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in into porous graphene via direct
laser writing for solid-state supercapacitors†

Faisal Mahmood, ad Chi Zhang,b Yunchao Xie,b David Stalla,c Jian Lin b

and Caixia Wan *a

Cost-effective valorization of lignin into carbon-based electrode materials remains a challenge. Here we

reported a facile and ultrafast laser writing technique to convert lignin into porous graphene as active

electrode material for solid-state supercapacitors (SCs). During laser writing, alkaline lignin experienced

graphitization. By controlling laser parameters such as power the porous structure and graphitization

degree can be well modulated. Graphene obtained at 80% of laser power setting (LIG-80) had higher

graphene quality and more porous structure than that obtained at the lower power levels (i.e., 50%, 70%).

TEM images revealed that LIG-80 had few-layer graphene structure with fringe-like patterns. LIG-80

proved to be an active electrode material for SCs with a specific capacitance as high as 25.44 mF cm�2

in a H2SO4/PVA gel electrolyte, which is comparable or even superior to SCs based on pristine LIG

obtained from other carbon precursors. Taken together, our proposed technical route for lignin-based

LIG and subsequent application in SCs would not only open a new avenue to lignin valorization, but also

produce porous graphene from a renewable carbon precursor for energy storage applications.
1. Introduction

Lignin accounts for 15–35% of lignocellulosic biomass by
weight, and is the second most abundant biopolymer of any
kind on earth next to cellulose.1 Lignin is also the most abun-
dant naturally occurring aromatic polymer, with its complex
structure built on aromatic subunits. At present, about 50
million tons of lignin are generated annually by the paper and
pulp industry. Substantially more lignin would be generated
upon the emergence of cellulosic biorenery, with a quantity
estimated at 62 million tons annually.2 Despite tremendous
efforts made over the decades to valorize lignin, most of lignin
generated in large-scale industrial plants is still treated as
a waste byproduct and oen burned for heat and power supply.
Only about 2% of technical lignin is exploited for high value-
added conversion.2–4 Recently lignin valorization has been
regarded pivotal for protable paper mills and biorenery
operations.2 Therefore, there is a critical need to advance the
technologies to upgrade lignin into high value-added products.
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Given its high carbon content and abundant aromatic subunits,
lignin has been explored as a preferred precursor for carbon-
based electrode materials.5 Lignin-derived electrodes have
been prepared mainly via electrospinning and templating
methods followed by pyrolysis.6–9 The obtained porous carbon
may stand out in terms of porosity distribution and energy
storage capacities.10,11 However, these methods suffer from
complicated fabrication procedures and high energy inputs.
Template-free and solvent-free methods can simplify fabrica-
tion, but still require prolonged high-temperature treatment,
like pyrolysis.12,13 The drawbacks with current methods would
hinder low cost, mass production of lignin-derived electrode
materials. Therefore, a simple, green, and low-cost route for
lignin upgrading into carbon-based electrode materials is
highly desired.

Among all carbon materials, porous graphitic carbon, such
as 3D porous graphene network, is receiving increasing inter-
ests, due to its high electrical conductivity, good thermal
stability, and high specic surface area.14,15 The general strate-
gies are graphene oxide (GO) reduction and chemical vapor
deposition (CVD), but these techniques rely on either corrosive
multistep reactions or energy-intensive thermal treatment,
which limits their large-scale application. Recently direct laser
writing (DLW) technique is emerging as a facile and scalable
process for porous graphene production.16–18 It uses a commer-
cial infrared CO2 laser as an energy source to convert carbon
precursors to porous graphene. Laser-induced graphene (LIG)
exhibits hierarchical porous structure with large surface area,
excellent conductivity, and high thermal stability.16 DLW is
RSC Adv., 2019, 9, 22713–22720 | 22713

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra04073k&domain=pdf&date_stamp=2019-07-22
http://orcid.org/0000-0003-4833-9225
http://orcid.org/0000-0002-4675-2529
http://orcid.org/0000-0001-5490-7490
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04073k
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009039


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
1:

