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ABSTRACT: Converting lignocellulosic biomass into graphene-based
materials in a cost-effective approach remains a grand challenge. This
study tackled this challenge by implementing direct laser writing (DLW)
to lignocellulosic biomass for synthesis of porous graphene (i.e., laser-
induced graphene (LIG)). Deep eutectic solvents (DESs), including
choline chloride:oxalic acid (ChCl:OA), choline chloride:formic acid
(ChCL:FA), and choline chloride:ethylene glycol (ChCL:EG), were used
to enable the fabrication of biomass-based films for DLW. It was found that the cellulose pulp resulting from the ChCL:0OA
pretreatment was a suitable substrate for LIG formation, requiring no surface treatment of the fabricated film prior to exposure to
laser scribing. The obtained LIG had a 3D porous structure and high crystallinity. Pseudo-lignin present in the ChCl:OA pulp was
proposed to contribute to the formation of LIG. Lignin in situ regenerated from the pretreatment slurry and redeposited onto the
cellulose pulps can further promote the LIG formation on the cellulose pulp film (CPF). The LIG-embedded films were fabricated
into on-chip supercapacitors (SCs) and dopamine sensors and further evaluated for electrochemical properties. All the devices
showed good energy storage and electrochemical sensing performance, suggesting versatile applications of disposable and low-cost
lignocellulose-derived electronics. Overall, the present work demonstrated a feasible and scalable photothermal route based on direct
laser writing toward mass production of lignocellulose-derived porous graphene materials.
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B INTRODUCTION

Advanced carbon materials have been gaining increasing
attention in recent years due to their excellent performance
. 1 .72 3 -

in catalysis, sensing,” energy,” and many other applications.

to intrinsic aromatic structures. Large quantities of technical
lignin are generated as waste or low-value side streams from
pulping and biorefining facilities. Upgrading lignin to value-
added bioproducts is of great importance to the biorefinery

Based on structures and morphology, advanced carbon
materials can be categorized into four classes includin% 0D
carbon (e.g, fullerene),* 1D carbon (e.g,, nanotubes),” 2D
carbon (e.g, graphene),6 and 3D carbon (e.g, hierarchical
carbon materials).” Among these carbon materials, laser-
induced graphene (LIG) is considered a new type of 3D
porous graphene, which can be produced from a variety of
synthetic polymers and natural biopolymers, especially those
containing aromatic structures, by direct laser writing (DLW).2
Laser systems like CO, and femtosecond lasers can be used to
generate localized high temperature and pressure to transform
the polymers into few-layer graphene. The single-step laser
scribing method does not require tedious wet chemistry or
lengthy reactions, making it highly attractive for mass
production of graphene-based materials.”

Using natural precursors like lignocellulose for graphene-
based materials is of great interest to industries and research
communities given their renewability, low cost, and abundance.
As two of the most abundant natural polymers on earth,
cellulose and lignin have been used for LIG production, while
lignin appears to be a more structurally favorable precursor due

© 2022 American Chemical Society

7 ACS Publications

industry as it can add revenues to offset the costs for biofuels.
It should be noted that technical lignin is often fabricated into
a film substrate using a binder (e.g., polyvinyl alcohol (PVA),"
polyethylene oxide,'' and cellulose nanofibers'?) for laser
writing. For a cellulose-based substrate (e.g., paper or cloth),
LIG with good properties was derived and further explored for
applications like sensors for detecting strain, humidity,
temperature, etc.””~"> Xylan, another major component of
lignocellulosic biomass, was also explored for LIG-based
electronics, which shed light on a new pathway of valorizing
lignocellulosic substrates.'® Surface treatment is often applied
to help prevent lignocellulosic materials, especially paper-based
substrates, from laser ablation. Recent studies reported LIG
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formation directly from lignocellulosic substrates like cork,
wood, and coconut shells without the need for surface
treatment given the high thermal stability of substrates and/
or optimal lasing conditions such as multiple lasing passes and
defocused distance.'*'”'® However, a practical and scalable
process has not been developed for converting lignocellulose to
LIG given its bulky and heterogeneous nature. To this end,
biomass fractionation/pretreatment would be necessary to
make it more usable and homogeneous for being readily
processed into high-quality LIG. Therefore, research efforts
would be much needed to explore viable pathways for mass
production of LIG from raw lignocellulosic biomass.

From the perspective of roll-to-roll manufacturing, film
substrates are well suited for continuous laser scribing at a large
scale. The fabrication of lignocellulose films typically involves
pretreatment and film casting, of which pretreatment, such as
chemical, physical, and combined methods, is an initial step
essentially determining the utility of individual cell wall
components.'”>* The fabrication process should be ensured
with reduced complexity and minimized waste generation to
achieve cost effectiveness and eco-friendliness. Additionally,
lignin extracted during biomass pretreatment should be
valorizable to maximize feedstock utilization. Deep eutectic
solvents (DESs) comprising a hydrogen bond donor and
hydrogen bond acceptor are reported to effectively fractionate
biomass for further upgrading into fermentable sugars,
nanocellulose, films, etc.”” For example, DES treatment of
cellulose microfibrils can enable extraction of cellulose
nanofibers (CNFs) by mechanical defibrillation (e.g, ultra-
sonication and high-pressure homogenization).”*”** However,
the behavior of lignin during DES pretreatment and further
incorporation into a cellulose pulp film still remains unclear.
Lack of such understanding can limit the design and selection
of DESs for pretreating biomass toward film fabrication. From
the point of view of LIG formation, lignin has been reported to
play a key role in lignocellulose-based substrates.'>'*'”'® 1t
should be noted that pseudo-lignin, a lignin-like substance, can
be formed from side reactions of sugar degradation
compounds (e.g., hydroxymethylfurfural (HMF) and furfural)
under severely acidic conditions (Figure S1).”” Pseudo-lignin
formation leads to low-quality pulp for enzymatic hydrolysis.
Compared to hydrothermal or dilute acid pretreatment, no
studies concerning the occurrence of pseudo-lignin formation
during DES pretreatment have been reported. Moreover, the
effects of pseudo-lignin on the fabrication of biomass-based
films have not been studied. It also remains unknown whether
and how pseudo-lignin can contribute to porous graphene
production, showing a bright side to such a compound rather
than being avoided during biomass pretreatment. Therefore, it
is important to understand how cellulose-based films
incorporating lignin and/or pseudo-lignin evolve into porous
graphene under photothermal conditions. For downstream
applications of cellulose-based electronic devices, different
types of substrates including regenerated cellulose films,**
cellulose nanofibrils,”” and paper’ have been reported. Laser
scribing shows great potential in producing cellulose-based
electronics as it does not require introducing conductive
materials into the cellulose substrates or extra fabrication
efforts.”** The development of such electronics also aligns
well with green chemistry and eco-manufacturing.

