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ABSTRACT 
 

This project presents the development of laser-induced graphene (LIG) electrodes for 

application on sustainable electrochemical energy storage devices. Cardboard is selected as 

organic recyclable substrate, upon which fire-retardant treatments and lignin coatings have 

been tested prior to laser scribing. Laser conditions optimization have provided a cardboard 

derived conductor material with sheet resistance (Rs) values in the order of tens of Ω·sq-1. 

Particularly, a newly developed lignin and nanocellulose coating treatment of cardboard has 

yielded 8.1 Ω·sq-1 Rs, close to the best value reported for LIG on an organic substrate. 

Electrochemical and morphological characterization of cardboard based LIG showed that it 

presents a highly porous 3D electroactive surface. This material has been implemented in the 

fabrication of cardboard derived supercapacitors (SC) and batteries. Compared with polyimide 

derived LIG, cardboard SCs demonstrate higher areal capacitance (1 mF·cm-2), with similar 

performance to literature references. On the other hand, the biopolymer-based cardboard 

battery is the first proof-of-concept of its kind ever reported. Although it presents high internal 

resistance, the battery provides almost 1 V open circuit voltage, and a maximum power density 

output of 19.5 µW·cm-2. Thus, this work opens a new pathway in the research of potentially 

recyclable, biodegradable or even compostable batteries based on cardboard derived laser-

induced graphene electrodes. 
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1. INTRODUCTION 

1.1. CONTEXT 

Nowadays, there is a general scientific consensus that human activity is affecting global climate, 

and it has become a growing concern in society.1 Climate change has been known since long 

ago, as in 1896 Arrhenius himself demonstrated that CO2 produced in fossil fuel burning could 

warm the Earth.2 Little was done in order to tackle this problem through the XXth century, but 

new environmental policies have recently emerged to reduce greenhouse gas (GHG) emissions. 

For instance, the Paris Agreement was signed in 2015, where governments agreed to strengthen 

the global response to climate change.3 A 2°C limit was set to the increase in Earth’s average 

temperature compared with pre-industrial levels. However, human activities have caused a 1°C 

raise so far. It is estimated to reach 1.5°C by 2050 if current emission rates stand.4 Therefore, a 

global energy transition towards decarbonisation is necessary to reduce dependence on fossil 

fuels and accomplish the objectives pursued.5 

As a means to stabilize the atmospheric carbon content, renewable energy sources that 

minimize GHG emissions are gaining interest. Besides decarbonisation of energy production, 

improving the distribution, storage, and conversion efficiencies6 is fundamental. In fact, the 

main challenge of most renewable sources is their intrinsic intermittency. Consequently, energy 

storage systems are needed to ensure grid stability and reliability. Many technologies have been 

developed to face this challenge, ranging from hydroelectric and thermal to hydrogen and 

electrochemical storage.7,8 All of them include pros and cons, and an integrated combination is 

probably the best solution to satisfy the demand.9 

Electrochemical energy storage (EES) consists in conversion between electrical and chemical 

energy, allowing its storage, transport, and supply on demand. There are four main EES systems: 

batteries, fuel cells, redox-flow cells, and supercapacitors.10 As for batteries, two types are 

differentiated: primary batteries are single use, whereas secondary ones are rechargeable. In 

electrochemical capacitors, also named supercapacitors, there are two main types: electrical 

double layer capacitors (EDLC) and pseudocapacitors.11 EES systems present flexible power and 

capacity characteristics, as well as size scalability to fulfil different portability requirements.8,10 

Despite the great progress in performance over the years, the current production of EES systems 

still follows a linear model, starting from fabrication with scarce non-renewable materials, 

followed by distribution, consumption and disposing of, thus contributing to environment 

degradation.12 
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ENVIRONMENTAL CONSIDERATIONS OF PRIMARY BATTERIES 

Out of the 191 kilotons of portable batteries sold in Europe in 2018, 75% corresponded to 

primary type.13,14 These devices contain hazardous compounds, such as heavy metals and metal 

oxides that harm ecosystems in case of leakage during their operational lifespan or improper 

management at the end of it.15 Batteries can follow different paths after their use, such as  

landfilling or recycling by thermal, mechanical and manual treatments.16 To avoid the risks of 

contamination, it is important to develop efficient recovery and recycling protocols. In the same 

year, 52% of portable batteries sold in the EU were lost in waste, most of them ending up in 

landfills, poisoning ecosystem.13,15 Current recycling techniques of metals, for instance, present 

some drawbacks, such as high economic cost and energy consumption or toxic off-gas and dust 

by-product generation.17 Moreover, batteries often travel thousands of kilometres to countries 

where they are treated in precarious conditions. For example, the World Health Organization 

and United Nations Environment Programme have reported the existence of numerous informal 

used lead-acid battery (ULAB) sites in developing countries, as well as their hazard for human 

health and environment.18,19 

Consequently, recent research tries to develop more environmentally friendly and safer battery 

technologies.20,21 Among other innovations, new electrode materials are being investigated.22 

Traditionally, transition metal and metal-oxides have been used as electrode materials.23 Noble 

metals, such as Pt and Pd, have also been employed as current collectors or catalysts, but these 

are generally expensive and scarce.24 Al and Cu are also common, but they have parasitic 

reaction problems and their recyclability is still controversial.25 In contrast, metal-free carbon-

based current-collectors can provide some advantages, like low-cost, abundant availability (can 

even be extracted from biomass) and non-toxicity.26 Moreover, they present proper 

performance characteristics:  high electric conductivity, electrochemical stability (very inert) and 

fast electronic transference.27 In this context, graphene stands out thanks to its great electric 

conductivity, large surface area and electro-catalytic activity.28 It has already been tested in EES 

devices29 and emerges as a promising candidate to overthrow conventional metallic electrodes. 

However, graphene is usually synthesized with high economic and energy cost.30 An interesting 

solution recently discovered along this track is laser-induced graphene (LIG). This technique has 

attracted a lot of attention due to its low cost and simplicity to produce a material with 

graphene-related nature.  

LASER-INDUCED GRAPHENE (LIG) - STATE OF THE ART 

In 2014, J. Lin et al. discovered that direct lasing with a CO2 infrared laser on a commercial 

polymer tape (Kapton polyimide, PI) can generate 3D porous graphene on the film (Figure 1a).31 
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It was later determined that both photochemical and photothermal processes take part in this 

reaction. The CO2 laser outputs a 10.6 μm centred band, which is absorbed by C−C bonds present 

in the precursor substrate materials (Figure 1b).32 This absorption creates localized high 

temperature and pressure, breaking C-O, C=O and N-C bonds. Carbon atoms rearrange to form 

3D porous graphene.33–35  

 

 

Figure 1. a) Illustration of LIG technique on PI (elaborated by the author). b) Absorption spectrum of amorphous 

carbon and LIG, with CO2 laser bands as vertical lines (Reprinted by permission from CCC RightsLink®: ACS Nano, 

Laser-Induced Graphene by Multiple Lasing: Toward Electronics on Cloth, Paper, and Food36, Yieu Chyan, Ruquan 

Ye, Yilun Li, et al, Copyright © 2018, American Chemical Society). 

Laser-induced graphene technique is striking because it combines 3D graphene preparation and 

patterning into a single step.37 It basically consists in laser scribing on PI under very specific 

conditions with a commercial CO2 laser system. Until the discovery of LIG the most widely used 

fabrication techniques were chemical vapour deposition and hydrothermal processing. These 

require either high-temperature steps, long synthesis routes or high economic costs. Graphene 

patterning by hydrated graphene oxide (GO) laser writing is possible, but it is unappealing as GO 

is expensive and involves lots of acidic and oxidizing waste.37 Thus, LIG stands out as a promising 

choice against its direct competition to produce 3D porous graphene. This material presents a 

high surface area together with the remarkable chemical, physical and electronic attributes of 

graphene.38 

Regarding the substrate, later studies have shown that PI is not the only possible precursor for 

LIG. Laser-induced graphene has been produced on many other organic substrates so far. 