26
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a one-step, energy-saving, chemical-free process conducted
under ambient temperature, which overcomes the limitations
of the aforementioned GO reduction and CVD methods.
Moreover, it allows for roll-to-roll manufacturing, thus enabling
large-scale fabrication of graphitic carbon. LIG has been used
for various applications, such as supercapacitors, microuidic
devices, catalysts, and pressure sensors.14,19,20 LIG-based SCs
were shown to have high capacitance due to hierarchical porous
structures and high conductivity.16,21 They offer more energy or
power density or both than commercial aluminum electrolytic
capacitors, thin lm lithium-ion batteries, and activated-carbon
supercapacitors.16

Laser writing/irradiation induces localized high temperature
and pressure, which provides unique reaction conditions for
graphene formation.22 LIG properties, including porosity, surface
chemistry, and composition, can be tuned by regulating laser
parameters (e.g., power, scan rate) and precursor composition/
structure.14 Among laser parameters, laser power plays a key role
in tailoring morphology and structure of LIG.16 In general,
a threshold power level is required for the induction of graphene
formation, and higher power level above the threshold leads to
higher graphene quality. However, too strong laser power can
damage graphene structure and even ablate carbon precursors.
In terms of carbon precursor, DLW can be applied to both
synthetic polymers and naturally occurring materials for gra-
phene formation.23 Compared to synthetic polymers, biomass is
an attractive precursor due to its renewability, abundance, and
low cost. Lignin as a major constituent in biomass was shown to
make signicant contribution to LIG formation, and biomass
with higher lignin contents favors graphene formation.23,24 A
recent prior study also showed that LIG can be formed from
alkaline lignin, a kind of technical lignin extracted from biomass,
and subsequent on-chip interdigitated microsupercapacitors
(MSCs) had similar capacitance to those made from polyimide
(PI)-based LIG electrode.25 Given aromatic structure and abun-
dant availability, technical lignin warrants further exploration for
LIG formation toward energy storage application. Such imple-
mentation would enable scalable, cost-effective lignin upgrading
into high-value graphene-based carbon materials and high-
performance energy storage devices.

In this study, we focused on upgrading lignin into LIG and
further assembling it into solid-state SCs with high electro-
chemical performance. Lignin lm composed of alkaline lignin
and PEO (serving as a binder for lm fabrication) was used as
precursor for LIG production. Different laser powers were
applied to induce graphene from lignin. Obtained LIG was
characterized for structural and chemical properties via a series
of analytical techniques. Finally, sandwiched SCs were fabri-
cated using lignin-based LIG electrodes and H2SO4/PVA gel
electrolyte, and evaluated for their electrochemical
performance.

2. Materials and methods
2.1. Lignin lm preparation

Water-soluble sowood alkaline lignin (AL) (TCI America™,
Mfr No. L0082500G) was purchased from Fisher Scientic
22714 | RSC Adv., 2019, 9, 22713–22720
(Hampton, NH, USA) and used as received. Below is the proce-
dure for lignin lm fabrication. First, 0.75 g of PEO (Polyox™
WSR 301, MW ¼ 4 � 106) was mixed with 20 mL of water, and
then continuously stirred at room temperature until a clear,
viscous PEO solution was formed. Thereaer, 1.5 g of AL was
added to the as-prepared 20 mL of PEO solution. Aer stirring
overnight, a viscous, dark brown solution was obtained, which
was further cast onto a 9 cm plastic Petri dish for the lm
formation. Aer drying in open air, lignin lm comprising AL
and PEO with a weight mixing ratio of 2 : 1 was peeled off from
the Petri dish and then cut into desired dimensions. All the
lms were stored in covered Petri dish in room temperature
prior to use. A representative AL/PEO lm is shown in Fig. 1b.

2.2. Laser writing

Lignin lms were rst attached to a stage by a removable
double-sided Scotch tape in order to avoid the deformation of
lms due to drastically increased temperature during laser
writing. A 10.6 mm CO2 laser (H-Series 20 � 12 Desktop laser,
Full Spectrum, Les Vegas, NV) with an upper power of 40 W and
a pulse duration of �14 ms was used for scribing lignin lm. All
the scribing tests were performed under ambient conditions
with a beam size of �100 mm, a scan rate of 20 cm s�1, and an
image density of 1000 pulses per inch (PPI). Laser power effects
were studied by applying 50–90% of 40 W laser power setting.
Scribed lignin lm was denoted as LIG-X, where X stands for
power percentage of the laser.

