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Av. Complutense 40, 28040 Madrid, Spain
5Departamento de Ingenierı́a Electrónica, E.T.S.I Telecomunicación, Universidad Politécnica deMadrid, Av. Complutense 30, 28040Madrid,
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SUMMARY

This study proposes a simple and cost-effective approach to enhance the performance of supercapacitors
based on laser-induced graphene (LIG). The use of two consecutive laser passes using the same CO2

engraver on polyimide film led to the expansion in the size of the pores, the increase in the graphitization de-
gree, and the densification of the produced material. These changes in the morphology and chemical struc-
ture of the LIG impacted positively its electrochemical performance when it was used as an electrode for
supercapacitors. The best achieved material displayed the following results: (a) an enhancement of the areal
energy density from 0.77 to 2.20 mWh/cm2 at 0.05 mA/cm2, (b) a reduction of 60% in the equivalent series
resistance, (c) high cycling stability with a capacitance retention rate of 91% after 10.000 cycles, (d) high per-
formance stability under mechanical tests at different angles, and (e) green LED illumination under configu-
ration in series.

INTRODUCTION

During the last few years, the electronics sector has embarked

on the production of a variety of intelligent and flexible de-

vices—such as foldable smartphones, wearable health technol-

ogy, microsensors, smart robots, Internet of Things (IoT), and

self-charging devices.1,2 This surge in electronic innovations

has led to a huge demand for the next generation of flexible

andminiaturized electrochemical energy storage (EES) devices.3

Flexible microsupercapacitors are EES devices that meet light-

weight and portable requirements. They offer many advantages,

including exceptional mechanical flexibility, very high power,

competitive energy density, rapid charging-discharging rates,

a long cycle life, economic efficiency, and environmental

friendliness.3–5

Since its development, laser-induced graphene produced by

direct laser writing has become one of the most explored tech-

niques for the fabrication of MSC electrodes.6 It is low-cost

and time effective since it enables the simultaneous synthesis

of the material and patterning of the device geometry in a single

step, clean room conditions are not required, andmany inexpen-

sive precursors are available.4,7,8 Applying this technique, a

three-dimensional porous network of graphene-like material is

obtained, which presents high mechanical integrity, extensive

porosity, large thermal stability, and efficient electric conductiv-

ity. The optimization of the fabrication process to obtain LIG with

the highest quality is fundamental to maximizing the perfor-

mance of the microsupercapacitors. The first step consists of

the election of the precursor material: Kapton,6 photoresist,9

PEDOT,10 lignin,11 food components,12,13 cork,14 and plastic

waste,15 which are among the many organic materials that can

be used to produce LIG electrodes. Given a precursor, different

laser parameters can be adjusted to modulate the structure and

properties of the generated electrode. The most frequently used

parameters are the laser power, scan speed,16–18 and focal dis-

tance.19,20 Another explored parameter, and the focus of the

present work, is the multiple laser passes. The increase in the

number of passes increases the exposure time and the irradiated
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area, contributing to a more extensive carbonization process

and the densification of LIG. This strategy has been utilized in

prior studies to improve the LIG surface and its electrochemical

properties by incorporating additional dopants or precursors be-

tween the pyrolysis steps21–23 or by applying a defocusing tech-

nique to increase the laser spot size, achieving multiple irradia-

tion times through overlapping.12 In contrast, our target in this

work was to demonstrate that the repetition of the irradiation

step on a 125 mm thick Kapton film enabled the fabrication of

pristine LIG-based supercapacitors with high-performance us-

ing the same CO2 laser and the same fabrication parameters of

power, scan rate and focal distance, without adding other mate-

rials. The generated materials were evaluated by different char-

acterization methods, including scanning electron microscopy

and X-ray diffraction analyses, Raman spectroscopy, and wetta-

bility tests. Once the conditions to produce the best double pass

LIG electrode were determined, which corresponded to 2.4 W

and 80 mm/s, in-plane flexible MSCs based on this LIG were

fabricated. These devices exhibited a remarkable decrease of

60% in the equivalent series resistance and showcased notable

improvements in the areal capacitance, from 3 to 8.12 mF/cm2,

and the energy density, from 0.77 to 2.20 mWh/cm2, both

measured at 0.05 mA/cm2. They demonstrated excellent cycling

stability, retaining 91% of its performance after 10.000 cycles at

0.5 mA/cm2. Under mechanical deformation at different bending

angles, their high flexibility and working robustness were veri-

fied. Three of these devices were assembled in a series config-

uration to switch on a green LED. Through the provided results,

we have proposed a cost-effective and straightforward method

for producing high quality LIG-based flexible microsupercapaci-

tors by applying a double laser pass technique using the

same tool.

RESULTS AND DISCUSSION

Flexible laser-induced graphene MSC fabrication
Regarding the acid gel electrolyte, it was prepared by adding 1 g

PVA to a 20 mLmixture of 1M H2SO4 and DI water. Then, the so-

lution was stirred at room temperature at 650 rpm on a hot plate

magnetic stirrer. After 30 min, the temperature was increased to

75�C, and the solution was kept under continuous stirring for

another 150 min until it became transparent and homogeneous.