Herein, we proposed to induce porous graphene from
lignocellulose-based films and further fabricate it into
electronic devices. The work would open a new avenue to
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lignocellulose upgrading into graphene-based conductive
materials and electronics. Special focus was on understanding
the role of lignin and pseudo-lignin formed during biomass
pretreatment on both film fabrication and LIG synthesis. Corn
stover was used as a model lignocellulosic substrate. The DESs,
including choline chloride:ethylene glycol (ChCL:EG), choline
chloride:formic acid (ChCl:FA), and choline chloride:oxalic
acid (ChCI:0A), were used to fractionate corn stover and
compared on their effectiveness in enabling the film-making
process for DLW (Figure 1). LIG with good properties was
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Figure 1. Schematic diagram of fabrication of biomass-based
electronics. Corn stover is pretreated by a deep eutectic solvent
(DES) followed by addition of an antisolvent (acetone—water mixture
or water). The pretreatment slurry is then ultrasonicated and vacuum-
filtrated to form wet films. The hot-pressed films are used for direct
laser writing to form LIG and further fabricated into on-chip
supercapacitors and dopamine sensors.

directly induced on the suitable films under the ambient
conditions. Lignin remaining in the pulp or in situ regenerated
from the pretreatment liquor was investigated for its role in
film fabrication and further LIG formation. Furthermore,
pseudo-lignin formed during the biomass pretreatment was
found to play a significant role in the formation of graphene.
The electronics, including solid-state supercapacitors (SCs)
and dopamine sensors fabricated from LIG-embedded films,
showed good performance. Thus, this work demonstrated the
use of raw lignocellulose enabled by DESs for high-value LIG-
based materials toward scalable eco-manufacturing.

B EXPERIMENTAL SECTION

Materials. Corn stover was collected from the Bradford Farm at
the University of Missouri in Columbia, Missouri, USA. The air-dried
corn stover was ground and sieved through a 60-mesh screen prior to
use. All the chemicals were purchased from Fisher Scientific
(Hampton, NH, USA) and used as received.

DES Synthesis and Biomass Pretreatment. The DESs were
synthesized by mixing choline chloride (pre-dried at 50 °C overnight)
and a hydrogen bond donor (oxalic acid anhydride (OA), formic acid
(FA), or ethylene glycol (EG)) at certain molar ratios (i.e., 1:1 for OA
and FA and 1:2 for EG) in a glass bottle reactor at 80 °C until a clear
liquid was formed. In the case of ChCIL:EG, sulfuric acid was added at
1 wt % to the solvent. For pretreatment, the corn stover was mixed
with a DES at a mass ratio of 1:15 in a glass bottle reactor and the
mixture was then reacted at 110 °C for 1 h in a pre-heated oil bath
with continuous stirring (200 rpm). After pretreatment, the glass
bottle was cooled down to below 50 °C before further processing.

Fabrication of Biocomposite Films. Acetone—water (50:50, v/
v) was added to the pretreatment slurry (acetone—water:slurry = 10:1,
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v/v). After 10 min of continuous stirring followed by ultrasonication
at 20 kHz and 1.2 W/mL for 10 min, the suspension was vacuum-
filtered over one piece of Whatman 1PS (silicone treated) phase-
separator filter paper. The cellulose pulp (CP) was washed with the
acetone—water mixture twice to remove DES and dissolved lignin.
The wet CP was placed between two filter papers and pre-pressed at
approximately 6 kPa at room temperature for 10 min. The wet CP
film was then hot-pressed using a Dabpress hydraulic cylinder hot-
press machine (Morgen Innovation Industrial Co. Ltd., Shenzhen,
China) at 100 °C and 0.34 MPa for 90 min, obtaining a dried
cellulose pulp film (CPF).

To prepare regenerated lignin-incorporated cellulose pulp films
(LCPFs), deionized(DI) water was added to the pretreatment slurry
(DI water:slurry = 20:1, v/v) as an antisolvent to precipitate lignin
from the pretreatment slurry. After continuous stirring for 1 h
followed by ultrasonication at 20 kHz and 1.2 W/mL for 10 min, the
solids were separated from the liquid over a filter paper via vacuum
filtration and washed using DI water twice to remove residual solvent.
The dried LCPF was obtained following the procedure for CPFs as
described above.

Laser Scribing. A CO, laser (VLS 3.50 universal laser system,
10.6 ym wavelength, 30 W power limit, ~27 in./s maximum scanning
speed) was used to scribe the biocomposite films for LIG formation.
The image density was set as S, and the pulse per inch was set as
1000. The laser beam was focused at 4 mm above the irradiated
substrate."* The laser scanning speed was fixed at 10% of the upper
speed limit. Laser power at 16%, 19%, 22%, and 25% of the upper
limit of laser power was used for scribing. All the laser scribing tests
were performed under ambient conditions.

