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In this work, we reported a new method to fabricate flexible carbon-based supercapacitor electrodes
derived from a commercialized and low-cost lignin. The fabrication process skips traditional stabilization/
carbonization/activation for lignin-based carbon production. Also, the process reported here was green
and facile, with minimum solvent use and no pretreatment required. Characterization of the lignin
showed that it has common properties among all types of lignin. The lignin was impregnated on carbon
cloth and then subjected to direct laser writing to form the desired electrodes (LLC). The results showed
that lignin was successfully bonded to carbon cloth. The LLC has a good porous carbon structure with
a high Ig/lp ratio of 1.39, and a small interlayer spacing dgo, of 0.3436 nm, which are superior to most of
the reported lignin-based carbons. Although not optimized, the fabricated LLC showed good

Received 5th March 2021 supercapacitance behavior with an areal capacitance of 157.3 mF cm™2 at 0.1 mA cm™2. In addition, the
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superior flexibility of LLC makes it a promising electrode that can be used more widely in portable

DOI: 10.1039/d1ra01754c devices. Conceptually, this method can be generalized to all types of lignin and can define intriguing
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1. Introduction

Lignin is the most abundant aromatic polymer in nature. It
presents in most of the lignocellulose biomass and provides
structural strength to plants.* It is estimated that about 70
million tons of lignin are generated annually as waste from pulp
and the paper industry.” In addition, more types of lignin are
produced with the development of biorefineries.? In this regard,
lignin is a low-cost and renewable raw material with large
availability, thus the development of lignin-based materials can
alleviate our dependence on petroleum. However, compared
with cellulose and hemicellulose, lignin's application is much
underdeveloped due to its structural complexity and poor
degradability. It is reported that about 98% of lignin is directly
burned as solid fuels, with the remainder being used in rela-
tively low value-added applications.* One feature of lignin is its
high aromaticity, which leads to a high carbon yield of lignin,
and makes lignin a promising precursor for producing carbon-
based materials. Researchers have converted lignin into carbon
fibers,” carbon mats,® activated carbons,” templated carbons,®
activated carbon fibers,’ and carbon film," just to name a few.
These carbon-based materials have relatively high market value
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new research interests towards lignin applications.

in various advanced applications, thus can valorize lignin as raw
precursors. With the growing needs for energy storage in
current society, supercapacitors have attracted great research
interests for its fast charge/discharge rate, long cycle life, high
energy density, less environmental unfriendliness etc. Specifi-
cally, carbon as the low-cost material with many merits such as
chemical-stable, porous, and electroconductive," was investi-
gated as main material for supercapacitor electrodes.
Researchers already thoroughly studied carbon-based super-
capacitors in terms of (1) design of different dimensional
carbon materials; (2) fabrication methods and the correspond-
ing capacitor's performance; (3) mechanisms study of the
charge/storage process; (4) development of flexible and
stretchable carbon-based supercapacitors, which shows its high
application values.">** However, most of the work are focusing
on carbon materials derived from non-renewable resources. In
this context, research efforts have been made to use renewable
and environmentally friendly carbon sources, such as lignin, to
fabricate supercapacitor electrodes, and relevant work are
increasingly reported to meet the trends of employing clean
energy worldwide.™

