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ABSTRACT: This study explores the potential of phenolated lignin
as a precursor for synthesizing graphene-like carbon materials
through laser-induced carbonization (LIC). Key parameters�
including formulation, laser speed, laser power, and lignin
loading�were optimized to enhance the quality of the resulting
LIC materials. Under optimized conditions, this method produced a
high-quality, few-layer graphene-like carbon material. Comprehensive
materials characterization (XPS, XRD, TGA, Raman spectroscopy,
sheet resistivity, and elemental analysis) revealed that the material’s
conductivity is driven by the formation of an sp2-hybridized
conjugated carbon system and the reduction of both sp3-hybridized
carbon and oxygen groups. The introduction of phenolic groups into
the lignin structure enhanced its thermostability and conversion
efficiency to graphene-like carbon, achieving a low sheet resistance of 6.7 Ω·sq−1. This study demonstrates that phenolated lignin is a
promising precursor for the synthesis of conductive graphene-like carbon materials with excellent electronic properties, making it
suitable for micro-supercapacitor applications. Furthermore, the resulting printed device exhibited a specific capacitance of 454 mF
cm−3 (1.4 mF cm−2) at a scan rate of 5 mV s−1 in cyclic voltammetry (CV) mode and 286 mF cm−3 (0.86 mF cm−2) at a current
density of 0.05 mA cm−2 in galvanostatic charge−discharge (GCD) mode.
KEYWORDS: Laser-induced carbonization, lignin, few-layers graphene, conductive carbon, graphite-like carbon, graphene-like carbon

■ INTRODUCTION
The increasing global demand for carbon materials under-
scores their critical role in various applications, including
energy storage, electronics, and composite materials. Conven-
tional carbon materials production, whether mined or
synthetically derived, involves significant environmental
impacts and high energy consumption. These challenges
necessitate sustainable and innovative approaches to carbon
production. Biomass-derived carbon has emerged as a viable
and environmentally friendly alternative due to its renewability,
availability, and potentially lower ecological footprint com-
pared to fossil-based precursors.
Numerous renewable organic sources have been studied as

potential carbon precursors, such as wood,1,2 cellulose,3 lignin,4

cork,5 spent coffee grounds,6 and other biomass side
streams.7−10

Several methods have been explored for biomass carbon-
ization, including pyrolysis, hydrothermal, and catalytic
carbonization.11−14 Pyrolysis, although widely used, typically
produces amorphous carbon structures with limited crystal-
linity. Catalytic carbonization can achieve higher crystallinity
but often requires high temperatures and can introduce catalyst
contamination. Laser-induced carbonization has recently

attracted attention due to its advantages, including localized
heating, precise control over the carbonization process, lower
energy consumption, and the ability to directly produce highly
graphitic structures.7,15−21 Most traditional carbonization
methods require either an inert atmosphere or thermal
stabilization at lower temperatures before high-temperature
treatment. Without these precautions, material loss and
excessive oxidation are inevitable due to reactions with
atmospheric oxygen. In contrast, laser-induced carbonization
can initially form thermally stable amorphous carbon using
low-fluence pulses, subsequently converting it to laser-induced
graphene with repeated or defocused irradiation. Alternatively,
applying fire-retardant agents enables a broad spectrum of
bioprecursors to be carbonized under ambient condi-
tions.4,18,22 Laser-induced carbonization and graphitization
have been applied to fabricate electrodes and sensors from
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various precursors, including lignin. Notably, synthetic and
natural polymers and macromolecules rich in aromatic sp2-
hybridized carbons are particularly suitable for forming
graphene-like structures.19,23 Due to its abundance of aromatic
groups, lignin serves as an excellent biorenewable precursor.
Laser-induced carbonization offers high efficiency through
localized heating, minimizing energy loss and material waste.
Its precise focus enables microfabrication with subdiffraction
resolution, while tunable parameters allow control over the
carbon structure and properties for diverse applications.18,24

The most common method for preparing lignin-based
substrates for laser-induced carbonization involves incorporat-
ing lignin into binders, typically polymers such as poly(vinyl
alcohol) or polyethylene glycol.15 Binders are used to ensure
uniform lignin dispersion within the substrate prior to laser
treatment. In addition to these synthetic polymers, the natural
polymer cellulose has also demonstrated suitability as a binder
for lignin-based systems. For example, a graphene-like carbon
was synthesized from kraft lignin-cellulose films, and it was
applied in dopamine sensors and printed electronics.4,25 Other
research groups have reported the use of lignin-derived carbon
in supercapacitor electrodes and micro-supercapacitors, with or
without binders.26,27