The 125 mm thick Kapton film surface underwent an initial

cleaning step with ethanol and subsequent drying using N2. It

was then subjected to CO2 laser irradiation under ambient con-

ditions to transform the initial polyimide into interdigitated LIG

electrodes through an X-Y computer control system. The dis-

tance between the laser and Kapton was maintained at the focal

length of 8mmand the focused beamdiameter wasmeasured to

be 100 mm. The used scan speed corresponded to 80 mm/s.

Three different laser powers were used, namely 2.0, 2.4, and

2.8 W. Throughout the text, the name of the fabricated samples

has the following nomenclature: xLIG-y, where x corresponds to

‘‘s’’ or ‘‘d,’’ referring to single and double laser pass, respec-

tively; and y represents the laser power. Therefore, the samples

fabricated after a single pass and different powers correspond

to: sLIG-2.0, sLIG-2.4, and sLIG-2.8. In the same way, the sam-

ples produced after two passes and different powers are de-

nominated as dLIG-2.0, dLIG-2.4, and dLIG-2.8. A summary of

the six studied samples as a function of the writing parameters

can be found in Table S1 (supplemental information).

In Figure 1, a scheme with the fabrication steps of the in-plane

LIG MSC is depicted. The electrode pair consists in 20 interdig-

itated fingers, with the dimensions specified in Figure S1 (sup-

plemental information). The design of these electrodes was

crafted using an open source vector image editing software, Ink-

scape. Then, it was transmitted to the laser via a control software

(K40Whisperer) and engraved on the Kapton substrate by the la-

ser’s continuous movement along the x-direction, with a con-

stant y-line spacing of 75 mm (Figure 1A). In the case of the dou-

ble pass samples, the laser engraving process was repeated a

second time, overlapping the writing on the first generated LIG

pattern, as shown in Figure 1B. Once the LIG electrodes were

produced, the assembly of the components was carried out to

fabricate the final device. First, the copper tape was placed on

the squared-shaped endpoints of the electrodes to define the

current collectors, with a drop of silver paint between the copper

tape and the LIG to enhance the electrical contact. Then, the

Figure 1. Schemewith the fabrication steps

of an in-plane flexible LIG MSC

(A) The simultaneous patterning of the electrodes

and transformation of Kapton into LIG was per-

formed by laser writing (1st laser pass).

(B) The double pass samples underwent a second

laser writing step, overlapping the first patterned

electrodes (2nd laser pass).

(C) Assembly of themetallic current collectors with

silver paint and copper, protection of the current

collectors by adhesive Kapton, and subsequent

application of the PVA:H2SO4 electrolyte on the

active area of the electrodes.

(D) 1 h of active vacuum to remove the air inside

the electrode pores and improve the electrolyte

filling.

(E) Encapsulation with adhesive Kapton.
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current collectors were covered by 60 mm thick adhesive Kapton

stripes to isolate them and in this way, protect them from the

acidic electrolyte. Finally, 0.20 mL of gel electrolyte was applied

to the LIG active area (Figure 1C). After the assembly of the com-

ponents, the device was placed under an active vacuum for 1 h

to remove the air trapped inside the pores of the electrodes and

therefore, to maximize their filling with the electrolyte (Figure 1D).

Finally, the encapsulation step of the device by 60 mm thick ad-

Figure 2. SEM images of single and double

laser pass LIG materials

SEM images at three different scales and magni-

fications are presented: 50 mm, x2.000 (left col-

umn); 20 mm, x5.000 (center column); and 10 mm,

x10.000 (right column).

(A) sLIG-2.0 (B) dLIG-2.0 (C) sLIG-2.4 (D) dLIG-2.4

(E) sLIG-2.8 (F) dLIG-2.8.

hesive Kapton film was performed, as

represented in Figure 1E, obtaining the

completed microsupercapacitor.

Laser-induced graphene
electrodes characterization
The application of laser induces a local-

ized temperature (>2500�C) that breaks
the C � O, C = O, and N � C bonds of

the Kapton film. The liberated atoms are

released quickly as gases that create

the pores and open sites on the LIG sur-

face. Concurrently, the C atoms undergo

a rearrangement to form graphitic struc-

tures.6,18 The resulting morphology of

the LIG varies as a function of the laser

writing parameters. For instance, the in-

crease in the laser power correlates with

an augmentation in pore size, number,

and density, as evidenced by numerous

studies.6,17,19,24 Figure 2 presents SEM

images of LIG obtained with the three

powers (2.0, 2.4, and 2.8 W) after single

and double laser exposure. From the im-

ages corresponding to the lowest magni-

fication (Figure 2, left column), it can be

observed that the characteristic C or S

shapes reflecting the scribing direction

on the LIG surface fade progressively

with the increase in power and number

of passes due to the extension of the irra-

diated area. For the smallest laser power

of 2.0 W and single pass, the LIG surface

exhibits open sites rather than a network

of pores and the predominant features

consist of fibers (Figure 2A, center). By

applying the second laser pass under

the same power, the forest of fibers is re-

placed by a more porous structure as

shown in Figure 2B, center. Figure 2C

corresponds to a sample fabricated under a higher power of

2.4 W and single pass. It presents a more homogeneous struc-

ture with a higher average size of the pores (Figure 2C, center)