Traditionally, powder lignin is used to produce porous
carbon. In a typical process, lignin is carbonized at high
temperatures under inert atmosphere to produce carbon
powder. The carbon powder is commonly activated via physical
(e.g. CO,, Hy0, O,) or chemical methods (e.g. KOH, H,SO,,
H3PO,) to generate hierarchical pores. Then, the derived acti-
vated carbon is integrated into electrode materials by binders.
In more advanced technology, lignin is electro-spun into
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nanofibers and formed carbon fiber mats with flexibility and
high surface area.®*>'® The carbon fiber mats are usually self-
standing and can be directly used as electrodes. Since lignin
has poor electro-spinnability, addition of co-spinning polymers
is necessary. Upon obtaining the fiber mats, the carbonization
and activation methods are similar to that for lignin powder,
but an additional stabilization step is often required before
carbonization to avoid adhesion of the fiber, which otherwise
will cause brittleness of resultant carbon fiber mats. To control
and enhance the porosity of lignin-derived carbon, researchers
have chosen multiple routes to facilitate pore generation.'”*°
Yet, the relatively tedious process to produce porous carbon
cannot be avoided. More recently, direct laser writing (DLW)
technique is found efficient in producing 3D porous graphene
structures on many substrates.”® The process does not involve
traditional carbonization and activation, thus is more facile and
energy saving. Therefore, it is intriguing to investigate this
technique on producing lignin-derived porous carbon. As
a result, few researchers start to realize the employment of this
technology on producing lignin-derived porous carbon. Yet,
according to all related work the lignin has to be performed into
film with the addition of at least one-third of other poly-
mers,**?* and the fabrication of film causes additional work.
Moreover, according to our preliminary studies the as-prepared
film is prone to crack due to the instant-contraction under
DLW. Also, the resultant carbon film, although claimed to be
flexible, is indeed brittle upon drying due to the nature of lignin.

Encouraged by this new technology, we propose a rather
simple route using DLW to produce lignin-derived 3D porous
graphene as flexible supercapacitor electrodes. In this work,
lignin solution was immersed into carbon cloth to form the
lignin-carbon cloth composite, and the composite was directly
transformed into carbonaceous material by using DLW tech-
nique. Following key points make this work innovative: (1)
lignin was directly bonded on carbon fiber within carbon cloth
via DLW, therefore the superior flexibility of carbon cloth will
extend to the fabricated materials. (2) The process involves
minimal chemicals and no heat treatments, and lignin does not
need to be pretreated or pre-shaped for processing. Instead,
pure lignin can be pyrolyzed at instant high temperatures
generating by DLW, and formed into graphitic carbon with
abundant pores; (3) no binder is needed to manufacture the
electrodes, as the material are chemically bonded together.
Also, both carbon cloth and the lignin-derived porous graphene
has well conductivity; (4) the carbon cloth has well graphitic
structure that may serve as templating agent to facilitate the
formation of 3D porous graphene structure from lignin.** This
is for the first time, to employ this new route on producing
solely lignin-derived porous graphene, and will promote the
future interests towards producing lignin-based carbon as
flexible electrodes.

2. Materials and methods
2.1. Materials

Hydrolytic lignin (M,: 2000-3000, derived from eucalyptus,
hardwood) was provided by Jining Mingsheng New Material Co.
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Ltd, Shandong Province, China. The lignin was received and
washed with deionized water to remove inorganic impurities.
Carbon cloth (WOS1002) purchased from Taiwan Tanneng
company was rinsed with ethanol before use. Dimethyl form-
amide (DMF), potassium hydroxide (KOH) was purchased from
Macklin and used as received.

2.2. Fabrication of electrodes

For lignin solution preparation, 2 g of lignin was fully dis-
solved in 10 ml DMF. And 0.5 ml of the as-prepared solution
was decanted into a customized aluminum foil cube with
carbon cloth as the substrate. The DMF was open air dried in
an oven overnight and the lignin was impregnated on the
carbon cloth. The composite was then subjected to direct laser
writing (DLW) using a 10.6 pm CO, Laser (Epilog) at a power of
6.0 W with scan rate of 9 mm s ' to form the desired
carbonized region (1 cm x 1 cm for test region, 0.3 cm X
0.5 cm for electrode connection). All experiments were con-
ducted under ambient condition. After DLW, the residual
lignin was washed off with 6 M KOH and then rinsed with
double deionized water until neutral pH. The obtained elec-
trode was designated as LLC (laser-lignin-carbon cloth). To
evaluate the effect of DLW on carbon cloth, carbon cloth
without lignin was also laser written under same procedure,
and the electrode was designated as LC (laser-carbon cloth). A
scheme on producing LLC is provided in Fig. 1.