Presumably, lignin enriched with additional aromatic sp2-
hybridized carbons can promote ordered graphitic domains
upon carbonization. In our previous studies, we applied
arylated lignin in a polymer blend material and observed that
such lignin has higher thermal stability28 compared to kraft
lignin. We speculate that such lignin modified with aromatic
moieties is attractive for laser-induced carbonization. It is
known that aromatic moieties facilitate better alignment and
stacking of graphitic layers, improving electrical conductivity
and mechanical properties�key characteristics for advanced
applications such as battery and supercapacitor electrodes.
In this article, we present a comprehensive study on laser-

induced carbonization of lignin modified with aromatic
moieties in comparison with common kraft lignin. Lignin-
based inks were prepared without binder using boric acid as a
fire-retardant agent. The effects of lignin content and film
thickness were systematically investigated. Laser carbonization
was performed in air, and the influence of laser parameters was
studied. The chemical, physical, and conductive properties of
the resulting carbon materials were evaluated using various
characterization techniques. Lignin’s inherent aromaticity and
thermal stability in combination with rational modification
hold significant promise for the sustainable production of
advanced carbon materials.

■ EXPERIMENTAL SECTION
Materials. UPM BioPiva 100 lignin (KL) was purchased from

UPM Biochemicals (Helsinki, Finland). Phenolated organosolv lignin
(POL) was obtained from the fractionation and modification of pine
sawdust. Phenol (liquified 80:20 w/w in water, general purpose grade,
Fischer Chemical), sulfuric acid, ACS, 95−98% (Alfa Aesar), acetone
(GPR RECTAPUR VWR), ethanol (99.5%, analytical grade,
Solveco), chromium(III) acetylacetonate (97%, Merck), 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (95%, Merck), endo-N-
hydroxy-5-norbornene-2,3-dicarboximide (97%, Alfa Aesar), 2-chloro-
4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP, 95%, Merck),
pyridine anhydrous (Merck), molecular sieves (type 3A, Merck),
polystyrene (low molecular) Standard ReadyCal Set (Merck),
tetrahydrofuran (HPLC grade, unstabilized 99.8%, Fisher). N,N-
Dimethylformamide (DMF) (99.8%) was purchased from VWR AB
(Sweden). Boric acid was purchased from Sigma and used to make ca.

0.8 M solution in water. Pine wood (Pinus sylvestris) of 30−100-years-
old trees were harvested in Svealand, Sweden in 2021, the timber was
debarked and processed at AB Karl Hedin Sågverk in Krylbo Sweden.
Fresh side stream sawdust was air-dried before storage. Prior to
experiments, the sawdust was freeze-dried, milled in a knife grinder,
and passed through a 1 mm mesh sieve.
Preparation of Phenolated Organosolv Lignin (POL). Lignin

was obtained according to a previously reported procedure.28 Briefly,
to a 500 mL round-bottom flask was added 25.0 g of pine sawdust
(freeze-dried, milled, and sieved through a 1 mm sieve) and 150.0 g of
phenol followed by 95.0 g of water; the mixture was stirred and
H2SO4 (12.0 M, 5.0 mL) was added dropwise. Then the mixture was
refluxed for 5 h. The mixture was allowed to cool to RT, and the pulp
was separated by filtration. The filtrate was precipitated by slow
addition to water in the ratio 1 to 10 (v/v). Precipitate was isolated
through filtration and then freeze-drying to yield 7.72 g of POL. POL
characteristics: Mn = 1600 g·mol−1, Mw = 4600 g·mol−1 and phenol
incorporation 2.27 mmol·g−1 (see SI of Frasca et al.28).
General Procedure for Lignin-Based Film Preparation.

Lignin-based inks (37 wt %) were prepared by dissolving 1.000 g of
lignin in 1.250 mL (1.180 g) of dimethylformamide (DMF), followed
by the addition of an aqueous boric acid solution (50 g·L−1) to
achieve the desired boric acid-to-lignin ratio. For instance, 0.500 mL
of the solution was added to obtain a 2.5 wt % ratio. The inks were
sonicated for 1 h to ensure effective degassing and minimize film
defects. Additionally, inks containing 18.5, 27.7, and 37 wt % lignin
were prepared (see Table 1). Films were cast by a doctor blade

technique using an Erichsen four-way film applicator (Germany) with
a wet film width of 13 mm and thicknesses of either 90 or 120 μm.
Casting was performed on high-quality, low-iron-content, untreated
glass substrates (e.g., plain microscope slides, 25 mm × 75 mm).
Achieving correct film thickness relies on formulation viscosity, with
an optimal range of 0.1−10 Pa·s recommended for doctor blade
processing.29 Formulations exhibiting viscosities below 0.1 Pa·s (see,
SI Note 1, Table S1) were excluded from further processing.
Laser-Induced Carbonization (LIC). A CO2 laser (40 W, 10.6

μm wavelength, 0.2 mm laser spot size, Beambox, FLUX, USA) was
used to irradiate the lignin films under ambient conditions, with
atmospheric oxygen present. Optimal irradiation conditions were
screened by incrementing laser power and scanning speed, carbon-
izing a 4.0 × 2.8 mm area, and measuring the material’s performance
by sheet resistance. Laser power was increased by one step point from
18 to 23% of maximum laser power (from 7.2 to 9.2 J·s−1). Three
different speeds, 50, 75, and 100 mm·s−1, were evaluated for each laser
power. The laser linear energy density was calculated according to the
following equation:

=F
P

(1)

where F is laser linear energy density, J·cm−1; P is laser power in J·s−1;
and υ is scanning speed in cm·s−1. The calculated linear energy
density values for all combinations of laser parameters used in this
work are provided in SI Note 1 (Table S2).