Biobased precursors include cellulose nanofiber,39 wood40 and lignin.40–43 J. M. Tour et al.32 

tested cork, coconut, potato skin, bread, cotton paper, cardboard and cloth. Several plastic 

polymers (Kevlar, PEI, PSU…) have also been used with success.34 Resulting qualities partially 

depend on the starting material.32,39,40,42,43 For example, in lignocellulosic biomaterials a higher 
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lignin content over cellulose and hemicellulose generates less defects on the obtained 

graphene.40  

As previously stated, LIG generation requires specific laser conditions for each substrate, which 

must be optimized. These include lasing power and speed (and, consequently, exposition 

time),43–45 light wavelength,46 atmosphere composition,47 number of lasing steps,36,44,45 and 

defocusing.36,45 When it comes to power and speed, they determine the energy absorbed by the 

lased atoms: higher power and lower speed result in more energy absorbed per unit area. Then, 

incident photon flow rate is also crucial. For example, higher laser powers generate higher 

porosity and larger pore sizes, though there is an upper limit that causes structural failure if 

surpassed.37 Increasing lasing steps can lead to LIG using milder speed-power conditions. In the 

first raster scan amorphous carbon is obtained, and subsequent scribing turns it into graphene. 

Varying the relative laser-substrate z-position causes defocusing, i.e. the diameter of the laser 

spot on the substrate is larger, resulting in decreased irradiance (incident power per unit area) 

and therefore achieving a similar effect to multiple lasing but in a single step (Figure 2).36 

Regarding working atmosphere, several composition changes have been tried to perform 

heteroatom doping on resulting 3D porous graphene.37 The same effect can be achieved by 

putting additives to the initial substrate, such as boric acid to obtain B-LIG (boron doped).48 

These are in-situ modifications, but ex-situ modifications have also been reported, e.g. by 

surface treatment with an electrodeposition process.49 

 

Figure 2. Effect of defocus on raster laser scribing upon precursor (elaborated by the author). 

In conclusion, laser-induced graphene has been produced in a wide variety of methods, showing 

how different conditions affect the creation and quality of the obtained graphene. This has 

allowed to characterize the morphological, chemical, and electrical properties of 

LIG.31,36,37,39,42,49–52 As for the morphological aspect, the surface appearance in scanning electron 

microscopy (SEM) images differs depending on the original substrate, but it generally presents 

highly amorphous and porous structures.37 Depending on the lasing parameters, several shapes 

can be achieved, such as honeycomb networks, microporous foams, concave corrugated tiles 
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and carbon nanotubes.53 The graphene-related nature of LIG is clearly visible in transmission 

electron microscopy (TEM) images (Figure 3).31  

  

Figure 3. a) High-resolution TEM image of LIG showing lattice space of 3.37 Å that corresponds to (002) graphitic 

planes (scale bar, 10 nm. b) Spherical aberration corrected scanning TEM image of LIG showing heptagon, pentagon 

and hexagon carbon cycles (scale bar, 5 Å) (Reprinted by permission from CCC RightsLink®: Nature Communications, 

Laser-induced porous graphene films from commercial polymers31, Jian Lin et al, Copyright © 2014, Nature 

Publishing Group, a division of Macmillan Publishers Limited. All Rights Reserved). 

Regarding chemical characterization of LIG, two major spectroscopic techniques are used for its 

analysis. In X-ray photoelectron spectroscopy studies an increase in carbon and C-C bond 

content is observed in LIG compared to initial substrates.31,36,39,42,49–51 Raman spectroscopy 

shows distinctive D (1350 cm-1), G (1580 cm-1) and 2D (2700 cm-1) bands in LIG.31,36,37,39,42,49,51,52 

Concerning crystallographic structure, X-ray diffraction patterns exhibit an intense peak in 2θ = 

25.9° due to 3.4 Å spacing of (002) planes.31 As for LIG’s electric conductivity, it is generally 

assessed using a four-point probe station to extract its sheet-resistance value.31,36,50,51 Among 

the literature, reported values range from 3.8 to 250 Ω·sq-1. This wide variability in the results is 

attributed to the different factors influencing LIG’s creation and quality, as mentioned above.  

Taking advantage of the unique characteristics of this 3D porous graphene-based material many 

applications have been reported so far: supercapacitors,31,48 heaters,50 a HER and OER 

catalyser,51 humidity sensors,43 flexible electrodes for microfluidic devices,54 magnetic 

hydrodynamic pumps,55 sound and deformation detectors,56,57 chemical sensors,58 and 

photodetectors.59 In combination with metallic catalysts (Pt, Co, Mn, Zn…), it has also been used 

for battery development, always using PI as precursor.60–65 However, as for May 2021 no 

reference has been found where LIG alone has been employed as electrode in the development 

of biopolymer based batteries, or having cardboard as substrate precursor. 

SPEED GROUP at IMB-CNM (CSIC) 

In this context, the Self-Powered Engineered Devices (SPEED) group from Institut de 

Microelectrònica de Barcelona, IMB-CNM (CSIC) has identified LIG as a suitable electrode 

material for sustainable battery fabrication. The SPEED group, led by Dr. Juan Pablo Esquivel and 

Dr. Neus Sabaté, specializes on the development of disposable portable energy sources by 
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integrating different technologies. The research team is renowned for devising a metal-free and 

biotically degradable battery (the PowerPAD),66 and devices such as a self-powered 

glucometer67 and a smart patch for sweat conductivity monitoring,68 among many others. Taking 

into consideration the characteristics of laser-induced graphene, they already began its analysis 

on PI and organic substrates such as paper or cardboard, in previous Final Degree Projects from 

students of Universitat Autònoma de Barcelona.44,45 In this line, the SPEED group aims to 

implement LIG in their future creations as a means to develop innovative batteries that 

contribute to change the current energy storage paradigm into more sustainable and eco-

friendly pathways. 

1.2. OBJECTIVES 

The main goal of this Final Degree Project is the development of portable electrochemical power 

sources using LIG as current collector material. This work involves a thorough study of 

fabrication of LIG on different organic substrates, pre-treatments, and lasing scribing 

parameters, to obtain a recyclable, biodegradable, or even compostable electrode. LIG is 

characterized electrically, morphologically, and electrochemically to seek for the conditions that 

give the most suitable attributes for its applications. Finally, its integration in supercapacitors 

and batteries is investigated building prototypes and evaluating their performance. 

In order to fulfil these aspirations, many complementary objectives are also aimed. These 

include learning to use instruments and techniques for fabrication, prototyping and 

characterization of materials and devices. Besides, daily laboratory procedures and safety 

measures will be practiced. As the project is carried out in a research group, soft skills such as 

teamworking and communication will be key in the working environment. Last, bibliography 

research and experimental data acquisition, analysis, organization, and exposition will be 

exercised. All of that will involve motivating autonomy and self-responsibility in the research 

centre. 

2. THEORETICAL FRAMEWORK 

2.1. LIG CHARACTERIZATION TECHNIQUES 

ELECTRICAL RESISTANCE CHARACTERIZATION 

The Van der Pauw method is used for sheet resistance (Rs) measurements.69  A flat square 

sample of the studied material is contacted in its 4 vertices (Figure 4a). A current scan is forced 

through one edge while the voltage drop is being measured on the other. The Rs is calculated 

from the I-V slope applying eq. (1) (Figure 4b).70 
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𝐼 = 𝑉 ·
𝜋

ln2
𝑅𝑠 (1) 

 

 

 

 

Figure 4. a) Illustration of Van der Pauw method setup (elaborated by the author). b) I-V diagram obtained from 

Van der Pauw method experiment. 