2.3. Characterizations

Thermal gravimetric analysis (Innuo TGA-1000B, Shanghai) was
conducted under nitrogen at 50 ml min~*. About 20 mg sample
was weighted and heat from room temperature to 900 °C at
a heating rate of 10 °C min~'. The ash content of lignin was
determined by weighing before (1 g) and after burning out the
lignin at 950 °C for 30 min in a muffle furnace. Glass transition
temperature (T,) was determined using a differential scanning
calorimeter (Innuo DSC-BS5, Shanghai). About 10 mg sample
was rapid heated to 200 °C and cooled to 25 °C to eliminate
thermal history, and then the sample was reheated to 200 °C at
a heating rate of 20 °C min ™' to determine T}. Fourier transform
infrared (FTIR) analysis was conducted using a Thermo Scien-
tific Nicolet iS10 (Thermo Fisher Scientific, Inc., USA) equipped
with an ATR accessory. Identifications of the peaks are based on
the literatures.?® ['"H'*C] 2D HSQC NMR spectrum was collected
using a Bruker Avance III HD 500 MHz spectrometer. For
sample preparation, 100 mg of lignin was dissolved in 1 ml
DMSO-de. Identification of peaks were referred to previous
work.””*® XRD test was measured on a Rigaku D/MAX-2500/PC
at 40 kv with 70 mA Philips X'pert diffractometer equipped
with Cu ko radiation (1 = 1.5418 A), with the 26 range from 10°
to 80° at the scan rate of 0.5° min~'. Raman spectra was ob-
tained using a Raman microscope system (DXR2xi, Thermo
Fisher Scientific, Inc., USA). The wavelength of the laser was
532 nm. The spectra fitting was conducted with Origin software
using Gaussian curve fitting. The crystalline size (L,, in nm) of
LC and LLC are calculated based on equation:*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic design of the fabrication of LLC.

Ly=(24%x107) x 4* x ;ﬁ 1)
D

where 4, is the laser wavelength and (Is/Ip) is the intensity ratio of
the G and D peaks. The surface morphology was observed using
a field emission scanning electron microscopy (FESEM, Hitachi,
Japan, JEOL-7500F). The interior and detailed morphology were
investigated by HRTEM (FEI, Tecnai G2-F30) with an accelerating
voltage of 300 kV. X-ray photoelectron spectroscopy (XPS) was
carried out on a Thermo ESCALAB 250Xi device with Al Ko, X-ray
beams as excitation source (Av = 1486.6 eV). The pore size
distribution was evaluated by N, adsorption-desorption
isotherms measured on an N, adsorption/desorption analyzer at
77 K (ASAP 2420, Micrometrics, USA). The electrochemical test
was conducted using an electrochemical workstation system
(Ivium Vertex.C. EIS, Netherland) at room temperature. LC and
LLC in a three-electrode system was first executed to evaluate their
characteristics as electrodes. A 6 M KOH was used as the elec-
trolyte, with Pt foil as counter electrode and AgCl/Ag as reference
electrode. The LC or LLC with 1 cm X 1 cm laser written was
directly used as working electrode. Cyclic voltammetry (CV) tests
were performed within the potential window of —1 to 0 V, with
different scan rates of 10-100 mV s '. Galvanostatic charge-
discharge (GCD) tests were performed with the current densities
of 0.1 mA ecm > to 1 mA cm > Electrochemical impedance
spectroscopy (EIS) tests were performed at the open circuit voltage
with an amplitude of 10 mV, and in the frequency ranges of 0.1 Hz
to 100 kHz. The areal capacitance (C,) of LC or LLC was calculated
according to equation:

Ca = IAH(V % S) )
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where I (A) is the applied constant current, At (s) is the
discharge time, V (V) is the voltage window, and S (cm?) is the
area of the testing region (1 cm?). LC and LLC were also
assembled as symmetrical supercapacitors and tested in a two-
electrode system. The symmetric supercapacitors device was
built with two LLCs, which were separated with the nonwovens
separator (NKK-MPF 30AC-100, Japan) in 6 M KOH electrolyte
(or 1 M H,S0,/PVA gel for C, comparison in Table S1t). CV tests
were conducted at 0-1 V potential window and GCD tests were
conducted at current densities of 0.1 mA cm > to 1 mA cm 2.
The areal capacitance of the symmetrical supercapacitor was
calculated according to equation:

Ca = 2IAN/(V % S) (3)

where I, At, V, and S denoted the same in eqn (2). The energy
density (E) and power density (P) are calculated based on
following equations:

1 ()’
E=35>xCx 3600 )
E
P= L x 3600 (5)

3. Results and discussion
3.1. Lignin characterizations

FTIR spectrum of the lignin as shown in Fig. S1 is typical for
hardwood-derived lignin, and assignments of main peaks are
labelled on the spectrum. As can be seen, peaks standing for
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aromatics (peak 6) in lignin, especially S/G ring-derived units
(peak 5 and 8) are observed. The lignin possesses abundant
hydroxyls (peak 1) resulting from aromatic hydroxyls and
aliphatic hydroxyls (peak 11). These hydroxyls make lignin
reactive and entangled via hydrogen bonding. Peaks 2, 3, 7 and
12 represent the lignin contains CH, or CH;, which can come
from both the aliphatic side chains and methoxyls on aromatic
rings. Peaks 4, 9, and 10 indicate the lignin possess abundant
ether (C-0), carbonyl (C=0) and ester (O=C-O) groups. The
ether group reflects the presence of most common lignin
molecule linkages via -O-4, a-O-4, 4-O-5, etc., and the carbonyl
groups may come from oxidation and esterification of lignin
during extraction (where the hardwood suffers hydrothermal
treatment at 160 °C for 3 h to obtain hydrolytic lignin). Note that
the lignin used in this study has relatively intense C=0 peak
compared to other lignins,*" indicating the lignin suffer a large
extent of remodeling during the extraction.

2D-NMR spectrum of lignin is shown in Fig. S2.1 Assign-
ments of the correlation peaks are labeled in the figure as well.
According to the spectrum, the lignin has high content of
methoxyls, a characteristic of hardwood-derived lignin. The
correlation peaks indicative of A, and C, are also found with
high intensity. This is assigned to the most present -O-4 and -
B’ bonds in lignin, and implies the lignin is not thoroughly
decomposed during the extraction. Typical correlation peaks for
syringyl and T; are also found with certain intensities. These
structures are typical for hardwood lignin with methoxyls on
both ortho positions to the aromatic units occupied. Addition-
ally, peaks indicative of G5/Gg is found in the spectra, indicating
the G-derived units are also with abundance in the lignin.
Correlation peaks related to PCAg/PCA;/s are discernable as
well, indicating the presence of H-derived units. Noteworthily,
in the spectra other H-related correlation peaks are not found,
indicating there is negligible amount of H units totally in the
lignin, which is common for hardwood-derived lignin. Usually,
it is believed a low S/G (or H) ratio is prone to lead to a high
carbon yield in lignin, for that the exposed ortho position on G
(or H) units can promote intermolecular cross-linking between
lignin molecules. From this aspect, hardwood-lignin may
undergo less cross-linking during DLW thus become easier to
form porous carbon structure.

TG and DSC analysis are often used to learn the thermal
properties of lignin. In this study, lignin is analyzed using these
methods and the results are shown in Fig. S3.T TGA result tells
the lignin has slight mass loss under 150 °C, which can be
mainly ascribed to the loss of bound water and other volatiles.**
DTG curves indicates the lignin starts to decompose at around
200 °C, and is considered as thermally stable (5% weight loss)
until 256 °C. The mass loss between 256 °C to 365 °C (peak of
DTG curve) are majorly the decomposition of aliphatic side
chains and volatilization of aromatics with low molecular
weight.** After 365 °C, the rate of mass loss decreases, at which
temperature range the breaking of interunit linkages, deme-
thoxylation, lignin condensation, etc. happen to form more
condensed aromatic structures through charring.®* The
condensation lasts to about 650 °C and further enhanced at
elevated temperatures. Another DTG peak is found around
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Fig. 2 (a) Photographs of carbon cloth, LC, and LLC; (b) LLC bending
at different angles.