2.3. SCs fabrication

Lignin-based LIG was used as both electrode and current
collector for SCs. The following procedure was followed to
assemble LIG electrode. Silver paint (Pellco®, Catalog No.
16034, Ted Pella, Redding, CA) was applied to the edge of LIG (1
cm2) embedded on the lignin lm for better electrical connec-
tion and extended with conductive copper tapes. A Kapton® PI
tape was employed on the silver paint and portion of the copper
tape to avoid their contact with electrolyte. Aer assembly, one
LIG electrode was coated with 1.0 M PVA/H2SO4 gel electrolyte
and then stacked with another electrode, forming a sandwiched
SC, as depicted in Fig. 1a. PVA/H2SO4 gel electrolyte was
prepared by mixing 1.0 g of H2SO4 and 1.0 g of PVA (MW ¼
124 000–186 000) in 10 g of H2O until a clear gel was formed.
Fabricated SCs were placed in vacuum desiccator to allow gel
electrolyte to become completely dry. Aer device fabrication,
the conductive copper tape was attached to an electrochemical
workstation for electrochemical analysis.

2.4. Characterization

Morphology of LIG was examined using FEI Quanta 600 FEG
environmental scanning electron microscope (ESEM) equipped
with a Bruker Quantax 200 Silicon Dri Detector and operated
at 15 kV and 100 pA. Scribed lignin lms were cut into small
dimensions and mounted onto an adhesive SEM sample holder
for imaging. The thickness of LIG was measured via SEM
imaging of cross-section of scribed lignin lm. High resolution
transmission electron microscopy (HRTEM) was used to exam
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Process of converting lignin to LIG and subsequent SC fabrication. (a) Overview of the DLW process and device fabrication. (b) An AL/PEO
film. (c) Cross-sectional SEM image of LIG-80 (scale bar is 50 mm, showing LIG thickness of �53 mm). (d) Assembled single electrode, with 1 M
H2SO4/PVA gel electrolyte applied. (e) Fully assembled sandwich-like SC using two LIG electrodes derived from lignin.
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microstructure and nanostructure of LIG. TEM images were
taken on FEI Tecnai F30 Twin 300 kV TEM. LIG powder was
scrapped from scribed lignin lm and sonicated for 5 min in
ethanol before being transferred onto a C-at TEM grid for
imaging. Raman spectra were acquired on a Renishaw inVia™
Raman Spectrometer at 633 nm. X-ray diffraction (XRD)
patterns were acquired on a Scintag X2 diffractometer equipped
with a Cu Ka radiation (Scintag, Inc., Cupertino, CA). Survey
scans were conducted at 0.02� step size with a scanning rate of 6
s/0.02�, while detailed peak analyses were conducted at the
same step size but with a scanning rate of 12 s/0.02�. X-ray
photoelectron spectra were acquired on a Kratos Axis 165
Photoelectron spectroscopy system with a vacuum level of 3.0 �
10�8 Torr. Survey spectra were recorded in a step size of 0.5 eV
with pass energy of 160 eV, while high resolution elemental
spectra were recorded in 0.1 eV with pass energy of 20 eV. All the
spectra were corrected using the C 1s peak (284.4 eV) as
reference.