Characterization. The compositions of biomass samples were
determined following the NREL analytical procedure.”® Scanning
electron microscope (SEM) images were acquired on an FEI Quanta
600 FEG Environmental SEM and a VolumeScope SEM. Non-
conductive samples and LIG samples prepared from the bleached
pulp film were sputter-coated with 10 nm of platinum before
collecting SEM images. Transmission electron microscope (TEM)
images of lignocellulosic pulp were acquired on a JEOL JEM 1400
TEM. The sample for TEM imaging was prepared by dropping S uL
of the dilute pulp suspension that was dispersed in DI water by the
above-described ultrasonication onto a carbon-coated electron
microscopy grid. After drying under room temperature for S min, a
piece of filter paper was used to remove excess liquid on the grid.
Subsequently, S uL of 1% phosphotungstic acid (PTA) solution was
dropped onto the grid as the negative stain. After ~2 min, the excess
liquid was removed by the filter paper. The as-prepared electron
microscopy grid was then air-dried at room temperature before
imaging. High-resolution transmission electron microscope
(HRTEM) images of LIG were taken on a FEI Tecnai F30 G2
Twin TEM. The LIG powders were scraped from the surface of the
substrate and sonicated for S min in ethanol. The LIG powder
suspension (S uL) was dropped onto a carbon-coated electron
microscopy grid and dried at room temperature before analysis.

Fourier transform infrared (FTIR) spectra were acquired on a
Fourier transform infrared spectrometer (Nicolet 4700, Thermo
Electron Co., Madison, WI, USA) by 64 scans with a scanning range
from 4000 to 400 cm™'. Powder samples were pressed into KBr
pellets at a weight ratio of 1:100. The solid-state 13C CP/MAS NMR
spectra were acquired on a Bruker 400 MHz Avance III wide-bore
solid-state NMR operated at 100.64 MHz. Pre-dried powder samples
were packed in 7 mm zirconia rotors fitted with Kel-F caps and spun
at 7.5 kHz. The analysis was conducted at a 90° proton pulse, 1.5 ms
contact pulse, 4 s recycle delay, and 3072 scans.** Raman spectra were
acquired on a Renishaw inVia Raman spectrometer with a wavelength
of 633 nm. Tensile testing was conducted on an eXpert 2611 universal
testing machine (ADMET Inc., Norwood, MA, USA). The contact
angle was measured using a ramé-hart model 200 goniometer (ramé-
hart Instrument, Succasunna, NJ, USA). The sheet resistance (R,) of
LIG was measured using a four-probe bridge resistivity system
(Keithley 2400 Series SourceMeter).

X-ray photoelectron spectroscopy (XPS) analysis was carried out
on a Thermoscientific Nesxa Photo Electron Spectroscopy system
with a monochromatic Al Ka X-ray source (at 72 W, 400 um
diameter slot). XPS survey spectra were obtained with the pass energy
at 200 pe and the step size at 0.50 eV. High-resolution spectra were
acquired with the pass energy at 50 pe and the step size at 0.10 eV.
The spectra were corrected by using the predominate C—C peak as
reference (284.4 eV). The deconvolution of high-resolution peaks was
performed using XPSpeak 4.1 software. Shirley backgrounds were
used for all peak fitting purposes.

Powder X-ray diffraction (XRD) data was collected on a Bruker X8
Prospector diffractometer equipped with an Apex II CCD area
detector (Bruker AXS, Madison, WI, USA). LIG powders were
scraped from the films under a microscope and loaded directly into
polyimide tubes. The powder samples were scanned at 0.02°/step
from 20° to 70°.

Fabrication and Analysis of Electronic Devices. LIG was
patterned into comb-like interdigitated microelectrodes with S mm X
1 mm in L X W and 1 mm spacing between two neighboring
microelectrodes. For the SCs, LIG acted as both an electrode and
current collector. Silver paint was applied to the current collector to
enhance the electrical connection. Conductive copper tape (3 M) was
then attached to the current collector and connected to the
electrochemical station. Kapton polyimide tape was used to cover
the common area and define the electrode area. A gel electrolyte (1.0
M H,SO,/PVA) was then coated onto the microelectrodes and air-
dried overnight before electrochemical testing,'’ For the dopamine
sensor, LIG acted as the working electrode and counter electrode, and
a standard Ag/AgCl electrode was used as the reference electrode.
The geometrical surface area of the working electrode was ~7.1 mm?.
The analysis of supercapacitors and sensors was performed on an
Autolab PGSTATI128N potentiostat (Metrohm). Cyclic voltammetry
(CV), galvanostatic charge—discharge (CC), and electrochemical
impedance spectroscopy (EIS) measurements were performed to
evaluate the performance of SCs. The CV tests were conducted at a
scan rate ranging from 0.01 to 0.2 V/s between a potential window of
—0.4—0.4 V. The CC tests were conducted at a current density
ranging from 0.01 to 0.2 mA/cm? The specific areal capacitances (Cy
in mF/cm?) based on the CV curves were calculated by eq 1

1 Ve
Cy = I(V)dv
A 2><S><v><(Vf—Vi)/V V) )

where S is the total area of LIG electrodes (0.2 cm?), v is the voltage
scan rate (in V/s), Vyand V; are the potential limits of CV curves, and

I(V) is the voltametric current (in mA). /V VfI (V)dV is the integrated

area from CV curves. The specific areal capacitances (C, in mF/cm?®)
based on the CC curves were calculated by eq 2

_r
S x (‘Z—Y) 2)

where I is the discharge current (in mA) and dV/dt is the slope of the
galvanostatic discharge curve. S is the total area of the LIG electrodes
(0.2 cm?). EIS was obtained based on the sinusoidal signal of a 10 mV
amplitude at a frequency of 100 kHz to 0.1 Hz.