765 °C, probably due to the decomposition of recalcitrant
interunit C-C linkage and recombine to form more aromatic
structures at this temperature range. The fixed carbon of the
lignin is 41.1%, which is a relatively high number compared
with hardwood lignin, indicating the structure of the lignin is
condense. The ash content of the lignin is less than 0.2%,
indicating the inorganic impurities are effectively removed by
the pre-washing. Usually, the presence of inorganic impurities
is not desired since they will be converted into ash and retained
in carbon, which will influence the purity of carbon and make
the analysis of products challenging. However, we also suggest
to specifically investigate the types of inorganic types, and their
influence on the formation of carbonaceous materials, or on the
electrochemical properties of the resultant carbon. Some of the
elements, such as Si, Fe, Cu, Ni, etc, are proved to be beneficial
for the formation of graphene-like structures.**~*’

The DSC curves shown in Fig. S31 are typical for lignin
material. Lignin used in this study shows wide endothermal
characteristics through the entire heating course, and a dip on
curve can be first recognized around 105 °C indicative the T, of
the lignin. Another small dip is also observed between 140-
180 °C indicating the lignin has a second T,. When the
temperature approaches to 200 °C, the curve turns upwards
indicating the lignin start to decompose, which is in accordance
with the TGA results. T, is an important parameter reflecting
the degree of cross-linking and branches of lignin, thus deter-
mining the processability of lignin. A low T, reflects lignin has
good mobility as well as more branches on molecule level, while
lignin with high T, are tough to remodel upon heating.
However, in this study the graphitization of lignin finished only
in seconds, leaving quite limited time for the lignin molecules
to remodel during the treatment. The relationship between T,
of lignin and the formation of the porous carbon is worth of
further study.

3.2. Formation of LC and LLC

The appearance of carbon cloth, LC, and LLC are shown in
Fig. 2(a). Upon DLW, LC and LLC remain the superior flexibility
benefiting from carbon cloth as illustrated in Fig. 2(b), which
make them attractive in more application scenarios. Direct laser
writing on carbon cloth (i.e. LC) render the carbon cloth further

© 2021 The Author(s). Published by the Royal Society of Chemistry
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graphitize and form a region with dark color. Mass loss of LC is
also observed after DLW, demonstrating DLW can initiate
further graphitization of carbon cloth with the release of vola-
tiles. Apparently, when lignin is impregnated on carbon cloth,
after laser writing (i.e. LLC) the written region turns into darker
color with mass increase (approx. mass increase was 8.6% on
per cm® of carbon cloth) compared with the region on LC,
implying more carbon are formed due to the graphitization of
lignin at intense laser power. The formed black region is tightly
attached with carbon cloth that cannot be removed by ultra-
sonic cleaning. Therefore, lignin is transformed into carbon
simultaneously bonded with carbon cloth and formed the
integrated composite material. Morphologies of all the samples
are observed by SEM and the images are shown in Fig. 3(a-f). As
can be seen, carbon cloth is composed of carbon microfibers
with smooth surface, and this structure without pores is not
suitable as supercapacitor electrodes. After DLW, the micro-
fibers crack and the surface become rather rough with small
openings generated. For LLC, the surface of the composite
become quite different. Foam-like structure are formed on LLC,

10 um
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rendering the microfibers with large number of pores in various
sizes, which can contribute to the absorption of ions and act as
supercapacitor electrodes. The structure of LLC is further
revealed by HRTEM, as shown in Fig. 3(g-i). LLC displayed well
nano-valid structures as laser-carbonized lignin. At high
magnifications, few thin flakes of graphene can be observed at
the edge of LLC, pointing toward the common 3D porous gra-
phene structure formed under DLW technique. The porous
structure of LLC was further investigated with N, adsorption-
desorption analysis and the result was shown in Fig. S4.7 Note
that separating active materials (i.e. lignin-derived carbon) on
LLC from carbon cloth substrate is difficult, therefore the whole
LLC (lignin-derived carbon and carbon cloth) was used for tests
which leads to much smaller surface area. As can be seen from
Fig. S4(b),T LLC is abundant with micropores below 2 nm and
mesopores ranging from 5 nm to 50 nm, proving the hierar-
chical porous structures of LLC. This structure is beneficial for
using as electrical double layer capacitance (EDLC) electrodes
for that the larger pores can provide pathways for ion diffusion
and the micropores can adsorb the ions.