ELECTROCHEMICAL CHARACTERIZATION 

Cyclic voltammetry (CV) is a well-known electroanalytical technique employed to investigate 

redox reactions.71 The experiment is performed in an electrochemical cell, typically a 3-electrode 

setup in contact with a solution (Figure 5a). The solution consists of a supporting electrolyte (i.e. 

an inert salt) and the redox species in an inert solvent. The reference electrode (RE) has a defined 

and stable equilibrium potential. It is used as a reference point against which the potential of 

the working electrode can be measured. The working electrode (WE) carries out the 

electrochemical event of interest. Finally, a counter electrode is used to compensate charge 

transfer. For instance, when an oxidation reaction is going on in the WE, a reduction reaction (or 

vice versa) takes place on this auxiliary electrode balancing the current flow. 

In a CV the potential between RE and WE is scanned from a starting point through a pre-set 

range (Figure 5b). The redox species react on the surface of the WE to reach equilibrium 

concentrations that vary with voltage. The WE collects or provides electrons for the redox 

reactions and the current between WE and CE is recorded (Figure 5c). The output is a cyclic 

voltammogram with characteristic peaks that depend on the system (Figure 5d).  
 

 
   

Figure 5. a) Schematic representation of an electrochemical cell for CV experiments. b) WE vs RE potential evolution 

during a CV experiment. c) Current evolution during a CV experiment. d) Cyclic voltammogram with parameters 

that can be obtained (elaborated by the author). 
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The Randles-Sevcik equation72,73 (eq. 2) relates the peak current, ip, with the scan rate ν in 

reversible systems. n is the number of electrons transferred in the redox reaction, A the 

electrochemically active electrode surface area (ECSA), D the diffusion coefficient of the analyte, 

C0 the bulk concentration of analyte, F Faraday’s constant, T the temperature and R the molar 

gas constant. If the rest of parameters are known, the ECSA can be calculated from a 

voltammogram. When treating quasi-reversible systems, the above equation is slightly modified 

(eq. 3).28 In reversible systems, reduction and oxidation peak intensity ratio is approximately 1. 

However, in quasi-reversible systems this ratio gets lower, as one of the peaks presents higher 

intensity than the other. 

𝑖𝑝 = 0.446𝑛𝐹𝐴𝐶0(
𝑛𝐹𝜐𝐷

𝑅𝑇
)

1
2
 (2) 

𝑖𝑝
𝑞𝑟 = ±(2.65 × 105)𝑛

3
2𝐴𝐶𝐷

1
2𝜐

1
2 (3) 

On the other hand, in order to estimate the standard heterogeneous electron transfer rate 

constant (ko, cm·s-1) Nicholson’s method is applied in reversible systems (eq. 4).28,74 Ψ is a kinetic 

parameter obtained from eq. (5),75 where ΔEp is potential difference between oxidation and 

reduction peaks. In quasi-reversible systems, eq. (6) is used, α being the transfer coefficient.76 

𝜓 = 𝑘𝑜[
𝜋𝐷𝑛𝜐𝐹

𝑅𝑇
]−

1
2 (4) 

𝜓 =
−0.6288 + 0.021∆𝐸𝑝

1 − 0.017∆𝐸𝑝
 (5) 

𝑘𝑜 = 2.18[
𝐷𝛼𝑛𝜐𝐹

𝑅𝑇
]

1
2
exp[−

𝛼2𝑛𝐹∆𝐸𝑝

𝑅𝑇
] (6) 

2.2. ELECTROCHEMICAL ENERGY STORAGE DEVICES 

SUPERCAPACITORS 

A classical capacitor is composed of two parallel conductor plates separated by a dielectric. Its 

operation principle consists in the accumulation of opposite charge when a potential difference 

is applied between the plates. Instead of a dielectric, a supercapacitor (SC) has an electrolyte in 

between, and two main types exist, electrical double layer capacitors (EDLC) and 

pseudocapacitors.11 In EDLCs, apart from the charges accumulated in the conductors, electrolyte 

ions adsorb on their surface, forming a double electrical layer in each. In pseudocapacitors, aside 

from ion adsorption redox reactions provide charge on electrodes. 
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Figure 6. a) Working mechanism of electric double layer capacitor. b) Working mechanism of pseudocapacitor 

(elaborated by the author). 

In general, capacitor electrodes can be made of three materials: carbon-based materials, metal 

transition oxides and conductive polymers. Further, there are three electrolyte types too: 

organic, ionic acid and aqueous. As for geometry, apart from the classical parallel plate 

capacitors, 2D interdigitated SCs are an appealing option for easy integration. 

An ideal SC presents a square cyclic voltammogram, but output resistance and current leakage 

between electrodes can distort the diagram (Figure 7a-d).78 One can integrate the area enclosed 

in the voltammogram to calculate the specific areal capacitance (CA, in F·cm-2) of a SC (eq. 7),79 

taking into account the scan rate (ν) and the area of electrodes (A).  

Another standardized characterization technique is a galvanostatic charge-discharge (GCD) or 

chronopotentiometry experiment,79 in which a constant current is applied across the device until 

a set voltage is obtained. The SC is discharged applying the opposite current. Potential evolution 

along time is plotted. Ideal capacitors, in which the charge and discharge pattern are mirror 

images, are characterized by a perfectly triangular curve (Figure 7e).78,80 In this case, the 

discharge slope is used to calculate CA (eq. 8).78 However, asymmetry of the system, energy and 

charge loss, series resistance of the device and pseudocapacitive behaviour can cause deviations 

from this idea curve (Figure 7f), making capacitance dependent on voltage. In such devices, 

other characteristics may be analysed.81 From GCD curves coulombic efficiency can be calculated 

as accumulated and released charge ratio (eq. 9). Similarly, energy efficiency is the analogous 

but with energies instead of charge, computing input and output energy with the area under the 

curve (eq. 10). Moreover, employing the discharge energy, system’s effective areal capacitance 

can be calculated (eq. 11). Finally, equivalent series resistance can be calculated using VIR voltage 

drop at beginning of discharge (eq. 12). 
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Figure 7. Equivalent circuit analysis for different CV profiles. a) Ideal CV profile. b) Slanted. c) Blunt. d) Mix of blunt 

and slanted. (Reprinted by permission from CCC RightsLink®: Advanced Energy Materials, Energy Storage Data 

Reporting in Perspective—Guidelines for Interpreting the Performance of Electrochemical Energy Storage 

Systems82, Yury Gogotsi, Patrice Simon, David Pinto, et al, Copyright © 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim). Galvanostatic charge discharge curves. e) Ideal SC. f) Non-ideal SC. (Adapted by permission from CCC 

RightsLink®: Nano Energy, Flexible solid-state electrochemical supercapacitors78, Peihua Yang,Wenjie Mai, 

Copyright © 2014 Elsevier Ltd. All rights reserved). 
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BATTERIES 

A battery is a galvanic electrochemical cell that converts chemical energy directly to electrical 

energy via redox reactions.83 Usually, it is composed of two electrodes: an anode in which the 

oxidation reaction takes places, and a cathode that balances the extracted electrons by a 

reduction reaction. Electrodes have different redox potentials so that a voltage difference is 
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generated between them, named open circuit voltage (OCV). Both electrodes are ionically 

connected through a salt bridge or an ion exchange membrane, ensuring charge compensation. 