For CV measurements of the dopamine sensor, the dopamine
concentration was 1 mM in phosphate buffer solution (0.1 M PBS,
pH = 7) and the scan rate ranged from 10 to 80 mV/s. The dopamine
concentration with a range from 1 X 107 to 40 X 107° M in PBS was
used to evaluate the differential pulse voltammetry (DPV).

Gy =

B RESULTS AND DISCUSSION

Biomass Compositions and Pseudo-lignin. During the
DES pretreatment, hemicellulose and lignin were dissolved by
the solvent while cellulose largely remained intact. The
compositional analysis showed that the cellulose contents in
the pretreated solid/pulp, especially by ChCL:FA and
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ChCL:EG, were more than twice that in the untreated corn
stover (68.37—65.68% vs 30.55%) because of the substantial
removal of non-cellulosic structural components (mainly lignin
and xylan) by the pretreatment (Figure 2ab). The xylan

a 8o l:,untreated b 100 ChCl:0A
70 [ Jcp-Fa ChCI:FA
oo CP-EG T 80 ChCL:EG
= CP-OA =
[ 50 0
b LCP-0A % 60
g 5
O 30 o 40
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0 0
Cellulose Xylan Lignin Cellulose Xylan Lignin

Figure 2. (a) Compositions of untreated corn stover, cellulose pulp
(CP), and regenerated lignin-containing cellulose pulp (LCP)
resulting from the pretreatment by three DESs. (b) Component
removal by three DESs.

content of the cellulose pulp resulting from ChCl:0A
pretreatment (CP-OA) was minor (2.09%), which was much
lower than the other two (9.42% for CP-FA and 9.88% for CP-
EG), indicating that ChCl:OA promoted more hemicellulose
hydrolysis under the same conditions. On the other hand, the
lignin content in CP-OA was much higher than in the other
two pulps (23.21% vs 7.68—7.87%), which should be partially
attributed to the pseudo-lignin formation during the ChCl:OA
pretreatment.”” This phenomenon was also reflected by the
dark color of CP-OA. In contrast, the other two pulps (CP-FA
and CP-EG) showed a grayish color and the untreated corn
stover showed a yellowish color (Figure S2a). Pseudo-lignin is
reported to have a lignin-like structure formed from sugar
degradation products as a result of severe biomass pretreat-
ment under acidic conditions.>® However, the compositional
analysis cannot distinguish pseudo-lignin and genuine lignin.
SEM images reveal that, after pretreatment, the particles with
irregular shapes were formed on CP-OA (Figure 3b—d and
S$2b), which is similar to pseudo-lignin previously reported,’”
while the untreated corn stover, CP-EG, and CP-FA showed
smooth surfaces (Figure 3a and Figure S2c,d). At higher
magnification (Figure 3d), pseudo-lignin particles showed
aggregates of smaller particles (~70 nm).

Figure 3. SEM images of untreated biomass and pulp. (a) Untreated
corn stover. (b—d) Cellulose pulp resulting from ChCl:0A
pretreatment (CP-OA). (e, f) Regenerated lignin-containing cellulose
pulp (LCP-OA).

The formation of pseudo-lignin was confirmed by using the
bleached/delignified pulp from corn stover and model
compounds with the methods detailed in Supporting
Information. As shown in Figure S3a,c, the bleached pulp
contained 74.20% holocellulose (including cellulose and xylan)
and showed a whitish color because of near-complete
delignification (91.8% lignin removal). The ChCl:OA-treated
bleached pulp (BP-OA) showed a dark color similar to that of
the ChCl:OA-pretreated corn stover (Figure S3b). The
compositional analysis also revealed that the pretreatment
led to an almost 10-fold increase in lignin content of the
bleached pulp (2.07% lignin before vs 20.33% lignin after)
(Figure S3c). Such a change clearly indicated the formation of
pseudo-lignin. *C NMR spectra of BP and BP-OA are
compared in Figure S4a. Strong signals between 108.9 and 57.6
ppm are the characteristic peaks from both cellulose and
hemicellulose. Two peaks at 20.8 and 174.0 ppm disappeared
after the pretreatment, which are assigned to the carbon of
CH; and C=O0 in the acetyl group of hemicellulose.”® This
indicates the cleavage and degradation of O-acetyl in
hemicellulose during ChCl:OA pretreatment.”” On the other
hand, a sharp peak at 54.4 ppm is associated with the carbon in
methoxy groups related to aromatic structures.”” The
appearance of this peak suggested the formation of pseudo-
lignin with aromatic structures resulting from condensation
reactions of sugar degradation products.’” Intensified signals at
10—55 ppm assigned to aliphatic carbon, 120—160 ppm
assigned to unsaturated carbon, and 197—21S ppm assigned to
carbon in unconjugated C=0 were observed in BP-OA.””’
These NMR results indicated that the pseudo-lignin, which has
both aromatic structures and aliphatic chains with methoxy
and carbonyl groups, was formed in BP-OA. To rule out the
influence of genuine lignin, a mixture of pure glucose and
xylose, representing two key intermediates resulting from
holocellulose hydrolysis during the DES pretreatment, was
pretreated under the same conditions to further confirm the
formation of pseudo-lignin. The characteristic peaks that
indicate the formation of aromatic structures from these model
compounds were well identified in the FTIR spectrum (Figure
S4b). Absorbance peaks at 1462, 1512, and 1618 cm™! were
observed, which were all assigned to C=C stretching in
aromatic rings.””*>*’ The two peaks at 1021 and 1163 were of
C—O stretching associated with HMF, furfural, carboxylic
acids, and alcohols.”” The peak at ~1700 cm™" arose from C=
O stretching in carboxylic acids, conjugated aldehydes, or
ketones.”” FTIR data suggested that various small compounds
derived from lignocellulose can be further condensed into
humin-like macromolecules including pseudo-lignin.

