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Abstract

Lignin is the most abundant renewable aromatic polymer in nature; however, its full
potential for conversion to high-value materials for practical applications is yet to be
explored. Herein, a flash Joule heating process that enables the efficient conversion
of lignin into a graphene-based nanocomposite is demonstrated. This method lever-
ages the mixing of lignin with a ferric trichloride (FeCl;) solution to allow the insu-
lated lignin to be conductive, thus producing an instantaneous high-temperature and
high-pressure environment through electrical flash Joule heating. This efficiently
converts the cheap carbon source into graphene and in situ loads ferroferric oxide
(Fe;O,) nanoparticles onto the graphene flakes. Importantly, the prepared graphene/
Fe;O, nanocomposites were naturally endowed with electromagnetic wave absorp-
tion properties. The developed method eliminates the need for multistep processes
and expensive equipment and shows broad prospects for facile processing of func-
tional materials from low-value carbon sources.
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Introduction

Lignin is the most abundant renewable natural aromatic polymer in the world [1, 2].
The dry weight of lignin found in most terrestrial plants is approximately 15-40%,
which is regarded as an ideal precursor of carbon materials [3, 4]. Moreover, lignin
is the main component of black liquor in papermaking chemical waste. It is esti-
mated that only 2% of the 50 million tons of lignin isolated from the process of pulp-
ing was used for personalized utilization [5, 6]. Therefore, developing a new route to
promote the conversion of lignin into high-value materials is of great significance.

Theoretically, lignin can be used as a raw material for the preparation of gra-
phene. Among the preparation methods of graphene, the more mature ones are
mechanical stripping [7, 8], redox method [9-11], and chemical vapor deposi-
tion (CVD) [12, 13]. However, only a few studies have successfully converted
lignin into graphene, these include hydrothermal reforming method with long
time (more than 12 h) and low efficiency [14, 15], CVD methods with expensive
equipment [16], and carbonization methods with low efficiency [17]. In addition,
these methods require cumbersome process, lengthy processing time, expensive
equipment, and strong oxidants that are harmful to the environment. Although the
laser irradiation method for thin-film manufacturing has been developed in recent
years [18-23], it is still unable to efficiently prepare graphene on a large scale.

Recently, a novel processing method called flash Joule heating (FJH) has been
reported, which can utilize a variety of raw materials to prepare graphene [24,
25]. During the flash Joule heating processing, by using the transient discharge of
a capacitor bank, the environment in which the material is processed will instantly
rise to extremely high temperatures and pressures due to the Joule heating effect,
resulting in processing products that are unmatched by conventional processing
methods [26]. For example, holey and wrinkled flash graphene (HWFG) was pro-
cessed from waste plastics using the FJH method, and HWFG was capable to be
a stable catalyst in the metal-free hydrogen evolution reaction [27]; similarly, tur-
bostratic flash graphene (tFG) was processed from waste rubber and was added
into cement to improve the compressive strength [28]. However, this FIH meth-
od’s premise in successfully preparing high-quality graphene is that the carbon
source to be processed needs to have good conductivity. Therefore, when dealing
with carbon sources that typically have poor conductivity, highly conductive and
expensive additives must be added, such as carbon black [24, 25].

Consequently, when processing lignin by FJH method, it needs to find an addi-
tive that is inexpensive and helps to improve the value of lignin. Adding iron
solution to lignin is a good choice. Because the iron solution is facile to obtain
and has good electrical conductivity, moreover, the presence of iron in the flash-
induced graphene has the advantage of high saturation magnetization and high
permeability, which can attenuate electromagnetic waves by magnetic loss and
has good wave absorption properties [29-31], thereby, significantly improving
the utilization value of the product.

In this study, through mixing of lignin with a ferric chloride solution to allow
the insulated lignin to be conductive, an instantaneous high-temperature and
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high-pressure environment wad produced through electrical flash Joule heating
under which high-quality graphene can be obtained, which is called lignin-derived
graphene (L-FG). In addition, taking advantage of reducing the ferric ions (Fe*™)
in the salt solution during the flash Joule heating process, Fe;0, nanoparticles
were uniformly loaded in situ in the porous L-FG, which is naturally suitable for
electromagnetic wave absorption. Compared with the previously reported flash
Joule heating method, the developed method can convert poor conductivity raw
materials into high-quality graphene-based materials, showing potential applica-
tion prospects in material processing.