Based on Raman spectra data, the crystalline size of
graphitic carbon in the a axis (La) was calculated from the
intensity ratio of G peak (IG) and D peak (ID) following eqn (1):26

La ¼
�
2:4� 10�10

�� ll
4 �

�
IG

ID

�
(1)

where ll is the wavelength of the Raman laser (ll ¼ 633 nm).
2.5. Electrochemical analysis

Cyclic voltammetry (CV) and galvanostatic charge–discharge
(CD) measurements were conducted on CHI 660D electro-
chemical workstation (CHI Instruments, USA). The CV tests
were carried out at an operating voltage (0–1.0 V) with different
scan rates ranging from 10 to 500 mV s�1. The CD tests were
performed with current densities in a range of 0.1–1.0 mA cm�2.
Unlike conventional SCs whose performance was evaluated
based on mass of active materials, the proposed SCs, similar to
MSCs, have much less mass of active materials and thus their
footprint area becomes the key consideration.27 Here areal
capacitance (CA) and volumetric capacitance (CV) were
This journal is © The Royal Society of Chemistry 2019
calculated, which was further used for the calculation of spatial
energy and power densities.

The specic areal capacitance (CA, in mF cm�2) based on CV
curves was calculated following eqn (2) below:

CA ¼
Ð Vf

Vi
IdV

2� S � n� �
Vf � Vi

� (2)

where S is the surface area (in cm2) of an active LIG electrode,
with 1 cm2 for the device conguration in this work; n is the
voltage scan rate (in V s�1); Vf and Vi are the potential limits
used for the CV analysis (in V); I is the voltammetry current (in

A); and
Ð Vf
Vi

IdV denotes the integrated area of CV curve.

The CA (in mF cm�2) based on the CD curves was calculated
using eqn (3):

CA ¼ I

S �
�
dV

dt

� (3)

where I is the discharge current (in A); S is the surface area of the
LIG (cm2), with 1 cm2 for the device conguration here; and dV/
dt is the slope of the galvanostatic discharge curves.

The volumetric capacitance (CV) (in mF cm�3) based on
either CV or CD curves was calculated by dividing CA by the
thickness of active material (d, in cm) following eqn (4):

CV ¼ CA

d
(4)

The specic areal energy (EA in mW h cm�2) and power (PA,
in mW cm�2) densities were calculated by eqn (5) and (6),
respectively. For the specic volumetric energy (EV, in mW h
cm�3) and power (PV, in mW cm�3) densities, eqn (7) and (8)
were used for the calculations, respectively.

EA ¼ 1

2
� CA � ðDVÞ2

3600
(5)

PA ¼ EA

Dt
� 3600 (6)
RSC Adv., 2019, 9, 22713–22720 | 22715
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EV ¼ 1

2
� CV � ðDVÞ2

3600
(7)

PV ¼ EV

Dt
� 3600 (8)

where CA and CV are based on CD curves and calculated by eqn
(3) and (4), respectively; DV ¼ Vmax � Vdrop is equivalent to the
discharge potential range (Vmax is the voltage of 1 V for H2SO4/
PVA gel electrolyte); Vdrop is the voltage drop indicated from the
difference of the rst two points in the data obtained from the
discharge curves; and Dt is the discharge time (in s).
3. Results and discussion
3.1. Characterization of lignin-derived LIG

Lignin-derived LIG lm was characterized for its morphology
and structural properties by ESEM and HRTEM. The
morphology of the lignin lm irradiated with 80% laser power
setting (denoted as LIG-80) was depicted in Fig. 2a–c. It showed
a typical porous foam-like structure with numerous macro-
spores, which is very similar to that of LIG derived from PI
(Fig. 2a).16 The cross-sectional SEM image of laser-irradiated
lignin lm showed a porous layer with �53 mm thickness
embedded on the lm (Fig. 1c). SEM images at high magni-
cation also showed beehive-like nanoporous structure with
a mixture of mesopores and macropores in the carbon matrix
Fig. 2 Morphology and structure of LIG-80. (a) SEM image; scale bar is 5
mm, respectively. (d) TEM image; scale bar is 0.2 mm. (e and f) HRTEM ima
lignin/PEO film was used for SEM imaging, while LIG powder scraped fro