TEM images of BP-OA after ultrasonication are shown in
Figure S4c,d. Micro-/nanofibrils were clearly observed, which
confirmed ultrasound-assisted defibrillation. Nanospheres were
also observed with the majority most likely originatin% from
pseudo-lignin, which agreed with prior studies.””* The
pseudo-lignin formation was also evidenced by the morpho-
logical change of BP-OA (Figure S5). The bleached pulp
initially had a smooth surface and then showed small pseudo-
lignin aggregates on the surface when the ChCl:OA pretreat-
ment was applied. Like CP-OA, most of xylan was hydrolyzed
and further degraded, primarily contributing to the pseudo-
lignin formation. In contrast, both ChCI:FA and ChCLEG
pretreatments led to less xylan removal (82.23—83.28 vs
95.48% by ChCl:OA) under the same conditions (Figure 2b),
which did not lead to pseudo-lignin formation. As shown in
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SEM images, the CP-FA and CP-EG showed no pseudo-lignin
aggregates on the pulp surfaces (Figure S2c,d). Thus, 7.67—
7.87% residual lignin remaining in these two DES pulps should
be genuine lignin. The findings also provided insights into the
fates of carbohydrate degradation products during the
pretreatment using different DESs.

Lignin in situ regenerated from the pretreatment slurry was
also studied for its redeposition onto cellulose pulp. It was
found that the surface of regenerated lignin-containing
cellulose pulp (LCP-OA) was covered primarily with the
mixture of regenerated lignin and pseudo-lignin (Figure 3e,f).
The lignin content in the pulp increased from 23.21% to
44.68% indicating the incorporation of regenerated lignin
(Figure 2a). From the perspective of fermentable sugar
production, the presence of lignin and/or pseudo-lignin in a
pulp can negatively affect the enzymatic hydrolysis efficiency of
the cellulose pulp because cellulose accessibility and/or
cellulase activities can be reduced by non-productive binding
to enzymes.”> Nevertheless, this work showed that both types
of lignin were good precursors for LIG formation.

Biocomposite Films. Biocomposite films were fabricated
directly from the cellulose pulp only (CP) or that redeposited
with in situ regenerated lignin (LCP), as illustrated in Figure 1.
As discussed above, the cellulose pulp only should be free of
dissolved carbohydrates and regenerated lignin as well as other
soluble impurities. It was first facilely defibrillated to micro-/
nanofibrils via ultrasonication, and the subsequent hot press
can promote the interaction of cellulose and residual lignin in
the pulp as well as self-bonding of lignin. In the case of LCPF
fabrication, water was added as an antisolvent to the
pretreatment slurry to regenerate/precipitate out lignin as
aforementioned.'” The regenerated lignin was redeposited
onto the cellulose pulp, which in turn was used for the
fabrication of biocomposite films. The morphologies and
microstructures of the corn stover-based CPF and LCPF were
characterized by SEM. Both substrates showed a dense and
relatively smooth surface (Figure 4a,c). At higher magnifica-

Figure 4. SEM images of films. (a, b) CPF. (¢, d) LCPF.

tion, laminated edges can be found on the CPF due to the
layered cellulose fibrils (Figure 4b). Pseudo-lignin still covered
part of the cellulose surface. However, on the LCPF, no
laminated edges of cellulose were observed. Most of the
cellulose surface was covered with pseudo-lignin and/or
regenerated lignin (Figure 4d). Despite the film composition,
pseudo-lignin and regenerated lignin seemed to not fully melt

upon hot press even though a temperature of over 100 °C was
also tested. On the other hand, it suggested that pseudo-lignin
and regenerated lignin would have a relatively high glass
transition temperature (T,). A poor interfacial interaction of
cellulose and lignin/pseudo-lignin should largely contribute to
the low tensile strength of the biocomposite films (Figure
S6a,b), similar to that of some other natural polymer-based
films such as polyhydroxyalkanoates** and Eucommia ulmoides
gum.43 Nevertheless, the tensile strength of the LCPF was 63%
higher than that of CPF (Figure S6b) because of mechanical
reinforcement by the regenerated lignin that acted as an
adhesive for binding cellulose fibrils.'”** Both films had good
waterproof properties as evidenced by high contact angles (i.e.,
89.8° for the CPF and 79.4° for the LCPF) (Figure S6c),
which was attributed to the hydrophobic nature of lignin/
pseudo-lignin. It is worth mentioning that the cellulose pulp
resulting from the other two DESs (CP-FA and CP-EG) can
also be readily fabricated into CPFs via ultrasonication (Figure
S7b,c). Moreover, the same technique based on DES
pretreatment for biocomposite film fabrication can also be
applied to other biomass feedstocks such as aspen wood and
hemp hurd (data not shown). Since this work was focused on
corn stover as a model substrate for biocomposite films and
subsequent LIG formation, we did not further explore other
films. Therefore, our future work on the direction of DES pulp
for biocomposite films would aim to further investigate the
impact of lignin (pseudo vs genuine) and other biomass
feedstocks on film properties and downstream applications.
LIG Characteristics. The CPFs resulting from three DES
pretreatments were tested for LIG formation with no surface
treatment. Interestingly, the CPF-OA showed LIG formation,
while the CPF-EG and CPF-FA were burned out during the
laser scribing (Figure S7). The difference should be attributed
to the presence of pseudo-lignin on the surface of CPF-OA.
On the other hand, although both CP-EG and CP-FA had
residual lignin (5—6%) (Figure 2a), the lignin contents were
not high enough to make the respective films inducible for
porous graphene by laser scribing. In contrast, the pseudo-
lignin with high thermal stability and repetitive aromatic units
allowed the lignocellulose-based biocomposite films to directly
suit DLW for porous graphene synthesis without additional
treatment. In general, fire retardant treatment and controlling
the lasing atmosphere would have to be applied to prevent
burning or ablating the substrates when the laser is directly
applied onto cellulose-based materials such as filter paper and
cloth."*"” The successful induction of the conductive layer
from the CPF-OA without those requirements suggested that
tailoring the surface chemistry of biomass like incorporating
pseudo-lignin can favor graphitization of biomass-derived
compounds upon laser treatment. In the latter sections, we
focused on CPF-OA and LCPF-OA for LIG formation to
understand the role of pseudo-lignin versus regenerated lignin.
Different laser power levels were applied to generate LIG on
both CPF-OA and LCPF-OA. The LIG generated on CPF-OA
and LCPF-OA is denoted as CPF-LIG and LCPF-LIG,
respectively, with the numbers as suffix indicating the laser
power levels applied. Figure Sa shows the Raman spectra of
LIG from the CPF at four laser power levels. The Raman
spectra show three prominent peaks: the D peak at ~1335
cm™' associated with defects, the G peak at ~1581 cm™
originating from in-plane vibrations of sp*-bonded carbon
atoms, and a 2D peak at ~2667 cm™! originating from the
second-order zone-boundary phonons.*> When the laser power
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Figure 6. Deconvoluted C 1s XPS spectra of films and LIG: (a) LCPF and (b) LCPF-LIG-25. (c) Distribution of carbon chemical states.