Experimental section
Materials

The sodium lignosulfonate used in this study was purchased from Fuyang Manlin
Biotechnology Co., Ltd; to simulate the FeCl; in seawater, solute FeCl;-6H,O pur-
chased from Alfa aesar company was used. During the experiments, FeCl;-6H,0
and deionized water were mixed to form a uniform activation solution with a specific
concentration. Then, a certain amount of sodium lignosulfonate and FeCl; solution
were taken to stir in a mortar to form a paste, which was used as the carbon source.

Methods

A piece of self-developed discharge equipment was used in this study, mainly
including a high-voltage power supply, an electrical cabinet, a vacuum chamber, and
a vacuum pump. First, the mixture of lignin and FeCl; solution (25wt%) was pre-
pared and placed in a quartz tube that was installed in the vacuum chamber. The
outer and inner diameter of the quartz glass tube is 20 mm and 10.2 mm, respec-
tively. Subsequently, two copper electrodes with a diameter of 10 mm were assem-
bled at both ends of the quartz tube. The other ends of these two copper electrodes
were connected to the two poles of the capacitor bank in the electrical cabinet,
respectively. The capacitor bank consists of 12 mF and 36 mF sub-capacitors for a
total of 240 mF. After charging the capacitor bank with the high-voltage power sup-
ply with a maximum voltage of 1000 V, the charging circuit was switched off, and
the discharge circuit was switched on sequentially. In this way, a large number of the
charge stored in the capacitor bank quickly flowed through the lignin/FeCl; mixture,
and discharged to produce an extreme high-temperature and high-pressure environ-
ment, resulting in the desired products.

Characterization
A scanning electron microscope (SEM, SU8220, Hitachi, Japan) was used to study

the morphology of F-LG/Fe;0,. Raman spectroscopy was performed by a Raman
microscope (Raman, LabRAM HORIBA France) excited with a 532 nm laser at
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room temperature. Powder products were dispersed by ultrasonic and transferred
to the microgrid carbon film, and the micromorphology of F-LG/Fe;0, was exam-
ined by TEM (FEI Tecnai G2 F20). X-ray energy dispersive spectroscopy (EDS)
was used to analyze the elemental composition and distribution. X-ray photoelec-
tron spectrometer (XPS, Thermo Fisher Scientific K-Alpha) was used to character-
ize the elemental composition and content of L-FG/Fe304; during the analysis, the
vacuum degree in the analysis chamber was better than 2 x 10~ mBar, x-ray source
(the beam spot of the Al target was 400 pm, the voltage and current were 15 kV and
10 mA, respectively, and the covalent Cls peak (284.8 eV) was used as the reference
to correct the spectral data. X-ray diffraction (XRD) spectrometry was recorded on
a Bruker D8 Advance x-ray diffractometer equipped with a diffracted-beam mono-
chromator set for Cu Ka radiation (1=1.5418 A) to analyze the chemical composi-
tion of the elements contained. Atomic force microscopy (AFM, Bruker Dimension
FastScan) was performed to measure the thickness of graphene.

The EM parameters were measured by using a vector network analyzer (ES071C,
Agilent, USA) from 2 to 18 GHz. The as-prepared samples and paraffin wax were
homogeneously mixed in a mass ratio of 7: 3, and then pressed into toroidal rings
(Pou="7.00 mm, ¢;,=3.04 mm).

Results and discussion
Preparation and characterizations of F-LG/Fe;0,

Figure 1A shows a schematic illustration of the preparation of F-LG/Fe;0,. Raw
lignin is not conducive to processing by flash Joule heating due to the poor conduc-
tivity, however, iron has been reported to induce graphitization in solid carbon mate-
rials in situ during pyrolysis and increase the capacitance of graphite by two orders
of magnitude [21], through mixing of lignin with a ferric chloride solution to allow
the insulated lignin to be conductive, it is possible to obtain high-quality graphene
under an instantaneous high-temperature and high-pressure environment created by
the electrical flash Joule heating method. Therefore, it is proposed that mixing lignin
with FeCl; solution and followed by electrical-flashed in the confined space, because
of the existence of an external electric field, the ions in the mixture can move direc-
tionally in the wet mixture (Fig. 1b), herein, a conductive path through ion transport
is believed to be formed, producing a large amount of joule heat in lignin. Thus, an
extremely high-temperature and high-pressure environment is created, under which
Fe* and Cl™ are inserted between the carbide layers, resulting in the rapid conver-
sion of lignin into high-quality graphene (Fig. 1c).