Linear sweep voltammetry (LSV) is a technique employed in battery characterization. Electrodes 

are connected to a potentiostat and voltage is scanned from OCV to short circuit, as current is 

measured. Typical I-V polarization curves show an initial steep decrease due to activation losses, 

a constant slope related to ohmic losses and a final decrease due to mass transport loss at high 

current densities (Figure 8b).84 Multiplying applied voltage and measured current the power 

output at each operating point is computed. 

 

 

 

Figure 8. a) Working mechanism of a battery. b) Polarization curve characteristics and power output (elaborated 

by the SPEED group). 

3. MATERIALS AND METHODS 

3.1. SUBSTRATE 

Cardboard was selected as organic substrate as it is the most used and recycled packaging 

material in EU.85,86 LIG obtention on cardboard has already been successfully reported.36,44 In 

this work, several cardboard samples were collected and their structural, mechanical, 

appearance and stability characteristics considered for the study. Corrugated type is undesirable 

as surface is heterogeneous because of slight ripples. In contrast, solid cardboards present flat 

homogeneous surfaces. Among different options, Buffetti MOD. 7759-K solid cardboard file 

folders were chosen. These are made of Manilla type cardboard, typically employed in file 

folders. As for structure, it is 370 µm thick and weights 250 g·m-2, with high fibre density. 

Mechanically, Manilla type is a relatively rigid and resilient solid cardboard, with 2650 m 

breaking length and 140 kPa bursting strength.88 It presents high dimensional stability allowing 

surface treatments without compromising the substrate integrity. Furthermore, these folders 

are an abundant source of obsolete reusable material at IMB-CNM. They have different surfaces 

on the inside and outside, but the inner side was selected as it is less contaminated by past use. 
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Polyimide (PI, DuPont™ Kapton®) was chosen as reference material to produce LIG and compare 

performance, as its use is widely reported.30 

As reported in the literature, the definition of LIG structures on cardboard requires the 

impregnation of the surface with a flame retardant. In this work, several pretreatments were 

tested. On the one hand, two commercial fire retardants already used in published reports were 

used: phosphate ammonium based ForceField® FireGuard for Fabrics (Shield Industries, Inc.) and 

boric acid based Flame Retardant Spray (FireChief®). Each product was applied separately by 

spraying 6 times on a 10x10 cm2 square cardboard piece and dried overnight. 

On the other hand, an alternative bio-based coating approach was proposed with two purposes, 

first, to act as a flame retardant with an eco-friendlier chemical composition; and second, to  

increase the lignin content on the substrate surface to improve LIG quality. In this approach, 4 

impregnation methods were tested: spraying and painting with aqueous lignin solution, bar 

coating of lignin-hydrogels and membrane casting by evaporation of lignin-hydrogels.  

The preparation of the aqueous lignin solution consisted in stirring 3 g lignin (Lignin alkali 471003 

from Sigma-Aldrich) and deionized (DI) water for 10 minutes until homogenization. The resulting 

3% w/v lignin in DI water dispersion was sprayed on cardboard or painted with a soaked paper. 

Lignin hydrogels combined with biopolymers were developed and applied in two ways: bar 

coating and membrane casting by evaporation. First, 1.5% w/v carboxymethylcellulose sodium 

salt hydrogels (CMC, GC7698 from Glentham Life Sciences) with different lignin contents (1%, 

2% and 3% w/v) were prepared. 0.9 g CMC were stirred at 200 rpm overnight in 60 ml DI water 

before adding the lignin and further stirring at 200 rpm overnight. It was spread on cardboard 

with K Printing Proofer (RK Printcoat Instruments). Second, a 1% w/v nanocellulose (NC, Exilva 

P 01-V from Borregaard) hydrogel with 3% w/v lignin was tested. 5 g of 10% w/v NC were 

dispersed in 45 ml DI water at 10000 rpm for 5 minutes with T 25 digital ULTRA-TURRAX® (IKA-

Werke). 1.5 g of lignin were added and stirred at 200 rpm for two hours.  20 ml of dispersion 

were poured on the cardboard over a Petri dish and let dry 72 hours at 25°C in an incubator 

(Hach Lange S.L.U. L2-01). 
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Figure 9. a) Cardboard file folder from CNM obsolete filing cabinet. b) Illustration of fire-retardant treatment. c) 

Illustration of lignin treatment by bar coating d) Illustration of lignin treatment by water evaporation (elaborated 

by the author). 

3.2. LASING CONDITIONS OPTIMIZATION 

Laser scribing was performed with an Epilog Legend Mini 24 instrument (Figure 10). It has a 

motorized mirror and lens system to direct the beam upon the substrate to cut or engrave it. 

Raster mode was used to scribe on samples and generate LIG. Various parameters can be 

modified in the laser. The speed of the moving lens system (S) can be chosen from 1% to 100% 

of the maximum in 1% increments. The same is applied to beam power (P), with a maximum 

value of 30 W. 1200 DPI resolution and autofocus mode were selected. Besides, the laser has 

two utilities. Air Assist blows compressed air on the lased material surface, removing heat and 

combustible gases,89 while the gas extractor (BOFA AD Base2) takes away expelled gases.  

  

Figure 10. a) Epilog Legend Mini 24 (1: Lens moving head. 2: Sample stage.). b) Lens moving head (3: Air Assist 

expeller. 4: Autofocus sensor. 5: Focusing lens). 

Before every use, the focusing lens was cleaned with a cotton swab moistened in Epilog Laser 

Multi-Coated Filter and Lens Cleaner liquid to minimize power lowering by contamination.89 A 

preliminary study of the system was performed (ANNEX I), concluding that incident power 
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differs depending on stage position. It was seen that laser power decreases in locations away 

from the source, especially in the Y axis with the extractor switched on. Therefore, experiments 

were performed close to the beam source, with the extraction system switched off. A flat glass 

panel was employed as substrate holding base. To end the system pre-analysis, the actual 

resolution and lased spot size were studied and compared with the manual value (ANNEX II). 

It is important to emphasize the difficulty to find the parameters to obtain LIG in each material. 

A few percentile units on S and P make the difference between obtaining LIG and not modifying 

or perforating the material. Moreover, only products that contain LIG can be characterized 

electrically to refine parameters. Consequently, at first, S, P, lasing steps and focusing distance 

were varied on studied samples. Trial and error would imply a too large score of experiments, 

so the procedure described next was performed. 

CONDITION MATRIX METHOD 
Using CorelDRAW X7 software, 7x7 matrixes of 4x4 mm2 squares were designed with a S and P 

value for each column and line, respectively (Figure 11). After lasing, obtained LIG was 

electrically characterized when possible, but a visual inspection was enough to identify lack of 

LIG. The range and increasing step of the matrixes were adapted iteratively to get closer to LIG 

yielding conditions. This process was done in cardboard with three types of coating: i) FRS, ii) 

FG, and iii) lignin with NC. 

 

Figure 11. a) Matrix designed in CorelDRAW with P (lines) and S (columns) ranging from 2 to 14, with 2 unit steps. 

In cardboard samples treated with fire retardants no LIG was obtained with a single lasing, so 

multiple lasing steps were done to study its influence. Defocusing 1 mm, 1.5 mm, and 3 mm was 

also tried. The search was finalized engraving the matrixes shown in Figure 15. LIG obtained in 

each condition will be labelled with the following system: Pretreatment_LIG_SXPY_Xmm (to 

indicate coating material, speed, power, and defocus that was used). 
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3.3. LIG CHARACTERIZATION METHODS 

ELECTRICAL CHARACTERIZATION 
The Rs was used as comparative figure to choose the least resistive samples for further 

electrochemical and morphological characterization. Van der Pauw method69 measurements 

were performed on the square LIG samples with a four-point probe station (EP6, Suss MicroTec) 

and a Keysight B1500A Semiconductor Device Analyzer. Current values from 0 to 2 mA with 4 

µA steps were employed. The current was forced parallel to the raster direction and 

perpendicular to it, obtaining two Rs values, Rs,parallel and Rs,perpendicular. This aimed to analyse the 

resistivity anisotropy of LIG. The repeatability of LIG was studied preparing N=4 squares (4x4 

mm2) in the 6 best conditions on organic substrates and in PI, and measuring their two Rs values. 