was low (16% and 19%), a weak 2D peak and a strong D peak
were observed, indicating the formation of low-graphitic
carbon with high defects. The increase in laser power from
19% to 25% led to higher quality LIG as reflected by the
increased intensity of the 2D peak and the decreased intensity
of the D peak. The intensity ratios of D and G peaks (i.e., In/
I;) were used to evaluate the defect density in LIG."® When
25% laser power was used, the lowest I,/I ratio (0.61) was
observed (Figure Sb), which demonstrated the lowest density
of defect. The crystallite size (L,) along the a axis was 57.3 nm
as calculated based on eq S1, which was the largest among the
power levels applied.” Moreover, the smallest I5/Ly, ratio
(1.12) of the CPF-based LIG obtained at 25% power also
indicated that the fewest number of graphene layers was
formed (Figure Sb). Like the CPF, the laser power at the two
lower levels (16% and 19%) was inadequate to well induce LIG
on the LCPF (Figure Sd). However, when a higher laser power
was applied, the LCPF appeared to be more inducible for high-
quality LIG as evidenced by the substantially reduced Ij/I
ratios compared to the CPF (Figure Se). In addition, the 2D
peak of LCPF-LIG-25 showed high symmetry, which can be
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fitted with only one Lorentzian peak. This 2D band profile is
consistent with other few-layer graphene materials."”” These
findings suggested that the lignin regenerated and redeposited
onto the surface of cellulose fibers can serve as a more effective
precursor for higher-quality LIG when sufficient laser power is
applied to lignocellulose-based films.

The LIG induced from both the CPF and LCPF resulting
from ChCl:OA was highly conductive, as evidenced by a low
R, (Figure Sc,f). With the increase of laser power from 16% to
25%, the R, of CPF-LIG decreased from 118 to 47 /square.
This corroborated that a higher laser power led to a higher
degree of graphitization, resulting in better conductivity. The
LCPF-LIG had a lower R; than the CPF-LIG at a given laser
power level due to the presence of extra amounts of lignin in
the substrate. The well-distributed lignin can help form the 3D
hierarchical graphene with better internal connection, which
leads to better conductivity. The lowest R, (24 Q/square) was
observed on the LCPF at 25% laser power, which is
comparable to the LIG formed on commercially available
substrates (i.e., polyimide® and poly(ether imide)*®).
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Figure 7. LCPF-LIG-2S electrode. (a) TEM image. (b) HRTEM image. (c) XRD.

The surface chemistry of the LCPF and LCPF-LIG-25 was
studied by XPS. The XPS survey scan was first used to study
the surface elemental composition, and the acquired survey
spectra are depicted in Figure S8. The LCPF was rich in C and
O, which was expected from the cellulose and lignin/pseudo-
lignin.”” LCPE-LIG-25 also showed the presence of C and O
as two major elements due to oxygen-containing functional
groups. Other minor components including Si, N, and Al
should originate from the feedstock (ie., corn stover) and
possible impurities introduced during the film fabrication as
described above.”” High-resolution C 1s XPS spectra of the
LCPF and LCPF-LIG-25 are compared in Figure 6a,b with the
chemical state distribution of C 1s depicted in Figure 6c.
Before laser scribing, the C 1s XPS spectra can be fitted into
four symmetric peaks: C—C at 284.4 eV, C—O at 286.0 eV,
C=0 at 286.6 ¢V, and C—O=0 at 288.3 eV.”’ Significant
amounts of C/O linkages existing on the surface of the LCPF
can be attributed to oxygen-containing functional groups and
interlinkages (e.g.,, —OH, C—O—C, —COOH) in cellulose and
lignin/pseudo-lignin. After laser scribing, the C 1s XPS spectra
of LCPF-LIG-2S can be fitted into one prominent asymmetric
C—C (sp?) peak at 284.4 eV and six symmetric peaks: C—C
with vacancy defects at 284.0 eV, C—C (sp?) at 285.1 eV, C—
O at 286.0 eV, C=0 at 286.8 ¢V, C—O=0 at 288.9 eV, and
m—n* shake-up at 291.0 eV.>' >’ The asymmetric C—C peak
fittings are often used for the primary C—C peak in graphitic
carbons due to the semi-metal effects resulting from
conduction band electrons.”* Two additional C—C peaks at
284.0 and 285.1 eV indicated that minor amounts of defects
and amorphous carbon existed in the LIG, which agreed with
the Raman results. The significant increase of the total C—C
bond percentage (from 71.7% in the LCPF to 89.6% in LCPF-
LIG-25) confirms the graphitization of LCPF during the laser
scribing. Several minor C/O linkages existed in LCPF-LIG-25,
which suggested the oxidization of LIG. However, the total
contents of C/O linkages in LCPF-LIG-25 were lower than
that in LCPF because of the cleavage of C—0O/C=0 bonds
occurring during the laser scribing.