To prove the hypothesis, fabricating F-LG was proceeded on the self-developed
discharge equipment (Fig. 1d). After 350 mg of lignin was mixed with 150 pL FeCl,
solution, the mixture was placed into the discharge equipment which was switched
on subsequently, therefore, a large amount of the charge quickly flowed through
the lignin/FeCl; mixture, discharged to produce an extreme high-temperature and
high-pressure environment due to the Joule heating effect (Fig. 1e). Because of the
high temperature produced by discharge, FeCl; first reacted with water in the raw

@ Springer



Facilely preparing lignin-derived graphene-ferroferric... 593

L-FG/Fe,0, e—

powder Q

J (W18
3' . :g —Q Y,
Q @
o + 3 e
9. d @
PEAL 3 \})Q v » - -
w\ @ S
BN - b Q@ & ‘ Qcr-
Y T #} (37 C !
. o 0 @H0
c o §
LN
HCI Oz gz
® |ntercalation =T Exfoliation
< E— o > —
e) e e —
J €) — @
©)Electron L-FG / Fe,0,
Vacuum
d chamber f 5| Lignin & FeCl,
Aspirator Before discharge
i I 1% discharge
e 5 / Electrical £’ 2" discharge
Qﬂ, 0 b ot = \ [ |3 discharge
i) 5
-
; = e
O of —==
Flash process K
0.0 0:2 0.4 0.‘6 0.8 1.0
Interactive interface  Capacitance Potential (V)

Fig. 1 Process and setup of flash Joule heating. a concept of preparing graphene Fe;O, nanocomposites
through flash Joule heating; b The cations and anions move directionally during the flash Joule heating
process; ¢ Electron and ion transport co-existed during the flash Joule heating process; d Self-developed
electrical flash Joule heating equipment; e The flash at the discharge moment created a high-temperature
and high-pressure environment in the quartz tube; f Capacitance in a quartz tube changes with discharge
cycles

material to produce ferric hydroxide (Fe(OH),) and irritating colorless gas hydrogen
chloride (HCI), as shown in Eq. 1:

>1800K
FeCl, + 3H,0 — Fe(OH); + 3HCI 1 (1)

Simultaneously, the produced HCIl gas was pumped out of the quartz tube using
a vacuum pump. As the carbonization process proceeded, the carbides gradually
increased, resulting in a gradual decrease in resistance; thus, the electrons freely
moved along the paths formed by the carbides (electron transport path). Therefore,
the carbides were gradually peeled off to produce L-FG. It was observed that before
the final discharge-induced flash, after the first three pure discharges, the capaci-
tance of the activated mixture of ferric chloride and lignin decreased successively,
and after the first and second discharge cycles, the current—voltage (CV) curves still
maintained a pseudo rectangle (Fig. 1f), indicating a typical double-layer capaci-
tance behavior and ion transport path in the wet-flash processing. It should be
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mentioned that the capacitance approached zero at the third discharge (Fig. 1f), as
all the water in the mixture was evaporated by the high temperature, causing the
discharge, only dry carbides were left. It was found that when the capacitance of the
raw material was 0, the discharge produced dazzling white light, which means that
the local temperature in the quartz tube reached at least 3000 K. As the temperature
was higher than 1800 K, the produced Fe(OH); was unstable and decomposed into
ferric oxide (Fe,O,) and vapor, as shown in Eq. 2:

A
Fe(OH); — Fe,0; + 3H,0 1 2)

The produced Fe, O, continued to decompose into oxygen and Fe;O,, which is
the stable form of iron oxide at high temperatures, as shown in Eq. 3:

A
6Fe,0; — 4Fe;0, + O, 1 (3)

Therefore, the total equation for this process can be rewritten as Eq. 4:

>1800K
12FeCl, + 18H,0 — 4Fe,0, + 36HCI 1 +O, 1 ©)

Previous reports on solvent-free flash processing called this carbonization process
before stripping as a simple preheating treatment [32], which is a single-electron
transport mechanism. However, during the processing reported in this study, the ion
transport path was introduced, thus accelerating the carbonization process.