and a smaller number of fibers. After two laser passes at

2.4 W, as presented in Figure 2D, center, the average size of

the pores increased further, and a homogeneous LIG with a 3D

foam structure was achieved. Figures 2E and 2F present the

SEM images of the samples fabricated under the highest laser
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power of 2.8 W by single and double pass, respectively. Both

samples present the biggest average size of the pores regarding

the whole series. The effect of the double pass on the LIG struc-

ture can be clearly explained from the SEM images correspond-

ing to the highest magnification (Figure 2, right column): the num-

ber of fibers decreases, replaced by thin flakes that form a dense

network of big pores. To quantify the increase in the size of the

pores, the distribution of pores sizes from the N2 adsorption-

desorption isotherms was evaluated by the Barrett-Joyner-

Halenda method. The N2 adsorption-desorption isotherms plots

of all the samples are shown in Figure S2 and the results of the

textural analysis are displayed in Table S2 (supplemental infor-

mation). From Figure S2, it is highlighted thatmost of the nitrogen

adsorption isotherms are type IV according to the IUPAC25 and

refer to mesoporous materials. The average pore widths pre-

sented in Table S2, which are inside the range of 3.58–

4.50 nm, correspond in all cases to mesoporous materials ac-

cording to IUPAC classification,26 which states that mesoporous

is between 2 and 50 nm. From Table S2, it can be observed that

the adsorption average pore width, the adsorption average pore

diameter, and the desorption average pore diameter values

increased after the second pass for the three laser powers

used in this work. Finally, the increase in the hydrophilicity of

Figure 3. Cross-sectional SEM images of

the produced LIG after different processing

conditions

(A) Power: 2.0 W. Single pass (left) and double

pass (right).

(B) Power: 2.4 W. Single pass (left) and double

pass (right).

(C) Power: 2.8 W. Single pass (left) and double

pass (right).

(D) Unprocessed 125 mm thick Kapton film. All the

figures are at the same scale, with a value is

150 mm.

the samples with the increase in the size

of the pores was confirmed after the

performance of wettability tests, which

results are shown in Figure S3 (supple-

mental information): For the three em-

ployed values of the laser power: 2.0,

2.4, and 2.8 W, the water contact angle

with the surface decreases on the double

pass LIG materials.18,27 This result is

beneficial for the use of LIG as microsu-

percapacitor electrodes since the in-

crease in the size of the pores enhances

the penetration and absorption of the

electrolyte inside the active area of the

electrode.

The effect of the double pass method

on the thickness and the width of the pro-

duced LIG electrodes was also studied

as displayed in Figures 3 and S4 (supple-

mental information), respectively. In Fig-

ure 3, SEM images with the cross-section

of the fabricated LIG samples (Figures 3A–3C) and a piece of un-

modified Kapton film (Figure 3D) are presented. In Figure 3D, the

thickness of Kapton that was not irradiated by laser, correspond-

ing to the initial 125 mm, was highlighted in green line in order to

trackwithmore clarity the changes in thematerial as a function of

the number of laser passes. Focusing first on the applied power,

the higher the value (from Figure 3A row to Figure 3C row), the

laser penetration depth increases, represented as the growth

in the thickness of the LIG surface and the reduction in the thick-

ness of the initial Kapton film. The impact of a double pyrolysis

step (Figures 3A–3C, right column) was an increase in the

amount of transformed Kapton, represented as the increase in

the LIG thickness of 36% for 2.0 W, of 18% for 2.4 W, and of

13% for 2.8W, comparing with the corresponding samples fabri-

cated using only one lasing step (Figures 3A–3C, left column).

Due to the corrugated surface of the material, average thickness

values from the cross-section images were taken for all the sam-

ples. In the case of the sample dLIG-2.8 (Figure 3C, right image),

it is observed that the amount of material transformed from Kap-

ton to LIG is very high, but the loss of LIGmaterial is significant as

well and the thickness of the left unmodified Kapton film is very

small, which compromises the integrity and stability of the sub-

strate on which the LIG electrode lies to use it as a functional
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device. The conclusion is that the power value of 2.8 W starts to