Table 1. Composition of Lignin-Based Films

sample name
lignin
type

lignin amount
(wt %)

boric acid
(%)a

film thickness
(μm)

POL19-90 POL 18.5 2.5 Too low
viscosity

POL19-120 POL 18.5 2.5 Too low
viscosity

POL28-90 POL 27.7 2.5 90
POL28-120 POL 27.7 2.5 120
POL37-90 POL 37 2.5 90
POL37-120 POL 37 2.5 120
KL37-120 KL 37 2.5 120
awt % based on lignin content in the formulation.
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Sheet Resistance. The electronic performances of the films were
measured as sheet resistance. Because of the highly porous structure
generated during laser carbonization, films have a nonuniform
thickness that impedes accurate conductivity measurements.4,19 The
sheet resistance of the films was determined by four-probe methods
using a Keysight B1500A (Keysight Technologies, USA) semi-
conductor parameter analyzer, and several measurements of the same
sample were performed to increase the accuracy of the measurement.
The four probes were positioned linearly on the film surface with a
uniform spacing of 200 μm between each adjacent contact. A constant
current of 100 μA was applied between the two outer probes, and the
voltage drop between the two inner probes was measured by a high-
impedance voltmeter. The average voltage drop was used in the
calculations. The sheet resistance (Rs, expressed in Ω·sq−1) was then
calculated using the equation:

= ×R
V
I ln(2)s (2)

where ΔV is the measured voltage drop measured across the inner
probes, and I is the applied current applied at the outer probes.
Scanning Electron Microscopy (SEM). SEM coupled with

energy-dispersive X-ray spectroscopy (EDS) analysis of the samples
was done by mounting pieces of glass on the sample holder using
carbon tape. No additional treatment was done prior to analysis. SEM
images were collected on a Zeiss LEO 1530 scanning electron
microscope (Oberkochen, Germany) using an acceleration voltage of
1 kV. EDS data were acquired with Oxford Instruments X-Max 80
mm2 Silicon Drift Detector (Abingdon, United Kingdom) using a
working distance of 8.5 mm and an acceleration voltage of 5 kV.
X-ray Photoelectron Spectroscopy (XPS). XPS were measured

using a PHI Quaterna II scanning XPS microprobe instrument
(Physical Electronics Inc., ULVAC-PHI Inc., Japan) equipped with an
Al Kα (1486.6 eV) source. The pieces of glass with samples were
mounted onto the sample holder using sparrows and put into the
prechamber. The holder was transferred into the main chamber after
the pressure reached 7 × 10−7 bar. The parameters used to measure
survey and high-resolution XPS spectra (X-ray beam parameters,
including binding energy (BE) ranges and number of scans are
summarized in SI Note S1).
Samples Treatment. To perform powder X-ray diffraction

(PXRD), CHNS elemental analysis, Raman spectroscopy, and
thermogravimetric analysis (TGA) measurements samples (carboniz-
ing a 10.0 × 60.0 mm area, produced otherwise at the same
conditions) were washed with acetone and water to remove
uncarbonized lignin. Then they were dried at RT overnight. After
drying was complete, the materials were detached from the glass as a
free-standing carbon films.
PXRD Measurements. The small fragments of the film were put

onto a holder. PXRD patterns were collected on a Bruker D8 Advance
powder diffractometer (Karlsruhe, Germany) operated at 40 kV, 40
mA, and using Cu Kα1,2 radiation (λ1 = 1.5406 Å, λ2 = 1.5444 Å). The
measurements were carried out in a Bragg−Brentano geometry using
a step-size of 0.015° and an acquisition time of 0.6 s.
Elemental analysis was performed by MEDAC Ltd. (UK). Free-

standing carbon film fragments were provided to MEDAC Ltd. for
analysis.
Raman Spectroscopy. Measurements were performed with a

Renishaw inVia confocal Raman microscope (Renishaw Inc., UK)
equipped with a 532 nm laser. The Raman spectra of the materials
were recorded in four spots for each material and then averaged. Each
spectrum was recorded in the range from 100 to 3200 cm−1 with 10 s
per step collection time during 50 acquisitions. A nonlinear
background (due to the phosphorescence of the materials) was
subtracted using Origin 2019 software (OriginLab Corp., North-
ampton, Massachusetts, USA).
TGA.Measurements were performed using TGA/DSC 3+ (Mettler