To verify that graphene was formed after flash Joule heating processing, Raman
characterizations were performed. Raman spectra (Fig. 2a) showed that there were
three main peaks in the spectra of L-FG, the D peak at 1336 cm™!, the G peak at
1578 cm™!, and the 2D peak at 2680 cm™! [33]. In Raman spectroscopy, the ratio
of D-peak to G-peak of graphene is related to the surface defects, and the lower the
ratio, the fewer the defects of graphene; the shape of the 2D peak is related to the
number of layers of graphene, and the higher the intensity and narrower the half-
peak width, the fewer the corresponding layers of graphene. For the produced L-FG,
the ratio of the D peak intensity to the G peak intensity (Ipy: I;) was 0.56, and the
ratio of the 2D peak intensity to the G peak intensity (I,: I5) was as high as 1.5. By
matching the shape of the 2D peak and referring to the ratio of the 2D peak to the
G peak, it can be inferred that the L-FG with the least layers corresponds to single-
layer graphene [33-35]. After spectral fitting and systematic analysis, it was noted
that there was a peak at 1778 cm~! in the 1650-1800 cm™! band, which is called
the M band caused by an intra-valley double resonance scattering process (Fig. 2b),
indicating that Bernal (AB type) stacking exists in the L-FG [36, 37]; peaks were
observed at 1897 cm™! and 2040 cm™!, which indicated that there was a turbine-like
stacking in the L-FG [36, 38], which is consistent with a previous report [39]. In
terms of studying the effects of charging voltage on the processed products, it was
found that when the voltage was 160 V, the I,/I; reached a minimum value (Fig. 2c,
d), which indicated that the product was a type of three-dimensional graphene with
the fewest defect. Meanwhile, when the voltage was increased from 120 to 180 V,
I/l increased, indicating a higher quality graphite structure was formed; when
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Fig.2 Raman characterization of L-FG. a The products Raman spectra derived from lignin (the process-
ing parameters of corncob powder: voltage: 160 V, capacitance: 72 mF, pressure: 1 kPa, discharge times:
5); b Magnification of the Raman spectrum in (a); ¢ When the charging voltage increases from 120 to
200 V, the changes of the Raman spectrum (charging capacitance: 36 mF, pressure: 1 kPa, discharge
times: 5); d The changes of I,/I; and I;,/I; in Raman spectra corresponding to (c); ¢ When the charge
capacitance increases from 36 to 72 mF, the Raman spectrum changes (charge voltage: 140 V, pressure:
1 kPa, discharge times: 5); f When the discharge times increases, the changes of the Raman spectrum
(charging capacitance: 72 mF, pressure: 1 kPa, charge voltage: 160 V)

the voltage was continually boosted to 200 V, the I/l ratio increased, while the
L/l ratio decreased significantly. The reason can be explained as follows: as the
high voltage caused too fast material carbonization, iron ions did not have enough
time to catalyze the reactions and intercalate the graphite layers; thus, the generated
L-FG has more layers and impurities. Figure 2e shows the effects of the charging
capacitance on the L-FG. It was found that with an increase in capacitance from
36 to 72 mF, the stripping of graphene was effectively increased and the defects of
L-FG decreased as the 2D peak became distinct. In addition, the discharge cycles
had an impact on the process (Fig. 2f). At least three discharge cycles were required
to achieve the carbonization and stripping of lignin. Interestingly, when 5 wt% of
Cochin black was mixed with lignin, the quality of graphene could be increased after
the same discharge cycles. It was speculated that adding a small amount of Cochin
black to lignin can effectively prevent the conversion of L-FG from re-polymeriza-
tion into graphite. Moreover, Cochin black can make full contact between the carbon
source additive and the lignin carbon source without affecting the iron activation
reaction. Increasing the concentration of FeCl; solution in the mixture also resulted
in a higher intensity of the 2D peak of L-FG (Figure S1) due to the fact that the
increased concentration of FeCl, facilitated carbonization of the raw material, how-
ever, when the concentration of FeCl; solution in the mixture was above 25 wt%,
crystallized FeCl; was formed as impurities in the product. In summary, from the
Raman spectra, the L-FG prepared by the flash Joule heating processing method
is superior to most previously reported biomass-derived graphene [21, 22, 40—42]
(Table S1).
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Scanning electron microscopy (SEM) characterization showed that the gra-
phene flakes had an obvious foam morphology (Fig. 3a, b). This is because, during
the iron-catalyzed lignin conversion, porous structures were formed by the partial
decomposition of lignin and evaporation of water in the raw materials [39]. High-
resolution transmission electron microscopy (HRTEM) showed that the spacing
between each layer was approximately 0.342 nm (Figs. 3c, d and S2), and there was
AB-type stacking and turbine (rotational dislocation) stacking in the carbon atomic
layer of L-FG (Fig. 3e), which is consistent with the results of Raman spectroscopy
(Fig. 2b). Atomic force microscopy (AFM) revealed that the thickness of L-FG was
approximately 4.1 nm (Fig. 3f, g) as there were dense nanoparticles loaded on L-FG
(Fig. 3h), and the load was also inspected by TEM (Fig. 3i). After further crystal
spacing measurement (Fig. 3j) and energy dispersive spectroscopy (EDS) analysis
(Fig. 3k, 1), it is speculated that the loaded nanoparticles were Fe;0, crystals.