be too high for applying a second laser pass. The results pre-

sented in Figure 3 prove that a double lasing process yields

the densification of the LIG electrode. The increase in the lasing

power and the number of passes also produces an increase in

the width of the electrode fingers, as measured from the optical

images displayed in Figure S4 (supplemental information). This

means an increment in the active area and a decrease in the dis-

tance between the fingers, which facilitates faster ions move-

ment and improves the capacitance of the electrical double-

layer mechanism when the in-plane MSC is considered under

the parallel-plate capacitor model.28

The chemical composition of the fabricated LIG materials was

investigated using several spectroscopic techniques. The re-

sults are summarized in Figure 4. The Raman spectra of the six

studied samples, shown in Figure 4A, exhibit the three main

Raman peaks corresponding to graphene-based materials: D,

G, and 2D peaks, centered around 1333 cm�1, 1570 cm�1 and

2670 cm�1, respectively.29,30 A gradual decrease in the intensity

of the D peak and an increase in the intensity of the G and 2D

peaks as a function of the power and number of passes can

be observed. Figure 4B presents the ID/IG ratio between D and

G peak intensities for each sample. The three samples that

underwent a second laser pass present a lower ID/IG ratio

compared to their single laser pass counterparts, which is asso-

ciated with a lower defect density and a higher degree of graph-

itization.12,24 Specifically, dLIG-2.4 displays the lowest ID/IG ra-

tio, indicating the highest quality LIG material. The ID/IG ratios

Figure 4. Structural, chemical, and electrical characterization of the studied LIG samples

(A) Raman spectra, where the 3 main graphene peaks: D, G, and 2D, can be observed.

(B) Graph where the ID/IG ratios are represented.

(C) Graph displaying the I2D/IG ratios.

(D) XRD analysis spectra.

(E) Specific surface area of the samples through BET analysis.

(F) Sheet resistance of the studied LIG samples. Each point corresponds to an average value of three samples, including their standard deviation represented as

the vertical error bars. All the spectra in (A) and (D) are represented at the same scale, but they are just displaced along the vertical direction to facilitate their

visualization and comparison.
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corresponding to sLIG-2.8 and dLIG-2.8 are inside the range of

values between the ones from sLIG-2.4 and dLIG-2.4. This indi-

cates that for the used scan speed of 80 mm/s, 2.8 W of power

starts to affect the integrity of the LIG microstructure.17 The

graph from Figure 4C displays the I2D/IG ratio for each sample,

related to the number of graphene layers formed in the LIG ma-

terial. This ratio falls within the narrow range of 0.3–0.5, indi-

cating that all the produced materials consist of a porous

network of multilayer graphene films with few layers, approxi-

mately 4–5.31

Figure 4D shows the spectra obtained from the XRD analysis

using Co Ka radiation (l = 1.789 Å). As a result, the (002) diffrac-

tion peak center appeared in the range of 28�-29�, instead of

between 25� and 26�, which is observed when Cu Ka radiation

(l = 1.54 Å) is employed.6 The increase in the lasing power and

the number of laser passes led to the gradual increase of the

(002) diffraction peak intensity and also to the gradual shift of

the (002) diffraction peak center from 28.20� to 29.85�, which

translates into the shift of the interlayer distance from 3.67 to

3.47 Å, calculated using Bragg’s formula.32 The specific values

of the (002) diffraction peak center and the corresponding inter-

layer distance for each type of sample can be found in Table S3

(supplemental information). The interlayer spacing of graphite

corresponds to 3.36 Å.33 Therefore, the result from the XRD anal-

ysis demonstrated an increase in the level of graphitization start-

ing from sLIG-2.0 to dLIG-2.8.

The specific surface area (SSA) of the six samples studied was

estimated via the Brunauer-Emmett-Teller method, whose

values are illustrated in Figure 4E. The SSA decreases with the

increase of the laser power since the rise of this parameter leads

to a higher degree of graphitization, but also, a higher material

loss.17,24 Regarding the influence of multiple passing on the pro-

duced LIG, it can be observed from the textural analysis dis-

played in Table S2 (supplemental information) that the SSA de-

creases and the BJH adsorption and desorption average pore

diameters increase when a second laser pass is applied. These

results underline a complex balance: a double pass increases

the degree of graphitization and the pore size, which are positive

outcomes, but at the expense of reducing the SSA, which is a

negative outcome. However, despite the drop in the SSA, the

second pass step improved significatively the performance of

the MSCs, as demonstrated later in the electrochemical charac-

terization section, due to all the other achieved positive effects:

(a) the densification of the electrodes, which leads to the gain

of material per unit volume,21,34 (b) the increase in the pore

size, which leads to the increase in the hydrophilicity and

(c) the increase in the degree of graphitization, which leads to

the increase in the material quality. Therefore, the potential use

of the double pass technique to optimize the LIG-based elec-

trodes is reaffirmed. Finally, for the samples fabricated under

2.8 W, the excessive loss of SSA after the second pass indicates

again that the power value is too high, as it was deduced from the

SEM cross sectional images (Figure 3) and the Raman analysis

results (Figures 4A–4C).