Toledo, Schwerzenbach, Switzerland) equipped with a robotic
autosampler and alumina crucibles (70 μL). Around 14−16 mg of
lignin powder was put into crucibles to investigate difference in the

thermal stability of initial lignins. The free-standing carbon films were
ground in an agate mortar. The loading of the samples was ca. 1.1−1.4
mg. The following heating profile was applied for all TGA
experiments: from 25 to 100 °C under airflow (60 mL·h−1) using a
heating rate of 5 K·min−1, then isothermal at 100 °C for 30 min
followed by a raise to 800 °C at the rate of 5 K·min−1 and finally held
at this temperature for 2 h.
Fabrication of Symmetric Supercapacitor. For experiments

with PCBs lignin-based inks POL37-120 were used. Doctor blade film
casting was achieved using Erichsen (Germany) four-way film
applicator. The film was deposited onto the PCB (120 μm gap) as
3−3.5 cm long stripes across the collector electrodes. The films were
dried for 1 h at 70 °C. Laser-induced carbonization was performed at
a laser power of 23% of maximum laser power (9.2 J·s−1) at 50 mm·
s−1 speed. We carry on to pattern interdigitated electrodes with seven
fingers. Each finger is 0.863 cm long and 0.04 cm wide, with spacing
between fingers of 0.08 cm and the same spacing from the current
collectors carbonized region.
Preparation of 10 M LiCl-Poly(vinyl alcohol) (PVA) Gel-

Polymer Electrolyte. Poly(vinyl alcohol) (PVA) powder (4.40 g)
was dissolved in 40 mL of deionized water at 70 °C overnight. After
the PVA powder was completely dissolved, 16.96 g of LiCl was added
in portions to the solution. The solution was cooled at RT to obtain
10 M LiCl-PVA gel electrolyte.
Electrochemical Measurements. Before measurements, the area

where the fingers are placed, LiCl-PVA gel electrolyte was accurately
applied to cover predominantly the fingers area. The cyclic
voltammetry (CV) and galvanostatic charge−discharge (GCD)
measurements were carried out using a CH Instrument Electro-
chemical Workstation (CH Instrument Inc., USA). The CV curves
were measured in the potential range of 0.2−0.8 V using the following
scan rates: 200, 100, 50, 20, 10, and 5 mV s−1 (from highest to
lowest). The areal-specific capacitance was calculated using the
equation below:

=
× × ×

C
I V u

V V A

( ) d

2areal
s (3)

where Careal is the calculated areal specific capacitance of the printed
device, mF cm−2; I is the current, mA; du is a differentially small
increment of potential; ΔV is the potential window, V; Vs is the scan
rate, V s−1; A is the total area of the printed electrodes excluding gaps,
cm−2. The volumetric-specific capacitance was calculated using a
similar formula by replacing the area of the printed electrodes with
volume. The thickness of the carbonized film was roughly estimated
to be ∼30 μm (0.003 cm). GCD curves were measured in the
potential range of 0.2−0.8 V using the following current densities: 2.0,
1.0, 0.8, 0.5, 0.2, 0.1, 0.08, and 0.05 mA cm−2 (from highest to
lowest). The discharging areal-specific capacitance from GCD curves
was calculated using the following formula:

= ×C
I
A

t
Vareal (4)

where I is the discharging current, A; A is the total area of the printed
electrodes excluding gaps, cm−2; Δt is the discharging time, s; ΔV is
the potential window excluding IR drop, V. The volumetric-specific
capacitance was calculated using a similar formula by replacing the
area (A) of the printed electrodes with volume. The thickness of the
carbonized film was roughly estimated to be ∼30 μm (0.003 cm).

■ RESULTS AND DISCUSSION
Characterization of Samples. To efficiently screen and

optimize LIC parameters, rectangular areas (4.0 × 2.8 mm) of
the lignin film were carbonized, allowing for the evaluation of
up to 30 conditions on a single glass substrate. The quality of
the resulting conductive material was subsequently assessed by
four-point probe measurements of sheet resistance. Glass was
chosen as the substrate to facilitate the monitoring of etching
from below (see SI Figure S31). The parameters varied
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included wet film thickness (90 and 120 μm), POL content
(18.5, 27.7, and 37%), laser power (the % of total laser power,
18 to 23% corresponding to 7.2 to 9.2 J·s−1), and laser speed
(50, 75, and 100 mm s−1). The detailed outcomes, provided in
the Supporting Information (SI Note S1, and Tables S3−S5),
indicate that at 50 mm·s−1 laser speed, the thinner 90 μm film
was generally more prone to burn-through, resulting in etching
and ablation of the material. Although this issue might not
affect noncarbonizable substrates, it precludes carbonization on
other substrates, an outcome we aimed to avoid. Moreover, in
etched-glass samples, the films adhered permanently to the
glass substrate, preventing the formation of self-standing films
after washing (see Samples Treatment). Additionally, the
POL19 formulation exhibited too low a viscosity for doctor
blade preparation, increasing the risk of inconsistent film
thickness and was therefore discontinued. For the 90 μm films,
etching and ablation persisted at higher laser speeds (75 and
100 mm·s−1) and at increased lignin content (POL28 and
POL37). Overall, these factors rendered the 90 μm film
formulations less reliable for LIC preparation, due to the
narrow process window in which insufficient laser power led to
noncarbonized material, while excessive power caused ablation
and etching.
Continued screening of the 120 μm films (POL28 and