22716 | RSC Adv., 2019, 9, 22713–22720
(Fig. 2c and S1†). The highly porous structure was caused by the
rapid liberation of gaseous molecules (e.g., CO2, H2O) resulting
from the degradation of PEO and partial decomposition of
lignin upon laser irradiation.28 On the other hand, pure PEO
lm cannot be induced into graphene upon laser irradiation.
Since laser irradiation is a photothermal treatment in principle,
laser intensity/power is a key variable for inducing graphene
from carbon precursor.16,24 By applying a wide range of laser
power (50–90%), we found that morphology and porous struc-
ture of LIG evolved with the change in power level (Fig. S2†).
Laser writing at 50% laser power or above opened up pores of
the lm, and a higher power level led to more porous structures.
However, when the power level reached 90%, it had deleterious
effects, and the cracks on the lm were visible due to the
severity of photothermal treatment as previously reported.24

Taken together, laser irradiation with an optimal power range
led to the formation of hierarchical porous carbon from lignin,
particularly graphene carbon as identied below. Such hierar-
chical porous structure is benecial for electrochemical
performance, as it can provide enhanced accessible surface area
and facilitate fast diffusion of electrolyte into electrode.29,30

More detailed structures of lignin-derived carbon were
characterized by TEM (Fig. 2d–f). HRTEM image of LIG-80 dis-
played graphene fringes with a characteristic of 0.335 nm d-
spacing, corresponding to the gap between two adjacent (002)
planes in graphitic carbon (Fig. 2f). Graphene was also shown to
0 mm. (b and c) High resolution SEM images; scale bars are 10 mm and 2
ges; scale bars are 20 nm and 5 nm, respectively. LIG embedded on the
m the lignin/PEO film was used for TEM imaging.

This journal is © The Royal Society of Chemistry 2019
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have thin akes with few-layer structures (Fig. 2f). Moreover,
graphitic carbon formed at a higher laser power level exhibited
more ordered structure (Fig. S3† and 2e). Porous graphene
network with abundant defect-rich boundaries as mentioned
below is suggested to have improved electrochemical capaci-
tance compared to defect-free graphene structure.16

The presence of graphene in lignin-based LIG is also evi-
denced by Raman spectra, which showed three characteristic
peaks of graphene, including a D peak atz1350 cm�1, a G peak
at z1580, and a 2D peak at z2670 cm�1 (Fig. 3). The D peak is
suggestive of defects or bent sp2-carbon bonds, whereas G peak
is the rst-order Raman band of all sp2 hybridized carbon.31 The
2D peak originates from second order zone boundary
phonons.31 Compared to LIG obtained from the other two power
levels (i.e., LIG-50, LIG-70), LIG-80 had the much stronger peak
intensities. It also had the highest IG/ID ratio, with the average
crystalline size calculated to be 41 nm. Moreover, LIG-80 had
the highest I2D/IG ratio, indicating the fewest number of gra-
phene layers.24 Although the D peak was not suppressed at
a higher power (likely due to the presence of PEO in the lignin
lm), Raman spectra results suggested that by increasing the
laser intensity from 50% to 80% power, higher quality graphene
with more crystalline structure and less stacked layers can be
generated from alkaline lignin.

Graphene formed in LIG-80 was further conrmed by X-ray
diffraction (XRD) (Fig. S4†). The peak at 2q z 24.9� was
assigned to (002) reection (inset in Fig. S4†), indicating a d-
spacing of 0.357 nm. This characteristic peak shied to one
degree lower than that reported for LIG derived from PI.16 This
suggested larger interlayer spacing in the lignin-based LIG,
which could be due to higher oxidation of lignin/PEO lm upon
laser irradiation. The slight disparity between XRD and HRTEM
results also suggested that interlayer spacing can vary slightly
from particle to particle (Fig. S4† and 2f). Nevertheless, the
value of d-spacing obtained here was comparable to that
Fig. 3 Raman spectra of LIG showing three prominent peaks (i.e., D, G,
and 2D). The pristine lignin/PEO film showed no signals via Raman
scan. LIG embedded on the lignin/PEO film was used for Raman
spectroscopy.

This journal is © The Royal Society of Chemistry 2019
reported for laser writing to generate graphene from graphite
oxide.32 Overall, the XRD results supported that lignin was
successfully transformed to graphene.