To characterize the electrical properties of the studied sam-

ples, the value of their sheet resistance was determined by the

four-point probe technique, represented in Figure 4F. In the

case of the samples fabricated under 2.0 and 2.4 W, the sheet

resistance decreased after the second pass, from 78.6 to

43.5U/sq and 29.8 to 25.9U/sq, respectively. This improvement

in the electrical conductivity of the samples indicates the pro-

duction of LIG with better quality after the second pass. Howev-

er, for the samples fabricated under 2.8 W, the sheet resistance

worsened from 10.2 (single pass) to 19.0 (double pass) U/sq.

This result confirms once more that 2.8 W of power is too high

and damages the integrity of the LIG microstructure,17 which is

reflected in the increase of the sheet resistance value. Regarding

the sheet resistance values of all the studied samples, they are

inside the range of the measured values from LIG fabricated us-

ing a CO2 laser and polyimide as a precursor in previous

works.35–37

Double pass laser-induced graphene MSCs
electrochemical performance
Flexible LIG microsupercapacitors based on the six conditions

considered in the present work were fabricated, using 1M

H2SO4:PVA gel electrolyte, to investigate the impact of the dou-

ble pass technique on the performance of the device. For

the electrochemical characterization, cyclic voltammetry,

charge-discharge, and electrochemical impedance spectros-

copy curves were measured, as shown in Figure 5. To enable

the comparison, all the graphs were represented under the

same X and Y scales. The CV curves depicted in Figure 5A

weremeasured under a scan rate of 0.02 V/s. The rest of the pro-

files at different scan rates are shown in Figure S5 (supplemental

information). All of them exhibit symmetric quasi-rectangular

shapes across all the devices, a characteristic feature of electric

double-layer capacitors (EDLCs), which indicates a good elec-

trochemical stability within the range of the used lasing condi-

tions. For the three power values of 2.0, 2.4, and 2.8W, a second

laser pass improves the performance of the supercapacitors: the

current density increases, and consequently, the area enclosed

under the CV curve, which represents the total amount of stored

charge. This result confirms the beneficial role of the multiple

lasing to obtain a better LIG material.

A parallel observation can be drawn from the GCD curves

measured under a current density of 0.05 mA/cm2, shown in Fig-

ure 5B, where the samples that underwent a second pass step

present more symmetric triangular shapes and longer charge

and discharge times, indicating an improvement in the capaci-

tive behavior. The rest of the curves at different current densities

are depicted in Figure S6 (supplemental information). Among all

the studied samples, dLIG-2.4 achieves the largest CV curve

area (Figure 5A, center) and the best GCD curve (Figure 5B, cen-

ter), indicative of the highest capacitance.

EIS analysis was performed on the devices, and the high fre-

quency region of the Nyquist plots is represented in Figure 5C

to show more clearly the intercept of the curve in the axis of

the real component Z0 of the impedance, which corresponds

to the electrode resistance value. From Figure 5C, it can be

observed that the two laser pass samples present smaller elec-

trode resistances compared to the single pass ones for all the

used powers. The EIS curves with the full range of measured fre-

quencies are represented in Figure S7 (supplemental informa-

tion). Finally, the equivalent series resistance (ESR) of the elec-

trolyte-electrode system for all the samples was calculated
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using the Equation 4, described in the method details. The ESR

drops from 217 (sLIG-2.0) to 96 (dLIG-2.0) ohms; from 197

(sLIG-2.4) to 78 (dLIG-2.4) ohms, and from 160 (sLIG-2.8) to 84

(dLIG-2.8) ohms, when a double pass is applied. The second

pass, as described above, widens the fingers of the in-plane

MSC electrodes, reducing the gap between them, and produc-

ing a densification of the LIG structure. These outcomes

contribute to the reduction of the device resistance.

To provide the comparative assessment of the fabricated

MSCs, the areal capacitance versus current density and the Ra-

gone plots (energy density versus power density graphs) are pre-

sented in Figures 6Aand6B, respectively. The valueswere calcu-

latedusing theEquations 1, 2, and3,presented inmethoddetails.

The dashed line curves refer to single laser pass samples and the

continuous line curves, to second pass ones. The values of

capacitance, energy, and power given in the following discussion

correspond to a current density of 0.05 mA/cm2. The dLIG-2.4

sample stands out with the highest areal capacitance, exhibiting

an increase from3 to 8.12mF/cm2when comparedwith sLIG-2.4

(pink versus blue curves in Figure 6A). Correspondingly, the en-

ergy density experiences a substantial boost from 0.77 to

2.20 mWh/cm2 (pink versus blue curves in Figure 6B). For the

sLIG-2.8 and dLIG-2.8 pair of samples, there is also a marked

improvement when a second pass is applied, demonstrating an

increase in the areal capacitance from 2.55 to 7.56 mF/cm2

(brown versus orange curves in Figure 6A). Simultaneously, the

energydensity rises from0.67 to 2.03mWh/cm2 (brown versusor-

ange curves in Figure 6B). Comparing the sLIG-2.0 and dLIG-2.0

samples, the second one exhibits an enhancement in the areal

capacitance, from 2.25 to 6.68 mF/cm2 (red versus green curves

in Figure 6A), accompanied by an increment in the energy density

from0.58 to 1.79mWh/cm2 (red versusgreen curves in Figure 6B).