A film was also fabricated from the bleached pulp resulting
from ChCI:OA treatment (BPF-OA) and used to further
investigate the role of pseudo-lignin in LIG formation. As
shown in Figure S9a—c, a porous graphene structure was
formed on the film when 25% laser power was applied. The
Raman spectrum indicated the formation of LIG with lower
defect (Ip/Ig = 0.32) than that derived from the LCPF (Figure
S9d). It was evident that pseudo-lignin is a good precursor for
high-quality LIG in addition to a surface modification agent of
cellulose fibers for preventing laser ablation. Like genuine
lignin, pseudo-lignin can also yield LIG with tailored LIG
characteristics with desired attributes. This depends on the
type of substrate used for film fabrication (e.g, DES-
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(pre)treated corn stover or bleached pulp) and laser
conditions. On the other hand, the fact that pseudo-lignin is
a precursor of LIG points to a direction for using holocellulose
or carbohydrates as a new source for porous graphene.

The LIG formed on the LCPF at a 25% laser power level
was used for further characterization to confirm the formation
of the few-layer graphene structure. TEM was used to study
the micro-/nanostructures. Figure 7a shows the highly
wrinkled structure at the edge of LIG flakes. These structures
have been shown to improve the performance of carbon-based
energy storage devices as better ion diffusion can be
facilitated.”> ™’ The HRTEM image in Figure 7b shows the
long graphene layers stacking together. The lattice space is
around 0.34 nm, which is consistent with other few-layer
graphene materials.'”*** XRD was used to study the
crystalline structure of graphene (Figure 7c). The LIG shows
two peaks at ~26.1° and ~ 43.1°, corresponding to the (002)
and (001) plane of the graphene layer, respectively. The (002)
peak suggests an interlayer spacing of 0.34 nm (Bragg’s law),
which agreed with the result from HRTEM. The tailed (002)
peak suggested that some amorphous carbon would exist in the
LIG.

Porous LIG structures were clearly observed with the LIG
formed on both CPF and LCPF at 25% laser power (Figure 8).

Figure 8. SEM images of LIG. (a—c) CPF-LIG-25. (d—f) LCPF-LIG-
2S.

A porous LIG structure was formed on both film substrates
due to the release of volatile components such as CO, and H,.
More cracks and larger pores were observed from the LIG
derived from the CPF than from the LCPF. This would be due
to the higher cellulose content in the CPF, which could
contribute to the formation of more gaseous components
during lasing and subsequently destroy the continuity of the
LIG film. The large gaps in the LIG can also affect the

https://doi.org/10.1021/acssuschemeng.2c02586
ACS Sustainable Chem. Eng. 2022, 10, 11501-11511


https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c02586/suppl_file/sc2c02586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c02586/suppl_file/sc2c02586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c02586/suppl_file/sc2c02586_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.2c02586/suppl_file/sc2c02586_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.2c02586?fig=fig8&ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://doi.org/10.1021/acssuschemeng.2c02586?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sustainable Chemistry & Engineering

pubs.acs.org/journal/ascecg

Research Article

a v/s b 2
~0094 o0 0.4 mA/cm
£ ——0.02
50064 g0
I ot 0.2
] - S
g. 0.03 —0.2 =
£ 0.00 3 0.0
17 c
$.0.03 3
©0 2-0.24
$-0.06 m
= 0.4
5 .
3-0.09 ! !
g
-0.124— . v . . 0.6 4+— v . v v . v
04 02 00 0.2 0 20 40 60 80 100 120
Voltage (V) Time (s)
c d
— -
£ 14 NE 1
=l =l
~ S~
w 'S
Q Q
Q Q
c c
s s
5 0.1 5 0.1
© ©
Q. [~}
© ©
o o
© w©
(] (7]
e (4
< <
0.01 0.01

005 010 015 0.20

Scan rate (V/s)

0.00

005 010 0.5 _ 0.20

Current density (mA/cm?)

0.00

Figure 9. Performance of SCs fabricated from the LCPF-LIG-25 electrode. (a) CV curves. (b) CC curves. (c) Specific areal capacitance (C,)
calculated from CV curves as a function of the scan rate. (d) Specific areal capacitance (C,) calculated from CC curves as a function of the current

density.
a 0] — 7% b os] mV/s
NE ———1mM DA in PBS NE 0.64 10
S04 > "
3 < 0.4{——a0
£o2 go.z ]——¢0
= ———80,
£ 0.0 2 001
<
[7] $-0.21 : .
0] E 0.2 g ~ R=0.997]
E S-0.44 g
t-0.4- ‘\:_0 6 S0z . R%=0.997
8 e a .6 4 goa -
-0.6 - .0.84 3 scanrate (mu/s
-0.2 4 06 -0.2 4 08

00 02 O
Voltage (V)

00 02 O
Voltage (V)

Current density (mA/cm2 o
2
N

0.0 0.2
Voltage (V)

0.4 0.6

)

e
HY
o

o
HN
»

(=]
=
o

o
=)
®

0 10 2 3 40
Concentration (x10°M)

Figure 10. Performance of the dopamine sensor fabricated from the LCPF-LIG-2S electrode. (a) CV curves at a SO mV/s scan rate in 1 mM
dopamine solution. Inset: testing set-up (RE: Ag/AgCl (3 M KCl) reference electrode; WE: working electrode; and CE: counter electrode). (b)
CV curves at different scan rates in 1 mM dopamine solution. Inset: relationship between the peak redox current density and scan rates. (c) DPV
curves at different concentrations of dopamine. (d) Relationship of the oxidation peak current density from DPV and concentration of dopamine.