50 nm

Fig. 3 SEM images of carbon cloth (a and d), LC (b and e) and LLC (c and f); HRTEM images of LLC at 200 nm (g), 50 nm (h), and 10 nm (i).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The structural analysis of all composites were investigated by
Raman and XRD tests, and the results are shown in Fig. 4. XRD
profile (Fig. 4(a)) of carbon cloth show peaks at 25.9° and 43.5°,
which are two typical peaks for carbon-based materials. The
signal suggests the carbon microfibers within carbon cloth are
composed of graphitic carbons. The intensity of (002) peak for
LC is enhanced compared to that of carbon cloth, indicating
more crystallized graphite structure are formed upon DLW. For
LLC, the XRD pattern well overlaps with pattern from LC, sug-
gesting lignin-derived carbon on LLC also possess well graphitic
structure and increased crystallinity. Note that in most studies
lignin is considered with poor ability to graphitize, and the (002)
peak of lignin-derived carbon is blunt and appeared at much
lower angle.*® Inspiringly, results showing in this study suggests
that lignin has successfully converted into structure with much
closed interlayer spacing and grown on carbon cloth using such
technique. Fernando et al. recent published a work using gra-
phene oxide liquid crystal (GOLC) to improve the graphitic
structure of lignin-based carbon fiber, and it was demonstrated
that GOLC could act as template to facilitate the graphitization
of lignin at much lower temperatures.>® Similarly, the improved
graphitic structure and increased crystallinity of LLC can also be
a result of templating effect from LC during DLW. The interlayer
spacing (dgoz) of LLC is calculated as 0.3436 nm, even smaller
than the values reported from other lignin-derived carbon using
DLW (i.e. 0.3570 nm,* 0.3700 nm,>* 0.3440 nm,** which verifies
the effectiveness in formation of graphitic carbon using the
method in this work. Again, this proves LLC has well porous
graphitic structures in combination with the HRTEM images.
Raman spectra of all composites are shown in Fig. 4(b). The I/
Iy ratio that used to describe the perfectness of graphitic carbon
are calculated and labeled on the curve. For carbon cloth, it can
be seen these two peaks have similar intensity and the number
is 0.99. After laser writing, G peak increases in intensity
compared to D peak for LC (Ig/Ip, ratio of 1.17), suggesting laser
writing can facilitate to form more graphitic structures. The G
peak for LLC has even increased intensity compared to D peak
(I6/Ip ratio of 1.39), suggesting lignin on carbon cloth after laser
writing forms well 3D graphene-like structure that is desirable
for improved electron conductivity. Correspondingly, LLC has
increased crystalline size L, of 26.7 nm, compared to 22.5 nm
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and 19.2 nm for LC and carbon cloth, respectively. Most of other
studies, including the laser-induced lignin-based graphene,
suggest that the G peaks are less intense than D peak regardless
of the treatment methods, but LLC formed in this study has
more intense G peak representing the dominant presence of sp*
hybridized carbon. Overall, results from both XRD and Raman
tests imply the produced LLC should be a promising composite
for supercapacitor electrodes.

3.3. Electrochemical performance

The electrochemical performance of LLC was first evaluated in
a three-electrode system. To demonstrate DLW on carbon cloth
(i.e. LC) does not produce electrode with good capacitance
behavior, same tests are also conducted on LC for comparison.
As shown in Fig. 5(a), under 50 mV s~ ' LLC shows much greater
voltammetry current response than LC, corresponding to the
much better capacity. The CV curve of LLC are quasi-
rectangular, showing the well EDLC behavior.** CV curves for
LLC at different scan rates are also plotted in Fig. 5(b). It can be
seen all curves present quasi-rectangular shape indicative of
good supercapacitive behaviors. The current density increase at
higher voltage can be a result of redox reactions due to presence
of phenolic hydroxyls/quinones, which is common for lignin-
derived carbon.' The presence of oxygen-containing groups
were also confirmed by XPS tests as shown in Fig. S5.1 During
DLW process, the oxygen in atmosphere can be introduced to
LLC, and the presence of these functionalities is reported to be
in favor of ion adsorption thus increasing the capacitance.*®
Also, N atom is detected as shown in XPS spectrum. The N atom
is commonly found in biomass/lignin which mainly comes
from protein residues.*” The presence of N-containing func-
tionalities can enhance the capacitance of carbonaceous
materials following (1) increase the surface wettability of elec-
trode thus enhance the contact between electrode/electrolyte;
(2) provide sites for redox reactions and add extra pseudoca-
pacitance to electrodes; (3) enhance the conductivity of the
electrodes, etc. mechanisms.”** The galvanostatic charge/
discharge (GCD) curves at 0.1 mA cm > for LC and LLC are
compared in Fig. 5(c). As expected, LLC shows much longer
charge/discharge time than LC, which is 116 s for LC and 1573 s
for LLC, respectively. The corresponding C, is only 11.6 mF