The fundamental conclusion of these results is theappreciable in-

crease in the energy density of the deviceswhen two lasing steps

are performed. This emphasizes the substantial impact of

improving the LIG quality on enhancing the performance of the

Figure 5. Comparative electrochemical performance analysis of single and double laser pass devices

(A) CV at 0.02 V/s.

(B) GCD at 0.05 mA/cm2.

(C) Electrochemical impedance spectroscopy measurements. Black curves represent single-pass samples, while blue curves depict double-pass samples. The

samples, corresponding to 2.0 W, 2.4 W, and 2.8 W, are presented from left to right for each case.
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MSCs. The second pass treatment, as it was revealed by

SEM, Raman, and XRD analyses, alters significantly the LIG

morphology: it produces a structure densification, reduces de-

fects, heightens the degree of graphitization, and facilitates the

penetration of the electrolyte ions by pores opening. All these

effects are translated into energy storage devices with better

working characteristics. The cycling stability was tested using

an MSC fabricated under the best parameters, corresponding

to dLIG-2.4. The measurement presented in Figure 6C involved

the continuous operation of the GCD process over 10.000 cycles

at a current density of 0.5 mA/cm2. The observed retention in the

areal capacitance after the endof the processwasapproximately

of 91%, showcasing a remarkable and enduring cycling stability

over the extended period. The inset of Figure 6Cdisplays a few of

the first and last cycles of the cycling test to illustrate the repro-

ducibility of the values during the test.

Figure 6D shows a Ragone plot comparing the best-achieved

LIG-MSC in this work, dLIG-2.4, to a number of similar devices

found in the literature using different processing: B-LIG MSCs

boron-doped LIG flexible MSCs,38 PAA coated d-LIG-MSCs,22

sodium alginate/polyacrylamide LIG-MSCs,39 pristine LIG-

MSCs,6 stackable LIG-MSCs,40 and densified pristine and

doped PAA-LIG-MSCs.21 Among these microsupercapacitors,

some of them are based only on bare LIG and others are based

on LIG doped with pseudocapacitive materials. Our device, fall-

ing inside the first category, presents a higher energy density and

higher or comparable power density values, which confirms the

production of high-performance devices through the application

of the double pass strategy.

Double pass laser-induced graphene based applications
In order to demonstrate the use of double pass LIG in potential ap-

plications, we checked first the transferability of the material to

Figure 6. Performance analysis of single

and double laser pass devices

(A) Comparison of the areal capacitance versus

scan rates.

(B) Ragone Plot.

(C) Cycling test of dLIG-2.4 at 0.5 mA/cm2 under

10.000 cycles. Capacitance was calculated from

the GCD curves. The inset graph displays a few of

the GCD cycles to illustrate the excellent stability

of the measurements.

(D) Ragone plot where the best obtainedMSC from

our work, dLIG-2.4, is compared with similar de-

vices obtained from other works in the field: B-LIG-

MSCs,38 d-LIG-MSCs,22 SA-PAAM-H2SO4,
39 LIG-

MSCs,6 LIG-MSCs and LIG-SCs,40 d-LIG-P-SC

and d-LIG-D-SC.21

alternative substrates. In fields such as

wearable electronics, where mechanical

robustness, flexibility, and stretchability

are crucial, transparent, and elastomeric

materials serve as ideal substrates for

device fabrication. An extended example

is the creation of stretchable LIG-based

strain sensors on a polydimethylsiloxane

(PDMS)substrate.11,41,42Samples fabricatedusing thebestcondi-

tions in the present work, dLIG-2.4, were successfully transferred

ontoPDMSaspresented inFigure 7A,with the shapeof the logoof

our research institute, ISOM, which stands for Instituto de Siste-

mas Optoelectrónicos y Microtecnologı́a (top panel); the in-plane

electrodes design we used for our MSCs (bottom, left panel) and

the logo of our university, Universidad Politécnica deMadrid (bot-

tom, right panel). A transfer with high uniformity and sharply

defined features was achieved. The Kapton films that contained

the initial LIG, left after the transfer, are shown inFigureS8 (supple-

mental information). Furthermore, dLIG-2.4MSCs exhibit a robust

mechanical performance without notable compromise to their

electrochemical storage properties. Throughout the bending pro-

cess at various angles, shown in Figure 7B, the cyclic voltammetry

curves of the device maintain overlapped, quasi-rectangular

shapes, proving both high flexibility and remarkable stability under

deformation. This result suggests that the device retains its struc-

tural and electrochemical integrity even when subjected to me-

chanical stress, reinforcing its suitability for flexible applications

without significant degradation in performance.

Moreover, three dLIG-2.4 devices were placed in series and

in parallel to record the increase of the potential window and the

capacitance, respectively, as shown in Figures 7C and 7D.