POL37) confirmed a clear relationship between sheet
resistance and the three variables: lignin content, laser
power, and laser speed. Higher lignin loading demanded
greater laser energy density to yield graphitic material with
desirably low sheet resistance (<20 Ω·sq−1). The results were
less reliable at higher LIC speeds (75 and 100 mm s−1), with
POL28 in particular showing large standard deviations. The
broadest carbonization window was found at 50 mm s−1, which
yielded low sheet resistance, comparatively small standard
deviations, and controllable material ablation/etching of the
glass substrate (Figure 1). The formulation with 37 wt % lignin

(POL37) outperformed POL28 showing lower sheet resis-
tances over all laser powers (19−23%) and no signs of
substrate etching. The lowest sheet resistance (Rs ≈ 6,7 Ω·
sq−1) was achieved for POL37 samples obtained from 120 μm
coating and carbonized at a linear energy density of 1.84 J·
cm−1 (23% laser power) and a speed of 50 mm·s−1. Notably,
the same formulation lasered at the same speed, also gave sheet
resistances below 10 Ω·sq−1 at 20% laser power. Lowering the
laser power further to 19%, carbonization was inefficient,
resulting in sheet resistance exceeding 20 Ω·sq−1. Reducing the
flame-retardant (boric acid) from 2.5% to 1% in the POL37
ink proved unsuccessful, yielding either nonconductive films or

glass etching. Samples prepared in the absence of boric acid
underwent material ablation and etched the glass substrate.
A commercially available lignin (KL) was evaluated under

the same optimized conditions (KL37, 120 μm film, 50 mm
s−1, Figure 1). The presence of chromophores in KL produced
darker colored films, leading to enhanced laser absorption and
enabling the production of conductive films even at 19% laser
power (sheet resistance of 19 Ω·sq−1). However, increasing the
power beyond 20% caused ablation and glass etching,
preventing the exploration of higher linear energy densities.
The POL-derived films significantly outperformed the

resistivity of the materials obtained from KL. Specifically,
POL37-120 samples carbonized at 19−23% laser power
showed resistances roughly half to those of KL37-120 at
19−20% laser fluence (6−8 vs 17−19 Ω·sq−1). Overall, the
best POL and KL films fall within the same performance range
as the top lignin-based LIC materials reported in the literature
(3−10 Ω·sq−1).18

The effect of increasing laser power on the structure of
carbon materials derived from POL37-120 μm was thoroughly
investigated. As a reference, KL37-120 μm carbonized at 19%
power was used. Rectangular samples measuring 4.0 × 6.0 mm
were produced and examined in detail. A significant difference
was observed in the porous structures of films carbonized at
different laser powers (Figure 2a−c, SI Note S2, and Figures

S2−S5). At lower laser powers, predominantly 2D hierarchical
porous carbon structures were formed (Figure 2a, SI Note S2,
Figure S2a−b). As the laser power increased, the size and
quantity of 2D carbon films on the material’s surface noticeably
decreased. At 23% laser power, the 2D carbon film was no
longer present on the material’s surface (Figure 2c). Higher
laser power facilitated the formation of a 3D hierarchical
porous carbon network with thin carbon flakes (Figure 2b−c,
SI Note S2, Figure S2c−f). Higher magnification SEM images
revealed that the thickness of the carbon flakes decreases with
increasing laser power, resulting in the formation of a more
developed porous structure (SI Note S2, Figure S5a−f).
Results of EDS analysis showed a steep decrease in oxygen
content for samples carbonized at 19% laser power compared
to those carbonized at 18%. Further increase of laser power

Figure 1. Sheet resistance measurements vs laser power at speed 50
mm s−1 for POL28, POL37, and KL37 films with 120 μm wet
thickness. (The bar marked with a star has a resistivity of 483 Ω·sq−1.)