——Carbon cloth
—LC
—LLC

Intensity (a.u.)
Intensity (a.u.)

L 1 1 L 1 1

——Carbon cloth
—LC
—LLC

(b)

——> Ig/1;=1.39
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I¢/15=0.99
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Fig. 4
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Fig.5 All plots are based on data from three-electrode system. (a) CV curves at 50 mV s~ for LC and LLC; (b) CV curves at different scan rates for
LLC; (c) GCD curves at 0.1 mA cm ™2 for LC and LLC; (d) GCD curves under different current densities for LLC; (e) areal capacitance of LC and LLC
at different current densities (includes LLC bended at 180°); (f) cycle stability of LLC at current density of 1 mA cm™2 after 5000 cycles.

em 2 for LC, while increases to 157.3 mF cm ™ > for LLC, owing to
the successful lignin-derived porous carbon growing on carbon
cloth. The GCD curves for LLC at other current densities are
showed in Fig. 5(d). It can be seen all the curves are relatively
symmetric with pseudo triangle shape, indicating the good
capacitive behavior and coulombic efficiency. Yet, a fast IR drop
are still found at the beginning of discharge, implying the
presence of internal resistance in LLC system.** The areal
specific capacitance (C,) at different current densities is calcu-
lated and plotted in Fig. 5(e). With increase of current density,
the C, of LLC shows a relatively fast decay and the C, at 1 mA
em™? is 77.2 mF cm™?, 49% of that at 0.1 mA cm™2. The rela-
tively poor rate performance seems common among DLW
fabricated electrodes.”>**** Further studies on varying the pore
sizes and distributions may modify the rate performance.*® To
test the flexibility of LLC, it was bended at 180° and then subject
to GCD tests. As can be seen from Fig. 5(e), LLC retains its