Compared to a single device (blue curves), the series system

shows a larger potential difference (red curves), while the par-

allel connection results in an increase in the current (black

curves). To delve deeper into the capabilities of double pass

LIG MSCs for flexible applications, a device consisting of three

dLIG-2.4 MSCs in series was employed to expand the voltage

window up to 3 V, aligning with the specifications of a green

LED. The power unit derived from the dLIG-2.4 in series config-

uration proved readily available to sustain LED illumination for

approximately 47 s, even when subjected to multiple manual
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bending actions. The corresponding movie illustrating these re-

sults is provided as Video S1 (supplemental information). These

findings underscore the suitability of these flexible LIG-MSCs

for powering flexible and portable electronics as portable en-

ergy sources.

Conclusion
In summary, this study introduces a fast and cost-effective

approach to fabricating in-plane, flexible MSCs through a direct

laser writing process on a 125 mm thick Kapton film by employing

a double laser pass technique using the same tool. Thanks to the

multiple lasing approach, the outcoming LIG electrode material

exhibits an enhanced quality through (a) a high graphitization de-

gree, (b) the structure densification, (c) the augmentation of the

pore size, which eases the infiltration of the electrolyte inside

the electrodes, and (d) the widening of the fingers and subse-

quent reduction of the gap between them, which translates

into an increase in the active area and electrical conductivity,

respectively. The best LIG material was obtained under the

following laser conditions: 2.4 W, 80 mm/s, and double pass.

The devices fabricated using this LIG, dLIG-2.4, showcase an

enhancement in their electrochemical performance with respect

to their single pass counterparts: an improvement of the areal

capacitance from 3 to 8.12mF/cm2, and an energy density boost

from 0.77 to 2.20 mWh/cm2, both referred to a current density

value of 0.05 mA/cm2 and a decrease of 60% in the equivalent

series resistance. Moreover, the dLIG-2.4 based MSCs ex-

hibited exceptional results: (a) An excellent cycling stability,

maintaining 91% of their performance even after 10.000 cycles

at 0.5 mA/cm2; (b) high stability and mechanical flexibility under

different bending angles; (c) successful transferability to PDMS

substrate; (d) and successful energy supply to switch on a green

LED under in series configuration. These outcomes prove the

potential of this LIG fabrication strategy for versatile and resilient

energy storage applications, addressing the demands of mod-

ern, flexible electronics.

Limitations of the study
The implementation of two laser passes on a 125 mm thick

polyimide film using the sameCO2 laser and the samewriting pa-

rameters of power, scan rate and focal distance has a significant

influence on the final morphology and electrochemical perfor-

mance of the produced laser-induced graphene. In the present

work, the main limitation was posed by the given thickness of

the commercial film, which restricted the number of applicable

laser passes, hindering the further material engineering. How-

ever, this study has opened the potential to explore the optimal

number of laser irradiation reiterations in other precursors with

different thicknesses to obtain the laser-induced graphene with

the best properties.
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METHOD DETAILS

Materials
In this work, laser-induced graphenewas produced using an infrared continuous waveCO2 laser cutter machine with awavelength of

10.6 mm, a maximum power of 40 W, and a scan speed of up to 600 mm/s (VEVOR� company, Germany). Commercial polyimide in

the form of 125 mm thick Kapton film (DuPontTM Kapton�HN, USA) was used as the precursor material to transform it into LIG. Silver

paint (RS PRO, UK), copper tape (RS PRO, UK), and 60 mm thick adhesive Kapton film (Tesa�, Norderstedt, Germany) were used to

assemble the device. For the fabrication of the gel electrolyte, polyvinyl alcohol (PVA) (Sigma-Aldrich, 87-89% hydrolyzed medium

molecular weight, USA) and sulfuric acid (H2SO4) (EMSURE�, sulfuric acid 95-97%, Germany) were employed.

LIG electrodes characterization methods
In all the characterization methods, the six types of samples described above, and summarized in Table S1 (supplemental informa-

tion) were measured: sLIG-2.0, sLIG-2.4, sLIG-2.8, dLIG-2.0, dLIG-2.4, and dLIG-2.8.

An optical microscope (Leica DMRX, Germany) was used to measure the width of the electrode fingers and the gap distance be-

tween them. The morphology of the fabricated laser-induced graphene structures was characterized by scanning electron micro-

scopy (FEI inspect F50), with an accelerating voltage of 5 kV. LIG squares with an area of 4 x 5 mm2 were measured, on which an

electrical path was introduced using silver paint and copper tape to mitigate charging effects.

Raman analysis with a LabRamHREvolution spectrometer (l = 532 nm, Horiba, Japan) was performed on LIG strips with an area of

5 x 15mm2. The spectra were taken with amagnification lens of310, an ND filter of 50%, 5 accumulations, and an acquisition time of

20 s.