XPS spectra show that LIG-80 had signicantly increased
carbon content compared to the pristine (non-irradiated)
lignin/PEO lm (Fig. S5†). LIG-80 also contained small
amounts of impurities (e.g., Na, S) originating from alkaline
lignin. The content of Na was signicantly reduced by laser
irradiation, suggesting that lasing would induce combined
photothermal and photochemical reactions. High resolution C
1s XPS spectra revealed four dominant peaks: sp2 C–C bond at
�284.4 eV, C–O bond at �285.7 eV, C]O bond at �288.5 eV,
and O–C]O bond at �290.5 eV (Fig. 4a). The sp2 C–C peak
became dominant in LIG-80, accounting for 73.1% of C 1s
major functional groups (Fig. 4b). The O–C]O peak dis-
appeared aer laser irradiation. The content of C–C function-
ality in LIG-80 is comparable to that in LIG obtained from other
biomass-based precursors (e.g., wood, nanocellulose, lignin/
PVA lm).23,24,33 Compared to PI lm, biomass-based precur-
sors have a lower degree of carbon enrichment and oxygen
suppression upon laser irradiation, which would be attributed
to highly functionalized structure of biomass or lignin. Never-
theless, the signicant increase in C–C bond and decrease in
C–O bond conrmed that lignin experienced carbonization and
graphitization during laser scribing. As a result, LIG was
dominated by sp2 carbon, which agreed well with the Raman
and XRD results.
3.2. Electrochemical performance of lignin-based LIG

The above results indicated that laser writing facilely trans-
formed lignin into hierarchical porous graphene. All the char-
acteristics suggested that derived LIG has great promise for
high-performance active electrodes. Here we assembled sand-
wiched SCs using lignin-based LIG as both electrode and
current collector. The device architecture was depicted in
Fig. 1a. The electrochemical performance of the fabricated LIG-
SCs was evaluated based on their CV and CD measurements.
The CV curves of LIG-80 at various scan rates (10–500 mV s�1)
showed pseudo-rectangular shape, indicating good double-layer
capacitive behaviors (Fig. 5a and b). The CA of LIG-80 as
a function of scan rate was shown in Fig. 5c. At 10 and 20mV s�1

scan rates, the SC had 11.64 and 8.84 mF cm�2 CA, respectively.
These CA values were almost double that obtained from SCs
based on pristine LIG from PI lm and aqueous 1 M H2SO4

electrolyte (e.g., �4.3 mF cm�2 at 20 mV s�1).16 When the scan
rate was increased to 500 mV s�1, the CA still remained to be
1.59 mF cm�2. In contrast to LIG-80 electrode, the other two
electrodes (i.e., LIG-50, LIG-70) also showed near pseudo-
rectangular shape (Fig. S6a and b†), but had much lower
capacitance (Fig. S6c†), which was also evidenced by their CV
curves (Fig. S6d and e†). Signicantly higher electrochemical
performance of LIG-80 electrode could be attributed to its
abundant wrinkle-/fringe-like graphene structure as revealed by
HRTEM images (Fig. 2f).

The charge/discharge (CD) curves of LIG-80 at different
current densities (0.1–1.0 mA cm�1) are depicted in Fig. 5d. The
RSC Adv., 2019, 9, 22713–22720 | 22717
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Fig. 4 XPS spectra. (a) High resolution C 1s XPS spectra. (b) Functionality revealed by high resolution C 1s XPS. LIG embedded on the lignin/PEO
film was used for XPS spectroscopy, and the pristine lignin/PEO film used as a control.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

/2
1/

20
26

 1
1:

26
:4

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
CD curves were nearly triangle in shape, proving good capacitive
behavior. From the initial stage of discharge, the voltage drop
indicates slight internal resistance of the SC. The specic
capacitance (CA) as a function of current density is presented in
Fig. 5e. The CA was 25.44 mF cm�2 at a current density of 0.1 mA
cm�2, with the corresponding specic volumetric capacitance
Fig. 5 Electrochemical performance of LIG-80-SC in H2SO4/PVA gel ele
rate of 10–500 mV s�1). (c) CA calculated from CV curves as a function o
calculated from CD curves as a function of discharge current density.
density of 0.2mA cm�2; capacitance calculated from the CD curves at a c
the first 10 cycles.