Figure 2. Low- (scale bar is 100 μm) and high-magnification (scale
bar is 10 μm) SEM images of (a) POL37-P19, (b) POL37-P21, (c)
POL37-P23, (d) and KL37-P19. All samples were prepared using
lignin films with a wet thickness of 120 μm and a scanning speed of 50
mm·s−1. (SEM images at different magnifications for all samples are
presented in SI Note 2.)
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resulted in a gradual decrease of oxygen content, reaching as
low as 1.1 atom % at 23% laser power (SI Note S3, Table S6).
The analysis of survey XPS spectra of the materials (analysis

depth: ∼1−10 nm) derived from phenolated lignin (Figure 3a

and 3b and SI Note S4) revealed that the surface and near-
surface layers also contained, in addition to carbon and oxygen,
nitrogen (up to 0.9 ± 0.3 atom %), sodium (up to 2.2 ± 0.3
atom %), boron (up to 4.8 ± 1.0 atom %), and silica (up to 4.5
± 1.5 atom %). Carbon materials derived from UPM lignin
(KL) additionally contain a small amount of sulfur (up to 0.7
± 0.1 atom %), originating from the kraft pulping process. The
absence of these elements in EDS analysis (analysis depth:
∼1−2 μm) suggests that their concentrations are below the
detection limit of the method. The oxygen content, corrected
for boron and silica oxides (B2O3 and SiO2), decreases with an
increase in laser power (SI Note S4, Table S7). Oxygen,
bonded to the carbon matrix, was identified in the form of
oxygen-containing functional groups (OCFGs). It was noticed
that the sheet resistance of the materials decreased with a
reduction in OCFG concentration, reaching 6.6 Ω·sq−1 at a
corrected oxygen content of 1.1 atom %. A detailed description
of the results obtained from the XPS spectra survey is provided
in SI Note S4.
The high-resolution XPS spectra of the materials provided

detailed insights into their surface functional composition and
π-conjugated aromatic system (Figure 4a and b and SI Note
S5). The narrowing of the sp2-hybridized carbon peak and the
decreased contribution of the sp3-hybridized carbon peak in
the C 1s high-resolution spectra confirm the formation of a less
defective π-conjugated aromatic system. This structural
improvement is primarily responsible for the observed changes
in the conductivity of the materials. Thus, a strong decrease in

sheet resistance of the materials produced at 18−20% of laser
power primarily relates to the formation of a more well-
organized conjugated aromatic system. Further decreases in
sheet resistance correlate with the removal of sp3-hybridized
carbon and such OCFGs, such as hydroxyl, carboxyl, and
carbonyl groups, as supported by C1s HR spectra.
The O 1s high-resolution spectra (Figure 5, SI Note 5) of

the materials confirmed the presence of C�O bonds (BE ≈

531.9 eV), corresponding to carbonyl and carboxyl groups, as
well as hydroxylic groups connected to the aliphatic (Caliph.−
OH, BE ≈ 532.9 eV) and aromatic carbon (Car.−OH, BE ≈
533.4 eV). As expected from phenolated lignin, the removal of
hydroxyl groups plays a major role in the gradual decrease in
sheet resistance observed for samples produced at 20−23%
laser power. However, due to the overlapping of OCFGs
connected to the carbon matrix and oxygen associated with
silicon and boron oxides, obtaining precise quantitative
information was challenging (see SI Note S5).
Raman spectra revealed modes characteristic of graphene-

like materials, including G-, D-, and 2D-modes, as well as
additional modes activated by structural defects. Also, peaks
related to the SiO2 and B2O3 oxide impurities were identified
in the range of 200−1200 cm−1 (Figure 6a, SI Note S6).
Specifically, the D peak at 1352 cm−1 indicates the presence of
defects and bending in the hexagonal structure of the sp2-
hybridized carbon structure, while the G peak at 1587 cm−1

corresponds to the symmetrical vibrations of the defect-free
honeycomb structures. The peaks found in the range from
2300−3200 cm−1 are overtones of those found between 1200−
1800 cm−1 and are activated by the secondary and triple
Raman resonance scattering.30 For instance, the peak at around
2699 cm−1 (known as the 2D mode) is an overtone of the G
peak, with its shape and position used to estimate the number
of layers in graphene-like materials.31 A lower ID/IG ratio
indicates fewer defects and a more ordered structure,
suggesting the material is closer to pure graphene or graphitic
structures. For POL37-120, the lowest ID/IG ratio (∼0.45) was
observed at the highest laser power of 23%. However, no direct
correlation between laser power and the defectiveness of the
material was established (SI Note S6, Table S23). The I2D/IG
ratios for POL-derived materials ranged from 0.50 and 0.59,
and together with the symmetrical shape of the 2D peak at
2699 cm−1 confirmed the formation of few-layered graphene.31

The lowest sheet resistance values for KL37 were obtained
at a linear energy density of 1.52 J cm−1 (19% power, 50 mm·
s−1), with a sheet resistance of 19 Ω·sq−1. The fitted Raman
spectrum for this sample showed the presence of additional

Figure 3. (a) XPS survey spectra of all materials in the full range of
BE and (b) in the BE range from 250 to 0 eV. All samples were
prepared using lignin films with a wet thickness of 120 μm and a
scanning speed of 50 mm·s−1.