ELECTROCHEMICAL CHARACTERIZATION 
First, a preliminary study was carried out to test whether LIG obtained in the condition that yield 

lowest Rs in every organic substrate could be used as a working electrode. WE electrodes of LIG 

(N=4) were prepared with the design of Figure 12a. A preactivated-carbon screen-printed 

electrode (SPE) was also employed, as a WE gold-standard control. An electrochemical cell was 

assembled with each WE, a commercial Ag/AgCl RE and a Pt CE, all submerged in PBS with 100 

mM ferricyanide and 1 M KCl (702587 and P3911 from Sigma-Aldrich). Using a Palmsens4 

potentiostat, CVs at 20 mV·s-1 were performed. Voltage window was set from -0.6 V to 0.8 V for 

FRS_LIG and SPE, and from -0.8 V to 1.0 V for FG_LIG. Coating of LIGNIN+NC_LIG has had 

problems of mechanical instability in DI water, so only a CV experiment at different scan rates 

was performed, and it was discarded for further electrochemical studies (ANNEX III). 

  

 

        

 
Figure 12. a) Corel design of WE (scalebar, 2 mm). b) Manufacturing of WE. c) Manufactured WE (scalebar, 2 mm) 

(elaborated by the author). d) Electrochemical cell setup for CV experiments with CE in the left, RE in the right and 

WE at the back, submerged in 30 ml solution (scalebar, 2 cm). 

Electrodes’ surface area and electron transfer of LIG electrodes from PI and coated cardboard 

substrates were studied by CVs at 5, 10, 20, 50, 75 and 100 mV·s-1 in 10 mM ferricyanide (N=4). 
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MORPHOLOGICAL CHARACTERIZATION 
The LIG samples created for repeatability analysis were further studied using a Scanning Electron 

Microscope (SEM, Carl Zeiss Auriga model). 1 kV electron acceleration was used for sample 

surface and cross-section imaging. In order to take cross-section pictures, the samples were cut 

with a scalpel. A stage with metal tweezers was employed to contact samples that showed drift 

issues at high magnification analysis (15Kx). 

3.4. DEVICE DESIGN, FABRICATION AND CHARACTERIZATION 

SUPERCAPACITORS 
The design described in Figure 13a was scribed on PI and FRS treated cardboard to obtain 

interdigitated LIG electrodes, with S9P945 and S9P11_3mm parameters, respectively. As 

explained in ANNEX IV, each substrate needed a different CorelDRAW design. The resistance of 

the scribed LIG design was measured with a multimeter (Fluke 73-III). 

A supercapacitor electolyte was prepared using 10% w/v PVA / 1M H2SO4, a gold-standard in 

literature.29,31,42,49 0.5 g PVA (343126 from Sigma-Aldrich) were dissolved in DI water at 90 °C. 

When cooling to 60 °C, 0.27 ml 96% H2SO4 (131058 from PanReac AppliChem) were added and 

mixed at 90 °C to obtain the electrolyte. After storing the electrolyte overnight at 4 °C it was 

used at room temperature to build supercapacitors. 

The LIG electrodes were employed to yield prototype SCs according to design illustrated in 

Figure 13b (3 of each substrate). SCs were manually assembled and characterized. First, the 

resistance was measured with a multimeter. Then, CV experiments at 10, 50 and 100 mV·s-1 

were performed in a potential window from 0 V to 0.8 V, employing Palmsens4 potentiostat.  

Finally, galvanostatic charge discharge curves were measured up to 0.4 V or 0.8 V maximum 

voltage. For PI_LIG SCs 1 µA and 5 µA were used, and 20 µA and 50 µA for FRS_LIG SCs. It must 

be stated that between each CV and GCD experiment SCs were discharged short-circuiting the 

electrodes with a metallic wire. 

 
 

  

Figure 13. a) Corel design of interdigital electrodes . b) Illustration of SC manufacturing process. c) PI_LIG_SC under 

measurement. d) FRS_LIG_SC under measurement. (Scalebars, 5 mm).  



23 
 

 BATTERIES 
First, a bio-polymeric ion exchange membrane was synthetized based on a protocol developed 

by the SPEED group. This is composed of 2 w/v % alginate (W201502 from Sigma-Aldrich) and 1 

w/v % NC at 75:25 ratio, with an additional 5 w/v % glycerol (G9012 from Sigma-Aldrich). For 

the alginate dispersion, 1 g alginate was stirred in 50 ml DI water at 80 °C until completely 

dissolved. The NC dispersion was prepared as explained for the lignin pretreatments. Both were 

mixed in 75:25 ratio and 2.4 ml glycerol were later added to the 60 ml dispersion. After mixing 

overnight, 15 ml of the obtained hydrogel was poured in a Petri dish. Water evaporation by 

incubation at 25 °C overnight yielded the desired membrane. 

Second, biobased matrix electrodes were prepared, again based on a protocol by the SPEED 

group. For the cathode, the constituent matrix was made of 25:75 alginate and NC, with 5 w/v 

% glycerol, prepared as explained for the membrane. This was doped with 0.25 M oxalic acid 

and 0.2 M iron (III) nitrate (O0376 and 254223 from Sigma-Aldrich). The anodic constituent 

matrix is composed of 75:25 alginate and NC, with 5 w/v % glycerol. It was doped with 0.1 M 

KOH and 0.1 M L-ascorbic acid (60370 and A0273 from Sigma-Aldrich). 

The electrode design described in Figure 14a was produced with PI_LIG_S9P9 and 

FRS_LIG_S9P11_3mm. 260 µl of anodic matrix were dispensed in 3 LIG current collectors of each 

type, and the same with the cathodic matrix to form 3 other electrodes of PI_LIG and FRS_LIG. 

These electrodes were dried overnight at 25 °C in an incubator. 

Once the constituents of the batteries were fabricated, these were joined as shown in Figure 

14b to build 4 batteries, two of each substrate. First, the battery open circuit voltage was 

measured. Then, a linear sweep voltammetry was performed from the OCV value to short-

circuit, with 20 mV·s-1 scan rate. The LSV was carried out both pressing the electrodes and 

without applying pressure, letting the OCV recover before each measurement. 

   

 

 
 

Figure 14. a) Corel design of battery current collectors (scalebar, 5 mm). b) Illustration of battery manufacturing 

process. c) PI_LIG_Batteries (top) and FRS_LIG_batteries (bottom) (scalebar, 1 cm).  



24 
 

4. RESULTS AND DISCUSSION 
4.1. OPTIMIZED LASING CONDITIONS 

Based on their lower sheet resistance, the following lasing conditions resulted to be the best for 

each treatment of cardboard samples: i) S9P11_3mm and S10P11_3mm for FRS spray, ii) 

S8P11_3mm and S9P11_3mm for FG spray, and iii) S8P11 and S10P12 for NC+LIGNIN coated 

cardboard. For this latter one, evaporation of hydrogel in a Petri dish has resulted the most 

homogeneous lignin enhancing treatment (ANNEX V). 

The LIG samples produced in the matrixes shown in Figure 15 gave the lowest Rs values for every 

treatment (Figure 16). A direct observation is that LIG is anisotropic in terms of conductivity, i.e. 

for the same lasing conditions Rs,parallel is one order of magnitude smaller compared to 

Rs,perpendicular. This may be caused by LIG’s anisotropic fabrication, as the lowest Rs is measured in 

the direction that the laser follows when rastering the sample (along X axis). This observation 

has not been previously reported in literature.  