X-Ray Diffraction (XRD) analysis was carried out by means of a X’Pert PRO (Malvern-Panalytical) diffractometer using Co Ka ra-

diation (l=1.789 Å). The instrument was configured with Bragg-Brentano geometry, employing operation parameters of 40 kV and

40 mA. The diffractograms were acquired in the 5–90� (2q) range, with a step size of 0.01� (2q). Identification of the samples was car-

ried out by using the information available at the Crystallography Open Database (COD)43 and the International Centre for Diffraction

Data (ICDD).

The specific surface area (SSA) of the samples was determined by Brunauer–Emmett–Teller (BET) technique with an ASAP 2020

(Micromeritics, Norcross, GA, USA). In addition, the distribution of pores sizes from the N2 adsorption-desorption isotherms was

evaluated by Barrett-Joyner-Halenda (BJH) method.

For XRD and SSA characterization, 200 mg of each of the LIG samples were obtained by gently peeling off the material from the

substrate to collect it as powder.

In order to determine the sheet resistance of the samples, four-point probemeasurements were performed with a Karl Suss PSM 6

probe station and an Agilent 4156C analyzer. For each of the six studied conditions, three samples were fabricated and measured to

provide a mean value with their corresponding standard deviations.

REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Kapton film. Polyimide with silicone adhesive Tesa Tesa� 51408

Kapton film. Polyimide Dupont DupontTM Kapton� 500HN

Poly(vinyl alcohol) (PVA) Mw 85.000-124.000,

87%-89% hydrolyzed

Sigma-Aldrich 363081 CAS: 9002-89-5

Sulfuric acid, H2SO4, 95%-97% EMSURE� ISO Supelco 1007310510

CAS: 7664-93-9

Polydimethylsiloxane (PDMS) Dow SYLGARDTM 184 Silicone Elastomer Kit

Curing agent CAS: 2554-06-5

Base CAS: 100-41-4

Software and algorithms

Image J https://imagej.net/ij/ https://doi.org/10.1038/nmeth.2089

OriginLab https://www.originlab.com/ OriginPro 8.5.0
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In the wettability tests, for each of the three used laser powers: 2.0, 2.4, and 2.8 W, two adjacent LIG squares were fabricated,

corresponding to single and double passes, respectively. A 1 ml DI water droplet was dispensed onto the surface of each LIG

area, and pictures were taken immediately after. Water contact angles were then estimated using ImageJ software.44

Supercapacitors electrochemical characterization
To assess the electrochemical performance of the MSCs, cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) mea-

surements within a voltage range of 0-1 Vwere executed utilizing a potentiostat/galvanostat system (Autolab PGSTAT204, Metrohm,

Switzerland) along with Nova software. For electrochemical impedance spectroscopy (EIS) measurements, a FRA32M frequency

response analyzer module of the PGSTAT204 systemwas employed. During EIS running, a sinusoidal signal with 10mV of amplitude

was applied at an open circuit, covering a frequency range from 100 kHz to 10 mHz. All measurements were carried out under

ambient conditions.

From the GCD results, the areal values of capacitance (mF/cm2), energy density (mWh/cm2), power density (mW/cm2), and equiv-

alent series resistance (ohms) were calculated, respectively, as:45

CA =
Idischarge

S3

�
dV=dt

� (Equation 1)

where Idischarge corresponds to the constant discharge current,S is the total area of both electrodes, and dV/dt represents the slope of

the discharge curves.

EA =
1

2
3CA 3

ðDVÞ2
3:600

(Equation 2)

where DV = Vmax � Vdrop is the discharge voltage, being Vmax =1 V for the electrolyte used in this work. Vdrop represents the voltage

difference between Vmax and the next point in the discharge curve.

PA =
EA

Dt
3 3:600 (Equation 3)

where Dt corresponds to the discharge time (s).

ESR =
Vdrop

2I
(Equation 4)

which represents the voltage drop produced after changing the current polarity from positive to negative.

To bend theMSCs under different controlled angles, three aluminumblockswith angles of 30�, 60�, and 90�, were used. The blocks

were completely covered with the adhesive Kapton film to insulate them electrically from the MSCs.

Process of LIG transfer to PDMS substrate
Amixture of prepolymer and curing agent (SYLGARDTM 184 silicone elastomer kit, Dow, US) in a 10:1 ratio was stirred for 10min until

a clear and transparent mixture was observed. Then, the mixture was placed under vacuum until the air bubbles trapped inside were

removed. Subsequently, themixture was carefully poured into a home-made aluminummold containing the LIG samples on the Kap-

ton substrate. Then, themold and its contents underwent another vacuum treatment to eliminate any remaining air. Finally, during the

curing step, the entire assembly was placed in an oven at 55-65�C for 2 hours.

QUANTIFICATION AND STATISTICAL ANALYSIS

In the figures, both in themain text and in the supplemental file, the graphs were generated using OriginPro 8.5.0 from the raw data. In

Figure S3, the water contact angles were estimated using ImageJ after the wettability tests. In Figure 4F, regarding the sheet resis-

tance of the LIGs, each point corresponds to an average value of three samples, including their standard deviation represented as the

vertical error bars. The average and the standard deviation are performed by the Origin software and represented as a graph.
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