Figure 4. (a) High-resolution C 1s XPS spectra of POL37 materials
(laser power 18−23%) and (b) POL37 and KL37 at 19% of laser
power. All samples were prepared using lignin films with a wet
thickness of 120 μm and a scanning speed of 50 mm·s−1.

Figure 5. High-resolution XPS O 1s line of carbonized materials. All
samples were prepared using lignin films with a wet thickness of 120
μm and a scanning speed of 50 mm·s−1.
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peaks compared to POL37-120. The presence of D*-mode at
1214 cm−1 is frequently associated with highly disordered
graphene formation and the presence of ionic impurities
(Figure 6b). Furthermore, this sample exhibited higher ID/IG
and lower I2D/IG ratios (1.88 and 0.43, respectively),
confirming that the carbon structures derived from UPM
lignin are less graphitic, with more layers and oxygen
functionalities compared to those from POL37. SEM images
of this sample revealed the formation of 3D hierarchical porous
structures, suggesting that KL promotes such structural
development even at low laser energy densities (1.52 J·s−1)
(Figure 3d, SI Note S2, Figures S2g−S5g).
Consistent with previously reported data, low resistivity (3−

20 Ω·sq−1) was observed in materials obtained by LIC from
biomass when the ID/IG ratio was below 1.0�ideally below
0.5�and the I2D/IG ratio was below 0.8�ideally below 0.6.18

These findings were confirmed by XPS analysis. The C 1s
line for KL37 (19% laser power) shows the formation of an
extended conjugated aromatic system alongside residual sp3-
hybridized carbon and OCFGs. This sample also exhibited
higher oxygen content (SI Note S4 and Table S7), along with
sulfur present as sulfate (SO4

2−). The presence of sulfur aligns
with the sulfur-based processes involved in UPM lignin
pulping. The resulting Raman spectra are consistent with the
electronic performance of the materials carbonized at higher
laser powers, as well as with the SEM and XPS data.
In the PXRD patterns of the materials, the presence of a

peak at 2θ = 26°, assigned to the (002) reflection,32 confirmed
the formation of 2D graphene-like structures in the POL37
samples (Figure 7a). The low-intensity reflection at 2θ = 42.9°,
originating from the sample holder was observed (SI Note S7,
Figure S28). Additionally, characteristic reflections confirm the
formation of 2D graphene-like structures in POL37-derived

samples. In contrast, no characteristic reflections were
observed in the KL37 sample, confirming that the structures
formed during laser carbonization are highly disordered.
Elemental (CHNS) analysis further supported these

findings. An increase in laser power led to a decrease in
nitrogen, hydrogen, and oxygen content. The highest carbon
content (93.64%) and lowest hydrogen content (0.41%) were
found for phenolated lignin carbonized using 23% laser power.
In comparison, the kraft lignin-derived carbon had the lowest
carbon content (87.99%) and highest hydrogen content
(1.47%), consistent with the results of Raman and XPS
analysis.
TGA (Figure 7b) and DTG (SI, Figure S30) curves of the

materials confirmed that an increase in laser power shifted the
Tonset and Tmax decomposition temperatures toward higher
values, indicating improved thermal stability. For phenolated
lignin-derived carbon materials, Tmax values (peaks on DTG
curve at 666 and 756 °C for 19% laser power, and 666 and 762
°C for 23% laser power) fall between those of graphene (705
°C) and graphite (870 °C).33 In contrast, the prevalence of
sp3-carbon bonds, OCFGs, and the high hydrogen content in
KL37 was reflected in its lower decomposition temperatures
(peaks at 474 and 623 °C). These results align with the
structural features described by the analyses above.
The overall characteristics of the carbon materials studied

above are summarized in Table 2. The sheet resistance of the
materials correlates well with laser power (i.e., laser energy
density), confirming that increasing laser power at a constant
scanning speed (50 mm·s−1) reduces sheet resistance. Based
on the EDS and XPS data, the decrease in sheet resistance for
POL samples irradiated at 18−20% laser power is attributed to
increased carbonization depth, as well as variations in carbon
and oxygen content. The significant difference in the sheet
resistance between POL19 and POL20, despite nearly identical
carbon and oxygen contents, can be explained by the formation
of a more highly ordered sp2-hybridized, conjugated aromatic
system. This improved order is supported by both the
narrowing of the sp2-hybridized carbon peak and the reduced
intensity of the sp3-hybridized carbon peak in the C 1s high-
resolution XPS spectra. Further reduction in sheet resistance at
21−23% laser power is solely linked to the decreased presence
of OCFGs connected to the carbon matrix, as indicated by C
1s and O 1s high-resolution XPS spectra and by overall oxygen
content from both EDS and XPS measurements. Raman
spectroscopy of the POL-derived carbons (focusing on the, G-,
D- and 2D-modes) confirmed the formation of few-layered,
well-ordered materials. Combined Raman spectroscopy and
PXRD analysis verified the formation of well-ordered,

Figure 6. (a) Raman spectra of samples (37 wt % lignin, 120 μm, 50 mm s−1 laser speed, and variable laser power), (b) Raman spectra of materials
expanded between 1000−2000 cm−1 (c) and between 2200−3200 cm−1. All samples were prepared using lignin films with a wet thickness of 120
μm and a scanning speed of 50 mm·s−1.