© 2021 The Author(s). Published by the Royal Society of Chemistry

capacitance at all current densities, proving the super flexibility
of LLC. The Nyquist plot for LC and LLC are plotted in Fig. S6.}
For both electrodes the semicircle curves at high frequency are
not observed, indicating the charge transfer resistance is not
prominent due to the ease of electron transfers in the elec-
trode.” The equivalent series resistance (ESR) of LLC (0.46 Q)
are similar to that of LC (0.55 Q). The low ESR is mainly ascribed
to the well electrical conductivity of carbon cloth. At low
frequency, LLC shows less vertical line compared to LC, indi-
cating LLC system has higher mass transfer resistance. The
relatively high mass transfer resistance should be correlated to
the complexed pore structures of LLC. The cycle life of LLC is
also evaluated and a capacitance retention of 96.5% after 5000
cycles is obtained (Fig. 5(f)), presenting superior stability and
cyclability of the LLC as supercapacitor electrode. The good
cyclability of LLC also verifies that lignin-derived carbon is
chemically bonded with carbon cloth.
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The performance of LLC (and LC for comparison) as
symmetrical supercapacitors are further tested and the plots are
shown in Fig. 6. The CV curves for LLC shown in Fig. 6(b)
present quasi-rectangular shape similar to that found in three-
electrode system, proving the good EDLC behavior of LLC
devices. The GCD curves are symmetric as shown in Fig. 6(d),
revealing the good capacitive behavior and reversibility of LLC.
The C, of LLC as shown in Fig. 6(e), yet becomes lower at whole
current densities compared to the value obtaining from three-
electrode tests. At 0.1 mA cm ™ it is 52.8 mF cm ™ > (33.6% of
that in three-electrode system) and at 1 mA cm ™2 it is 31.6 mF
cm > (40.9% of that in three-electrode system). The rate
performance for symmetric LLC enhances to 60%, about 10
percent higher than that measured in three-electrode system.
EIS was conducted to gain insight into the frequency response
of LLC device. The Nyquist plot and Bode plot of LLC device are
shown in Fig. S7(a) and (b).f LLC device shows deviation
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towards vertical line at low frequency (also in the Bode plot the
phase angle is ~70° at 0.1 Hz), implying the electrode process is
governed by adsorption and semi-infinite diffusion mixed
kinetics.*® As discussed earlier, the presence of heteroatoms (O
and N) in LLC could be the main reason for such behavior. In
Fig. S7(b),T the characteristic frequency at phase angle of —45°
(fo) marks the point where resistive and capacitive impedances
are identified.*” A time constant 7, can be calculated as 1/f, and
means the charge/discharge speed of the device. The 7, is
determined to be 0.12 s for LLC device, proving its high-speed
ion diffusion and transport in the porous structure of LLC
compared to activated carbons.*® The cyclability of LLC as
symmetric supercapacitors is still good (Fig. 6(f)), with 97.6% of
capacitance remaining after 5000 cycles of charge/discharge.
The Ragone plot of LLC symmetric supercapacitors are drawn
in Fig. S8.1 LLC symmetric supercapacitors can deliver energy
densities of 0.0043-0.0073 mW h cm ™2 at powder densities of
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Fig.6 Allplots are based on data from symmetric supercapacitors. (a) CV curves at 50 mV s~* for LC and LLC; (b) CV curves at different scan rates
for LLC; (c) GCD curves at 0.1 mA cm™2 for LC and LLC; (d) GCD curves under different current densities for LLC; (e) areal capacitance of LC and
LLC at different current densities; (f) cycle stability of LLC at current density of 1 mA cm™2 after 5000 cycles.
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0.1-1 mW cm 2. The comparison of C, for LLC with other
lignin-derived electrodes using DLW technique was listed in
Table S1.7 It can be seen LLC device show highest C, among all
laser-scribed lignin-based supercapacitors. Moreover, LLC
device is composed of 100% lignin-derived carbon. Further
optimization in lignin concentration or laser parameters is ex-
pected to further enhance the performance of LLC.

4. Conclusions

This work shows a new route to fabricate lignin-derived super-
capacitor electrodes with high flexibility. The process involves
minimal solvent use, requires less pretreatment steps, and
skips the traditional carbonization and activation process, thus
is much green and facile. The used lignin is industrially avail-
able and shows typical lignin features, therefore the method
shows here can be generalized to all types of lignin, as long as
they can be dissolved in any solvent. The lignin chemically bond
and grow on carbon cloth directly upon DLW, forming the 3D
porous graphene structure on carbon cloth. Results show that
the manufactured LLC has attractive graphene-like structures
with interlayer spacing (doo,) of 0.3436 nm and Ig/I;, ratio of
1.39. Micropores and mesopores are largely found indicating
the hierarchical porous structure of LLC. Although not opti-
mized in terms of power of DLW, concentration of lignin, etc.,
the LLC already shows promising supercapacitive properties.
The highest C, achieved for LLC is 157.3 mF cm™> at 0.1 mA
cm 2, while in symmetrical supercapacitors the C, is tested to
be 52.8 mF cm ™ (or 41.3 mF cm™” in 1 M H,S0, gel) at 0.1 mA
cm 2. The cyclability of the fabricated electrode is also good,
with 96.5% of capacitance remaining after 5000 cycles of
charge/discharge. EIS data indicates that the mass transfer
resistance of LLC is relatively large, which can be a further focus
of study to address. Investigating the relationship between
lignin structures versus the generated pores can be a future work
of interest as well. Overall, this work provides an innovative
approach to directly fabricate flexible electrode from lignin,
initiating more research interests on investigating mechanisms
and optimizing the performance of electrodes as such.
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