Furthermore, LIG’s conductivity does not follow a smooth tendency when varying P and S, but 

rather a slightly randomised parabola. This may be due to the critical effect of correlation of P 

and S to give best reaction conditions for LIG formation. Every square is produced in a different 

XY position of the stage, and the varying incident power may have also affected (ANNEX I). 

However, some small tendencies can be observed to choose best fabrication conditions. Both 

Rs,parallel and Rs,perpendicular are lowest at P11 for the three substrate pretreatments. As for S, higher 

values are needed to obtain LIG in FRS than in FG, so it seems FG protects more the substrate 

from burning. However, measured Rs is lowest near S8-S10 for both FRS and FG. Therefore, 

S8P11_3mm and S9P11_3mm are chosen as best conditions for FG_LIG, and S9P11_3mm and 

S10P11_3mm for FRS_LIG. In contrast, LIGNIN+NC_LIG presents low Rs in a wider range of S and 

P, especially in S7-11 and P10-12 ranges. For these reasons, S8P11 and S10P12 have been chosen 

as most suitable conditions. At this point, it is important to highlight that all conditions optimized 

to produce LIG consist of just one lasing step. This is very interesting for time and energy 

optimization, especially in case the process is scaled to industry level. 

  
 

Figure 15. Final matrixes (4x4 mm2 squares as scalebar) for different cardboard treatments. a) FRS sprayed 
cardboard (S7-13P10-12 and 3mm defocus). b) FG sprayed cardboard (S3-9P10-12 and 3mm defocus). c) 
LIGNIN+NC coated cardboard (S7-13P10-12, focused). 
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Figure 16. Rs,parallel measurements of LIG in different conditions and treatments: a) FRS_LIG with 3 mm defocus c)  

FG_LIG with 3 mm defocus e) LIGNIN+NC_LIG focused. Rs,perpendicular measurements of LIG in different conditions 

and treatments:  b) FRS_LIG with 3 mm defocus d)  FG_LIG with 3 mm defocus f) LIGNIN+NC_LIG focused. 

Regarding the repeatability of LIG, the 3 most similar replicas of each condition have been 

chosen, discarding outliers (Figure 17). PI_LIG_S9P9 shows most repeatable Rs, with 29.5 ± 0.4 

Ω·sq-1 for Rs,parallel, in the same order of magnitude as in the literature31. LIGNIN+NC_LIG_S8P11 

presents lowest Rs values, with a very repeatable figure of 8.1 ± 0.4 Ω·sq-1. This competes with 

the lowest Rs in the literature for biobased substrate derived LIG, 3.8 Ω·sq-1, which was obtained 

with high boric acid contents.43 Moreover, it easily outranks other LIG types reported in the 
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literature, so not only has a new LIG technique been developed, but it is highly promising for 

future studies. The principal cause is probably that a higher lignin content causes less defects on 

obtained graphene, because aliphatic carbon parts are more easily decomposed compared with 

aromatic carbon.40 As for LIG obtained in fire retardant treated cardboard, it has higher standard 

deviation. Moreover, Rs values are around 30-40 Ω·sq-1,  larger than those obtained in matrixes, 

even though the order of magnitude is maintained. FRS_LIG_S9P11 presents lowest Rs,perpendicular 

(149±25 Ω·sq-1) and FG_LIG_S9P11 lowest Rs,parallel (29.1±2.6 Ω·sq-1), in terms of fire-retardant 

treated cardboard samples. LIGNIN+NC_LIG_S10P12 could not be reproduced, maybe due to a 

different composition or inhomogeneity of the lignin and NC coating of the cardboard. 

 

 

  

 

  

  

Figure 17. a) Rs,parallel of LIG in different substrates, treatments, and conditions. b) Rs,perpendicular of LIG in 

different substrates, treatments, and conditions. N=4 4x4 mm2 squares in each substrate, treatment and condition 

with discarded samples crossed out: c) PI_LIG_S9P9 d) FRS_LIG_S9P11_3mm e) FRS_LIG_S10P11_3mm f) 

FG_LIG_S8P11_3mm g) FG_LIG_S9P11_3mm h) LIGNIN+NC_LIG_S8P11 i) LIGNIN+NC_LIG_S10P12. 
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4.2. LIG AS ELECTRODIC SURFACE 
Cyclic voltammograms of 100 mM ferricyanide (ANNEX VI) demonstrate that LIG derived from 

cardboard can be used as WE in an electrochemical cell. To the best of our knowledge, this is 

the first experiment reported in literature that demonstrates LIG capability for electron transfer 

in a redox reaction. It has also been tested that FRS_LIG_S9P11 and FG_LIG_S8P11 have better 

performance as electrode surfaces, compared to the other conditions selected for FRS- and FG-

treated cardboard. They have higher peak currents and smaller oxidation- and reduction-peak 

voltage difference. 

CV experiments of 10 mM ferricyanide performed at increasing scan rates result in the diagrams 

shown in Figure 18. The ECSAs of SPE and PI_LIG electrodes have been calculated with eq. (2), 

as they represent electrochemically reversible systems. Eq. (3) has been used for FRS_LIG and 

FG_LIG electrode containing systems, which are quasi-reversible. This is deduced from reduction 

and oxidation peak intensity ratio (approx. 1 for the former and around 0.8 for the latter).  ECSA 

has been compared with the geometrical area (GA). The resulting ratio is shown in Table 1. In 

conclusion, FRS_LIG and FG_LIG have a 3D surface structure (ECSA/GA ~ 2), while SPE has a 2D 

surface and PI_LIG’s surface is shows a combined behaviour of 2D and 3D structure. The 

standard heterogeneous electron transfer rate constant (ko, cm·s-1) has also been calculated 

based on peak-to-peak voltage difference. Eq. (4) has been used for PI_LIG and SPE, whereas eq. 

(6) has been employed at 5 mV·s-1 scan rate CVs for FRS_LIG and FG_LIG (increasing scan rate 

decreases ko, as expected from the voltammogram charge transfer slope change). 

  

Figure 18. CVs at different scan rates. a) In PI_LIG_S9P9 electrodes. b) In FRS_LIG_S9P11_3mm electrodes. 

 

Table 1. ECSA/GA ratios and k° for different electrode types. 

ELECTRODE SPE PI_LIG _S9P9 FRS_LIG_S9P11_3mm FG_LIG_S8P11_3mm 

ECSA/GA 0.897 ± 0.024 1.29 ± 0.08 2.11 ± 0.06 2.2 ± 0.7 

ko (cm·s-1) 0.00188 ± 0.00010  0.0023±0.0003 0.00046 ± 0.00008 0.00016 ± 0.00007 
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The result cannot be compared with figures from the literature as no electrochemical 

characterization of laser-induced graphene has been reported so far. Therefore, this study could 

serve as a means for comparison in future research on this aspect. 

SEM pictures in low magnification demonstrate again anisotropy of LIG, in the form of blurry 

lines in the direction of laser rastering, which may cause the difference in Rs,parallel and Rs,perpendicular 

(Figure 19a,c). This appearance has recently been reported and confirmed with analysis of 

diffuse scattering of light in LIG surface.90 However, resistivity anisotropy has not been reported 

before, so this is the first time it is related with morphological anisotropy. 

In high magnification images, LIG morphology is very different depending on the pretreatment 

of cardboard. FRS_LIG and FG_LIG present a hierarchical highly porous structure (Figure 19a,b), 

with different pore sizes ranging from macropores (larger than 50 nm diameter) to mesopores 

(2-50 nm diameter). This has been reported for other LIG types.31,40,49 PI_LIG does not present 

pores, but a very rough surface (Figure 19e). The two morphological natures can be directly 

related to ECSA/GA ratios from Table 1.  