Figure 7. (a) PXRD patterns of materials and (b) TGA curves. All
samples were prepared using lignin films with a wet thickness of 120
μm and a scanning speed of 50 mm·s−1.
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graphene-like structures, although no direct correlation was
observed between parameters such as the ID/IG and I2D/IG
ratios in Raman spectra, the intensity of PXRD reflections and
laser power. Additionally, comparing POL and KL samples
irradiated at the same power (see POL-19 and KL-19) revealed
that the electronic structure and degree of carbon lattice
ordering strongly depend on the structure of the initial lignin.
Changes in the shape, intensity, and position of the 2D-mode
in Raman spectra for the KL-19 material suggest either the
presence of a greater number of carbon layers than in POL-19
or that these layers are poorly oriented with respect to one
another, resulting in a partially crystalline structure. Thus,
while irradiation of KL appears to yield a more ordered sp2-
hybridized conjugated aromatic system, the resulting carbon
also exhibits a higher fraction of sp3-hybridized carbon and
oxygen moieties than the POL-19 sample. These features, in
turn, create a highly disordered carbon lattice, as confirmed by
both Raman spectroscopy and PXRD methods.
Electrochemical Measurements. As a final part of this

study, a carbon micro-supercapacitor derived from phenolated
lignin was printed onto a printed circuit board using the
optimized parameters: a 120 μm wet thickness of the lignin
film, 23% of laser power, and a 50 mm·s−1 scanning speed).
The CV curves of the printed symmetrical micro-super-
capacitor exhibit a leaf-like hysteresis shape, with no apparent
peaks (Figure 8a and b), indicating that charge storage occurs

predominantly through the formation of a double electric layer.
The volumetric- (areal) specific capacitance of the printed
device reached 454 mF cm−3 (1.4 mF cm−2) at a scan rate of 5
mV s−1 in CV mode (Figure 8c).
The GCD curves measured at different current densities

(Figure 9a and b) deviate from the triangular shape typically
observed in GCD curves of carbon-based supercapacitors. The
observed IR-drop in the GCD curves originates from the
device’s internal resistance and increases with higher current
densities. The device achieved a maximum dischargeT
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Figure 8. Cyclic voltammetry curves of printed symmetric micro-
supercapacitor measured at a scan rate of (a) 200, 100, 50 mV s−1 and
(b) 20, 10, 5 mV s−1; (c) the dependence of areal- (mF cm−2) and
volumetric- (mF cm−3) specific capacitances of the printed device on
scan rate. The device was fabricated using lignin films at a wet
thickness of 120 μm, with 23% of the maximum laser power at a
scanning speed of 50 mm·s−1.
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capacitance of 286 mF cm−3 (0.86 mF cm−2) at a current
density of 0.05 mA cm−2 (Figure 9c), which is within the range
with values reported in the literature (see SI, Table S27).

■ CONCLUSIONS
The study demonstrates that phenolated lignin is an effective
precursor for laser-induced carbonization. Using solely lignin
as a carbon source�without additional binders�and boric
acid as a flame retardant enables laser processing in air. Both
film formulation and laser parameters play critical roles in
determining the quality of the resulting materials. Structural
analysis revealed that phenolated lignin films containing 37 wt
% lignin and 2.5% boric acid as a flame retardant produce few-
layer graphitic structures in a wide range of laser energy
densities (from 1.44 J cm−1 to 1.84 J·cm−1). The resulting
materials exhibit low sheet resistance values (6.7 Ω·sq−1)
achieved at the highest linear energy density used in this work
(1.84 J cm−1), attributed to the formation of sp2-hybridized
carbon, a reduction of sp3-hybridized carbon, and a decreased
content of oxygen-containing functional groups.
Furthermore, this work highlights the potential of LIC

materials derived from phenolated lignin as conductive
materials for micro-supercapacitor applications. The printed
symmetrical device achieved a maximum areal (volumetric)
specific capacitance of 1.4 mF cm−2 (454 mF cm−3) in CV
mode and 0.86 mF cm−2 (286 mF cm−3) in GCD mode at a
scan rate of 5 mV s−1 and a current density of 0.05 mA cm−2.
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