Linear fitting is used to determine the sensitivity of the electrode.

electrical conductivity of LIG, resulting in a higher R, for the
CPF-LIG. Cross-sectional SEM images show a relatively
obvious boundary between the porous LIG structure and the
film substrates (Figure 8c,f). The bottom sides of the films
were not affected by the laser power, which can provide

support for further on-chip electronic applications.
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Electrochemical Performance. Supercapacitors. The
on-chip solid-state SCs were fabricated from the LIG-
embedded biomass-based films without LIG transfer. In
particular, the LCPF resulting from ChCI:OA pretreatment
discussed above was laser-scribed at a 25% power level and
used for prototyping. The highly conductive LCPF-LIG-2S in
situ embedded onto the LCPF and worked as both a current
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collector and active electrode, while the LCPF itself served as a
suitable substrate for the SCs. Figure 9 shows the performance
of on-chip SCs fabricated from LCPF-LIG-25. All the CV
curves had good pseudo-rectangular shapes (Figure 9a),
indicating an electrical double-layer capacitive (EDLC)
behavior. The high conductivity of the electrodes made from
LCPF-LIG-25 allows electrons to move quickly within the
electrodes to form the electrical double layer even when the
scan rate was high. The CC curves at different current densities
are plotted in Figure 9b. The nearly triangular shape of CC
curves at all the current densities confirms the good capacitive
behavior. Specific areal capacitances (C,) calculated from CV
and CC curves are plotted in Figure 9¢,d, respectively. The
highest C, from CV curves is 0.57 mF/cm?” at a scan rate of
0.01 V/s, and that from CC curves is 0.98 mF/cm? at a current
density of 0.01 mA/cm® Such capacitance can be further
improved by functionalizing the precursor through heteroatom
doping or introducing pseudocapacitive/conductive materials
to LIG.'”®° The CV curves and CC curves of the SC fabricated
from CPF-LIG-2S are plotted in Figure S10a,b. The decent
capacitance of C, calculated by the CV and CC curves in
Figure S10c,d indicates that both the LCPF and CPF
embedded with LIG-25 can serve as good substrates for
electronic devices.

The equivalent series resistance (ESR) of SCs fabricated
from CPF-LIG-25 and LCPF-LIG-25 were 205 and 57 Q,
respectively (Figure S11). The lower ESR of the SC fabricated
from LCPF-LIG-25 can be attributed to the excellent
conductivity of LCPF-LIG-2S as evidenced by the R; results.
The SCs also had good stability for repeated cycling and long-
term storage. There was no drop of the capacitance over 500
cycles (Figure S12a). After 30-day storage under ambient
conditions, the devices showed similar EDLC behavior as well
as no capacitance drop (Figure S12b,c). This suggested that
the device was stable enough against the acidic solid-state
electrolyte over a long period with decent EDLC behavior
retained.

The CV curves of SCs prepared on LCPF by 22% and 19%
laser power levels are shown in Figure S12d,e. When lower
laser power levels were used, the C, increased from 0.57 to
1.52 mF/cm? at a scan rate of 0.01 V/s (Figure S12f), which is
likely due to more graphene preserved on the substrates. Even
though a higher laser power can ensure improved graphitiza-
tion of the precursor, extra power may cause partial exfoliation
of LIG from the film surface, leading to the loss of active sites
for the formation of the electrical double layer.

Dopamine Sensor. The LCPEF-LIG-25 was further used to
fabricate on-chip dopamine sensors. The device was configured
with LIG serving as both the working electrode and counter
electrode and the Ag/AgCl electrode as the reference
electrode, as shown in the inset in Figure 10a. It is worth
mentioning that a complete on-chip sensor can be fabricated
by preparing the LIG-based homemade reference electrode
using Ag/AgCl ink, although such device fabrication was not
explored here.”’ The fabricated dopamine sensor required
minimal sampling of dopamine solution. Figure 10a compares
the CV curves at a scan rate of SO mV/s with and without
dopamine. No current peak was observed in the absence of
dopamine, that is, PBS buffer only, while the prominent
oxidation peaks appeared when 1 mM dopamine was used for
testing. These results confirmed the dopamine detection ability
of the LIG-embedded biomass-based films. With the scan rate
increasing from 10 to 80 mV/s, the intensity of both anodic
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and cathodic peaks increased accordingly (Figure 10b). The
linear relationship between the intensity of these peaks and the
square root of the scan rate suggested a diffusion-limited
process (inset in Figure 10b). The DPV response was
evaluated across varying dopamine concentrations (1 X 107
to 40 X 1075 M) (Figure 10c). A positive linear correlation was
observed between the intensity of the oxidant peak and
dopamine concentration (Figure 10d). Compared to some
other carbon-based electrodes,**~®* the sensor showed great
sensitivity (2080 A mM™' cm™). The limit of detection
(LOD) was 0.659 X 107 M (S/N = 3), which was much lower
than thlazt of the previously reported biomass-derived dopamine
sensor.

B CONCLUSIONS

A green and facile technique was developed to convert
lignocellulosic biomass into LIG-based electronics. The
biomass-based films were fabricated from the cellulose pulps
of corn stover pretreated by three DESs including ChCIL:FA,
ChCL:EG, and ChCl:OA. Differing from the other two DESs,
pseudo-lignin formation occurred during ChCl:OA pretreat-
ment. Direct laser writing was successfully applied to the
fabricated films to form high-quality LIG. In addition to
regenerated lignin, pseudo-lignin formed from side reactions of
carbohydrate-based compounds was proven to be a good
precursor for LIG formation. The findings provide new insights
into lignin or aromatic biopolymer as a precursor for LIG
production. Furthermore, the work suggests that porous
graphene can be synthesized from carbohydrates involving
controlled reactions of sugars into pseudo-lignin, humins, and
so on. The LIG-embedded biomass-based films were well
suited for the fabrication of on-chip disposable electronic
devices including supercapacitors and dopamine sensors. The
promising performance of the biomass-derived electronics
suggests a new direction for converting biomass into graphene-
based materials and devices.
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