As for LIGNIN+NC_LIG, in high magnification SEM images it presents long filaments with a width 

ranging from tens to hundreds of nanometres (Figure 19c,d). These carbonaceous elongated 

nanostructures may be responsible for such low Rs values of LIGNIN+NC_LIG. The formation of 

carbon nanotubes (CNT) in the production of LIG by multiple lases on PI has already been 

reported.53 Moreover, laser vaporization has been proven as an established method for the 

production of CNTs.91 However, this is the first time carbonaceous nanowires are produced with 

LIG by a single lase, and from a biobased organic precursor. 

Finally, thickness of produced LIG with different pretreatments and lasing conditions can be 

estimated from the cross-section images (Figure 19f). These figures are gathered in Table 2. Even 

though the mechanical cut with the scalpel may have distorted the morphology and thickness 

of LIG, some conclusion can be extracted. As expected, porous LIG thickness (cardboard derived) 

is larger compared with non-porous LIG (obtained from PI), with around 170 µm and 38 µm 

thickness, respectively, because material expands like a foam.43 This indicates that 

LIGNIN+NC_LIG is probably porous as well. It could also be deduced from the cross-section 

image of the sample, where LIG expands upwards from the coating surface. This porosity of 

cardboard derived LIG has great importance for application in electrochemical conversion or 

storage systems. It is a great benefit to have a larger electrochemically active surface area, as 

performance parameters such as power or intensity of devices are directly related to the ECSA. 
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Figure 19. SEM images of sample surfaces: a) and b) FG_LIG_S9P11_3mm. c) LIGNIN+NC_LIG_S10P12. d) 

LIGNIN+NC_LIG_S8P11. e) PI_LIG_S9P9. Cross section: f) FG_LIG_S8P11_3mm. 
 

Table 2. Thickness of produced LIG in different substrates. 

Condition Thickness (µm) 

PI_LIG_S9P9 37.5 ± 1.0 

LIGNIN+NC_LIG_SP11 171.2 ± 2.5 

FRS_LIG_S10P11_3mm 182 ± 11 

FG_LIG_S8P11_3mm 164 ± 9 

 

4.3. LIG APPLICATION FOR ENERGY STORAGE 

SUPERCAPACITORS 
Concerning resistance measurements of scribed interdigitated electrodes, they present values 

out of range of the multimeter (20 MΩ), both with PI and cardboard based LIG. This means they 

are not short-circuited and can be used to build SCs. As explained in ANNEX VII, it has not been 

possible to build interdigitated electrodes with FG_LIG. Thus, FRS treated cardboard and PI 

derived devices (with FRS_LIG_S9P11_3mm and PI_LIG_S9P9 conditions) will be discussed. 
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The CVs performed by each SC are illustrated in Figure 20. Cardboard based SCs present higher 

currents and cyclic voltammogram areas. Thus, their CA  is greater than PI based SCs at all scan 

rates (e.g. 1.60  mF·cm-2 and 0.19 mF·cm-2 at 10 mV·s-1, respectively), as observed in Table 3. It 

can be concluded that, cardboard SCs store more charge when applying the same voltage. This 

agrees with its morphological structure, as it presents higher ECSA/GA ratio (2, instead of 1 in 

PI_LIG), providing more available sites where ions from electrolyte can be adsorbed. However, 

cardboard derived SCs have less rectangular shaped cyclic voltammograms. The steeper slope 

indicates a major current leakage between electrodes, caused by a lower parasitic resistance. 

This makes self-discharge of cardboard SCs faster. The reason for this may be that acid polymer 

electrolyte damages cardboard substrate, compromising LIG integrity and causing electrodes to 

be less isolated from one another. 

  

Figure 20. CVs at different scan rates. a) For SCs based on PI. b) For SCs based on cardboard. 

Table 3. Areal capacitance (in mF·cm-2) calculated from CVs with equation (6). 

Scan rate (mV·s-1) PI based SCs Cardboard based SCs 

10 0.1863 ± 0.0021 1.60 ± 0.18 

50 0.126 ± 0.004 0.98 ± 0.12 

100 0.142 ± 0.003 0.81 ± 0.11 

Some representative galvanostatic charge-discharge curves performed in each SC are shown in 

Figure 21, while in Table 4 figures calculated from these results are gathered. GCD curves of PI 

based SCs are closer to an ideal triangular shape than those built on cardboard. This is reflected 

also in their smaller relative difference of CA calculated from eq. (7) and (10) (0.191 and 0.164 

mF·cm-2). However, they are not completely ideal, as shown in the CA calculated by both 

methods, considering the area and the slope of the discharge curve. Even though, they present 

higher coulombic and energy efficiencies (ca. 70% and 50%), with imperceptible voltage drop in 

discharge. As for cardboard SCs, they yield higher effective areal capacitance (0.75 mF·cm-2), as 
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in CVs. The major cause for lower efficiencies in cardboard SCs is the large voltage drop in 

discharge. From this voltage loss an equivalent series resistance of 1.8 ± 0.3 kΩ can be estimated. 

  

Figure 21. a) GCDs for SCs based on PI at 5 µA. b) GCDs for SCs based on cardboard at 20 µA. 

Table 4. Figures calculated from GCD experiments. 

Figure PI_LIG_S9P9 SCs 

(5 µA, 0-0.8 V) 

FRS_LIG_S9P11_3mm SCs 

(20 µA, 0-0.8 V) 

CA from equation (7) (mF·cm-2) 0.191 ± 0.006 1.08 ± 0.17 

CE (%) 70.1 ± 0.9 39.0 ± 1.4 

EE (%) 50.4 ± 1.1 21.1 ± 0.6 

CA from equation (10) (mF·cm-2) 0.164 ± 0.004 0.75 ± 0.13 

In general, PI based SCs have shown better efficiencies, more ideal behaviour, and higher 

reproducibility. This was predictable, as PI_LIG_S9P9 has already shown lower and more 

reproducible Rs values. However, cardboard derived SCs have better areal capacitance. This 

agrees with the fact that LIG produced with FRS treatment in cardboard presents 3D surface in 

CV experiments and a highly porous morphology in SEM images.  

PI based SCs reported in this work present CA of around 0.2 mF·cm-2, lower than 1-4 mF·cm-2 

published by J. Lin et al.31 It must be stated that geometries are different. Taking into account 

the whole area of the capacitor instead of just the interdigitated electrodes, the CA of PI based 

SCs from this work and from the literature would get more similar. However, cardboard derived 

SCs do present CA values of the same order of magnitude as those reported in the literature for 

LIG (around 1 mF·cm-2).92 

BATTERIES 

The general figures of PI_LIG and FRS_LIG based batteries are gathered in Table 5. They both 

present similar OCV values (approx. 1 V), which are very stable (Figure 22a). As for the output 

intensity and maximum power of both batteries, it depends on whether pressure is applied to 
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the device or not (Figure 22b,c). The different battery layers were glued together with pressure 

sensitive adhesive. When pressing the battery, the different layers are better compacted 

improving the whole battery structure. The contact between the electrodes and membrane is 

enhanced, and thus the battery presents better performance, i.e. higher current and power. 

In comparison, the output maximum power provided by PI based batteries is much higher than 

that of cardboard batteries (0.4 mW at 0.9 mA and 30 µW at 66 µA, respectively, in Figure 22b,c). 

This is linked to the lower intrinsic resistance of PI_LIG current collectors. Furthermore, when 

drop casting anodic and cathodic matrix hydrogels on cardboard LIG current collectors, some of 

it was absorbed by the cardboard. Therefore, available species concentration is lower on 

cardboard batteries, contributing to the reduction of the maximum power output. As seen for 

SCs, batteries made of PI derived LIG present higher repeatability than those of cardboard. This 

is attributed to the better repeatability of LIG on PI, as explained in its electrical and 

electrochemical characterization. Finally, as can be seen in LSV curves, these batteries have 

fundamentally ohmic losses, particularly those built with LIG produced on cardboard. 

