fluctuation difference
with previous groove-structured FS-MSCs. Fig. 4c
shows the comparisons, suggesting more stable SCR
in a gridding-structured FS-MSC (S5-5) during
stretching. Both the specific capacitance value fluc-
tuations got from the CV and GCD curves of the S5-
5 FS-MSC are less than 5.6%. We further extracted
the SCR under different tensile conditions. Al-
though the rate performance of S5-5 FS-MSC de-
creased with the increase of scan rate and current
density, the performance fluctuation caused by the
stretching was still minimal (Fig. 4d, fluctuation cal-
culated in Formula S1). To observe the difference
more intuitively, we fixed the current density and
extracted the specific capacitance of FS-MSCs with
difference substrates (Table S1). As the tensile

strain changes from 0% to 120%, most of the capa-

()

Height/mm
O = O = -
o binon

(=]

1 2
Length/mm

© 9o}

80F

SCR/(%)
[ ]

- Grating substrate-CV
60 8- Gridding substrate-CV
=} Grating substrate-GCD
-+ Gridding substrate-GCD

0 25 50 75 100 125
Stretch degree/(°)

citance values show a trend of improvement. The
overall performance of our devices is most efficient
when the surface is flattened. Both the electrochem-
ical performance and mechanical robustness are sig-
nificantly improved when the substrate structures
are optimized as S5-5 FS-MSC architectures. The
maximum capacitance is 1.34 mF/ecm® with 1.5%
fluctuation (current density: 0.01 mA/cm?) at differ-
ent tensile states. Even the current density gradually
increased from 0.01 to 0.05 mA/cm?, above 92.6%
of specific capacitance fluctuation stability could be
still remained (Formula S2). Thanks to the simple
laser processing strategy, device pre-stretching tech-
nique, and the stress regulation by micro/nanostruc-
tured substrates, our devices exhibit excellent elec-
trochemical performance and stability. Table 1
presents a performance comparison between repres-

entative laser-treated MSCs and our devices.

(d)
Current density/(mA-cm™)
0.01 0.02 0.03 0.04 0.05
100 F
== CV
- GCD
75k i
5 50F
7
25F
0 2 . . "
0 25 50 75 100

Scan rate/(mV-s™")

Fig. 4 (a) OMs of the gridding substrate and the corresponding assembled RGO FS-MSC. (b) OMs of the S5-2, S5-5 and S5-
8 substrates under pre-stretching. (¢) SCR comparison of RGO FS-MSCs assembled on the groove and gridding sub-
strates under different tensile conditions. (d) SCR comparison of S5-5 FS-MSC. The numerical errors are caused by the

difference in tensile strength.



NI iy e
10 HEDEEE (R0 ¥ x %
Tab.1 Performance comparison between laser-processed graphene-based supercapacitors
Laser Wavelength (nm) Material Areal Capacitance (mF/cm?)  Flexibility  Stretchability Stability Reference
99% retention 99%@50k cycles
346 GO/leaves 34.68 (0-60%) B 100%@20k (45%) [38]
82% @20k cycles
. 355 GO-MG-(PANI)/PET/PI/PTFE 3.8 F _ 86%@1k (150°) [39]
98% retention o 90%@1k bend
355 GO/SEBS 1.336 (0-180°) 20% 90%@ 1k (20%) [40]
CNT/ o 93%@]12k cycles
355 natural latex balloon 133 F 400%  9g0@200 20%) L
99% retention 97.56% @10k cycles
400-450 FB-LIG/PI 49.81 (0-180%) B 90.16%@10k (90°) [41]
o 4
VIS 405 Mxene-GO/PET 2.58 % (/(;fft;é‘:;"“ - 97.7%@10k cycles  [42]
PEDOT- 98% retention o
405 GOPET 578 (0-135%) B 85.4%@5k cycles [43]
95%@]12k cycles
800 GO-MnO, 128 F B 100%@0-180° bend [44]
0 )
1030 GO/PET 7.2 Flem? 93 (/(;ffg(;‘:;"“ - 96%@10k cycles  [45]
NIR
1030 GO[;ll;Oz/ 235 F B 90%@4k cycles [46]
95% retention 82% @2k cycles
1064 GO/PVA 88.32 (571800) 3 o 5,;)% sk (y%o) [47]
0,
10600 GO 341 F B % A’%{}; )Cy"les [48]
0
10600 GO/PET 43.7 F B 90%@3k cycles [49]
99% retention o
MIR 10600 LIG-CrO,/PI 13.48 (0-90% B 85%@]1.5k cycles [50]
) 98.4%@]10k
0,
10600 NiO-Co;0,-GO/WPU 24 100 (/i ! ;Bej;“"“ 280% 80.2%@1k [51]
(100%)
0, 1 0,
10600 GO/3M tape 134 965 (f;g(;i‘;“"“ 120% ! :;3/3%@;1( This work

4 Conclusion

In summary, we have demonstrated a single-

laser, dual-function programmable processing
strategy for RGO flexible/stretchable FS-MSCs. By
photoreduction and photoetching using a single laser
source, the electrochemical electrodes and struc-
tured substrates of the device can be prepared simul-
taneously, simplifying the procedure of device fab-
rication significantly. By integrating the electrodes
with substrate under pre-stretching, devices with
bending angle of >300° and a tensile strain of

~120% can be achieved. The reactive activation and

References:

large specific surface area of electrodes ensure the
outstanding electrochemical performance, and the
uniform stress distribution on the substrate with op-
timized gridding structures can effectively improve
the stability. The
1.34 mF/cm* and 1.5%

tensile strain conditions are observed. This work of-

maximum capacitance of

fluctuation at different

fers a practical, open-ended design paradigm for
high-stability wearable energy storage devices, with
clear pathways to further enhance rate capability,
such as electrolyte modification, electrode thinning,
porosity engineering, or the use of composite mater-

ials.
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