22718 | RSC Adv., 2019, 9, 22713–22720
(CV) of 4.80 F cm�3 (Fig. S7b†). It decreased gradually with
increasing discharge current densities, but still delivered 9.36
and 4.38 mF cm�2 at the current densities of 0.5 and 1.0 mA
cm�2, respectively. These values were comparable or even
higher than those reported for SCs based on pristine LIG and
some other carbon at the same current densities.16,25,34–38 For
ctrolyte. (a and b) CV curves at different scan rates (measured at a scan
f scan rate. (d) CD curves at various discharge current densities. (e) CA

(f) Cycling stability during 4500 charge–discharge cycles at a current
urrent density of 0.2mA cm�2; inset in (f) shows CD curves obtained for

This journal is © The Royal Society of Chemistry 2019
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example, both interdigitated and sandwiched SCs using pristine
LIG from PI lm and 1 M PVA/H2SO4 gave about 8–9 mF cm�2 at
0.5 mA cm�2.21,34 In the study reported by Zhang et al.,25 lignin-
based LIG coated with Au allowed interdigitated SCs with 1 M
PVA/H2SO4 to reach maximal capacitance of 25.1 mF cm�2 (6.27
F cm�3) at 0.01 mA cm�2, which was much higher than non-
coated LIG electrode counterpart, but its capacitance
decreased signicantly down to 10 mF cm�2 at a higher current
density of 0.5 mA cm�2. It remains unclear in their study why
higher quality LIG with more porous structure did not stand out
on electrochemical capacity. In contrast, the SC fabricated using
pristine LIG derived from lignin in the present work was able to
deliver comparable capacitance even at a ten-fold current
density. If LIG-80 is coated with conductive materials, such as
Au and polyaniline, it is reasonably expected that derived SC
would have much higher capacitance. These ndings suggested
that different device architecture and high quality lignin-based
LIG can lead to good performance of SCs.

In addition, the fabricated lignin-based LIG-SCs were eval-
uated for their energy and power densities. As seen from the
Ragone plots (Fig. S7c and d†), the device was able to deliver an
EA of 3.45 mW h cm�2 and an EV of 0.651 mW h cm�3 at the
current density of 0.1 mA cm�2. Even with a higher current
density (0.5 mA cm�2), the EA and EV remained to be 1.16 mW h
cm�2 and 0.2 mW h cm�3, respectively. The power densities
reached 0.418 mW cm�2 (PA) and 78.86 mW cm�3 (PV) at
a current density of 0.5 mA cm�2, which are about half of that
calculated at 1 mA cm�2. Compared to typical commercial SCs
(5.5 V/100 mF) and other LIG-based MSCs/SCs,17 our proposed
device can offer comparable or even higher energy/power
densities. The SC device also demonstrated good electro-
chemical stability. Aer 4500 cycles, more than 93% of the
initial capacitance was retained (Fig. 5f). Overall, lignin-based
LIG proved to be a highly promising active electrode material
for energy storage application.

4. Conclusion

We have demonstrated a facile route to produce porous gra-
phene from alkaline lignin using laser writing. Laser power was
found to have signicant effects on the formation of porous
structure and degree of graphitization. By applying 80% of the
laser power setting (40 W), hierarchical porous graphene was
obtained from lignin lm, which exhibited few-layered gra-
phene with high crystallinity. LIG-80 demonstrated good elec-
trochemical performance. The SC based on LIG-80 as both
electrode and current collector delivered a high capacitance of
25.44 mF cm�2 (corresponding to 4.80 F cm�3), an energy
density of 0.651 mW h cm�3, and a power density of 148 mW
cm�3. These ndings suggested that lignin was successfully
transformed into high quality porous LIG, which can be
subsequently used for the fabrication of high-performance,
solid-state SCs. This study opens a new avenue to cost-
effective lignin upgrading to value-added electrode materials.
It would promote future research in using cheap technical
lignin as carbon precursor for graphene fabrication. The simple
laser writing process for lignin valorization toward energy
This journal is © The Royal Society of Chemistry 2019
storage devices shows great promise for low-cost, scalable
application.
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