 

  
Figure 22. a) OCVs for manufactured batteries, with pressure applied. b) LSV and power output characteristic for 

battery based on Kapton and power output. c) LSV and power output characteristic for battery based on cardboard.  

Table 5. Figures calculated for PI and cardboard based batteries. 

Figure PI batteries Cardboard batteries 

OCV 1.0867 ± 0.0016 V 0.961 ± 0.004 V 

Max. power 0.393 ± 0.022 mW 30 ± 3 µW 

Current density for max. power 0.937 ± 0.008 mA 66 ± 6 µA 
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This is the first time bare LIG is used to make battery devices. Therefore, no previous reference 

has been found to compare the performance accomplished in this project. Moreover, it is the 

first proof of concept of a biopolymer-based cardboard battery that has been developed. 

Consequently, this work opens a new path in the research of fully recyclable, biodegradable or 

even compostable batteries. 

5. CONCLUSION 
Laser-induced graphene has been obtained from organic bio-based precursors, and the laser 

conditions for its fabrication have been optimized. The produced LIG has been electrically, 

electrochemically, and morphologically characterized. As for resistivity, anisotropic behaviour 

has been found in LIG derived from all substrates. The best performance has been obtained in 

cardboard coated with the newly developed lignin and nanocellulose surface treatment, with an 

8.1 Ω·sq-1 sheet resistance value. Electrochemical characterization has demonstrated that 

cardboard derived LIG has 3D electroactive surface structure, which is beneficial for 

electrochemical energy storage application. However, a lower transfer coefficient has been 

obtained compared with its polyimide derived plastic competitor. Scanning electron microscope 

images have shown that surface morphology is highly porous and anisotropic for cardboard 

derived LIG, which agrees with electrical and electrochemical properties. 

To reach the main goal of this work, optimized cardboard derived LIG has been employed in the 

development of electrochemical energy storage devices. On the one hand, supercapacitors 

manufactured with cardboard-LIG have shown higher areal capacitance in comparison to 

polyimide based SCs. Moreover, achieved 1 mF·cm-2 areal capacitance is of the same order of 

magnitude as values found in the literature. Nevertheless, cardboard based SCs present high 

leakage current and series resistance. On the other hand, it has been possible to use bare LIG as 

current collector on biopolymer-based batteries, with both cardboard and PI as substrate. Even 

though PI derived batteries have demonstrated better performance, cardboard batteries have 

proved to deliver a maximum power of 30 µW. Thus, they could already have some applications 

to power low-consumption sensing and monitoring devices as a disposable energy source. 

Although initial objectives have been completed, many interesting paths have arisen in the 

development of this project. First, it must be remembered that the developed lignin and 

nanocellulose coating has demonstrated to be a very promising treatment to obtain high 

performance LIG on cardboard. Therefore, further studies should be carried out to enhance its 

properties to lead its implementation in many applications.  
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As for the developed batteries and supercapacitors, despite the initial substrate is bio-based and 

recyclable, a standardized thorough analysis should be performed to ensure that the final 

product is non-toxic and does not compromise current cardboard and paper recycling methods. 

Depending on the obtained results, new materials could be chosen for future optimization and 

application diversification. As shown on Figure 23, this project stands as the first loop in a cyclic 

improvement for the development of sustainable energy storage devices using LIG electrodes. 

In every loop, literature research helps selecting materials to study and optimize laser conditions 

for LIG production. After its characterization, it is implemented in devices, which should be 

analysed in terms of sustainability, later to continue the cycle.  

In conclusion, this project has taught me that the path to sustainable technology development 

is not straightforward, but highly demanding and rigorous. However, the price of changing the 

actual energy storage paradigm into more environmentally friendly models deserves the effort. 

This work is just a tiny part of this transition, but I believe every little act helps in the exciting 

and challenging research towards more sustainable and responsible technology. 

 

Figure 23. Schematic concept illustration showing the cyclic process for the development of sustainable energy 

storage devices using LIG electrodes. 
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ANNEX I: Power variation in laser stage 

 

 

Figure 24. Cardboard rastered with the same lasing parameters at different positions of the sample stage. a) With 
extractor switched on, and b) with extractor switched off (scalebar for sample stage, 90 mm; charred squares in 
insight pictures are 4x4 mm2 sized). 
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ANNEX II: Laser spot distance and diameter with defocus 

 

 

 

Figure 25. Variation of lased spot separation with DPI resolution and defocus. a) In X axis. b) In Y axis. c) Variation 

of lased spot diameter with DPI resolution and defocus. 
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ANNEX III: CVs performed in LIGNIN+NC_LIG 

 

   

Figure 26. a) CVs performed in LIGNIN+NC_LIG electrodes with varying scan rate with 100 mM ferricyanide and 1M 
KCl. LIGNIN+NC membrane mechanical destabilization in DI water. b) Seconds after immersion. c) One hour after 
immersion. d) After removing membrane from water it broke. 

 

As shown in Figure 24a, it has been possible to perform CV experiments in LIGNIN+NC_LIG 

electrodes. However, the mechanical instability of the coating of lignin and nanocellulose in 

water has complicated its measurement, as part of the lignin has dissolved into the ferricyanide 

solution contaminating it. Moreover, the coating has demonstrated to be instable in water, as 

lignin dissolves and the remaining nanocellulose membrane losses its mechanical properties. 
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ANNEX IV: Compensation of design dimensions 
 

  
Figure 27. a) Optical microscope image of interdigitated electrodes of FRS_SC with Corel design superimposed in 

yellow.  d) Optical microscope image of interdigitated electrodes of PI_SC with Corel design superimposed in yellow. 

As laser spot size has a finite diameter that changes with defocusing, different CorelDRAW 

designs have been created to scribe SCs on FRS treated cardboard 3 mm defocused and on PI 

focused. The final interdigitated electrodes are 5130 µm long, 550 µm wide, separated by 150 

µm from one another and 220 µm from the other electrodes’ contact pad. 
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ANNEX V: Lignin coating treatments 

   
Figure 28. Different lignin treatments tested on cardboard a) Bar coating of hydrogel (scalebar, 1 cm). b) Water 

evaporation of hydrogel on Petri dish (scalebar, 1 cm). c) Lignin aqueous solution spraying (scalebar, 4 cm). 
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ANNEX VI: CVs performed with 100 mM ferricyanide 

  

  
Figure 29. CVs performed with fire-retardant treated cardboard derived LIG electrodes vs SPE, in 100 mM 

ferricyanide 1 M KCl solution, with a commercial Ag/AgCl reference electrode and a Pt counter electrode, at 20 

mV·s-1 scan rate. a) FRS_LIG_S9P11_3mm electrodes. b) FRS_LIG_S10P11_3mm electrodes. c) FG_LIG_S8P11_3mm 

electrodes. d) FG_LIG_S9P11_3mm electrodes. 
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ANNEX VII: Fabrication challenges of LIG on FG treated cardboard 

  

 
Figure 30. Microscope images showing trench in the border of scribed FG treated cardboard, disabling it for 

interdigitated electrode fabrication. a) 4x4 mm2 square of FG_LIG_S8P11_3mm in the four-point probe station 

(scalebar, 1 mm). b) Scanning electron microscope image (1 kV) of 4x4 mm2 square border, showing a deep trench. 

c) Optical microscope image of interdigitated electrodes fabricated with FG_LIG, showing structures with several 

defects and very narrow LIG conductor path. 
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