To further verify that Fe;O, nanoparticles were loaded in the L-FG networks,
high-resolution XPS analysis of the samples was performed. The x-ray photoelec-
tron spectroscopy (XPS) results (Fig. 4a) showed that the product was composed of
Fe, C, O, and N. The Cl1s photoelectron spectrogram showed that the binding energy
had three peaks at the binding energies of 284.80, 286.41 and 288.70 eV, corre-
sponding to sp? C—C, C—O/C-N and O—C=0 bonds, respectively (Fig. 4b). For the
photoelectron spectrum of Ols, three peaks were formed at the binding energies of
533.49, 531.61, and 531.74 eV after peak splitting, corresponding to C—O, C=0 and
C-O-Fe, respectively (Fig. 4c). The formation of the C—O-Fe bond could be attrib-
uted to the replacement of the oxygen-containing functional groups on the surface

. monolayer graphene
loaded with NPs

50

. 1 0 30 40
Height Sensor Horizontal Distance (nm)

Fig.3 Morphology and composition characterization of L-FG. a-b SEM of L-FG flasks; ¢ TEM of
F-LG products; d HRTEM of graphene layer, the insert showed the distance between L-FG parallel lay-
ers was 0.342 nm; e Coexistence of turbine stacked graphene and AB type stacked graphene in L-FG; f
A typical AFM image of L-FG and the corresponding height difference shown in (g); h SEM of L-FG/
Fe;0, nanocomposite; i TEM of L-FG/Fe;0, nanocomposite; j HRTEM of Fe;0,, the insert showed
the distance between parallel layers of Fe;0, crystal was 0.26 nm; k and i EDS element distribution of
L-FG/Fe;0, nanocomposite
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Fig.4 XPS and XRD characterizations of L-FG/Fe;O, and Raman spectra of products derived from
other material sources. a XPS characterizations of L-FG/Fe;04; b Cls XPS spectra of L-FG/Fe;0,; ¢
Ols XPS spectra of L-FG/Fe;0,; d Ols XPS spectra of L-FG/Fe;O,; inset was Fe2p XPS spectra of
L-FG/Fe;0,4 with high-resolution spectra of Fe2p;,; e XRD characterization of L-FG/Fe;O,4; f The
Raman spectra of products derived from corncob powder and corn straw powder (the processing param-
eters of corncob powder: voltage, 180 V; pressure, 1 kPa; discharge cycles, 5); the processing parameters
of corncob powder: voltage, 180 V; pressure: 1 kPa, discharge cycles, 5); g Raman spectra of products
derived from tobacco powder (processing parameters: voltage, 140 V; pressure, 1 kPa; discharge cycles:
5)

of the porous graphene by Fe atoms [40, 43]. Figure 4d depicts the photoelectron
spectrum of Fe2p, with two groups of peaks of Fe2p,, and Fe2p,, appearing at
the bonding energies of 725.28 eV and 711.138 eV, with no obvious companion
peak (satellite peak) between them, indicating that the amount of Fe,O; in the prod-
uct was very small [44]. Further in-depth analysis of Fe2p;,, peak (Fig. 4d) showed
that the total peak could be divided into Fe** peak at 711.95 eV and Fe?* peak at
710.59 eV. By calculating the integral area surrounded by these two small peaks and
the baseline, the average ratio of Fe’* to Fe** was approximately 4:1. As the ratio
of Fe3* and Fe?* in Fe;O, was 2:1, the above results showed that the L-FG-loaded
particles in the product were mainly Fe;O, coexisting with Fe,O5. The characteris-
tic spectrum of Fe;O, can be clearly observed in the x-ray diffraction (XRD) spec-
trum (Fig. 4e). The above results prove that during the flash Joule heating process,
because of the local high temperature, FeCl; was converted into Fe;O, through a
series of chemical reactions which is consistent with the XPS results.

In addition, it was noted that not only commercial lignin is converted into L-FG
through flash Joule heating processing but also lignin-rich raw materials, such as
corn cob and corn straw (Fig. 4f). Interestingly, it was also found that when 50 wt%
lignin was mixed with unusable biomass with low lignin content, such as waste
tobacco, the mixture could be successfully converted into graphene (Fig. 4g), which
suggests that lignin can be used as a detonator to improve the value of biomass
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with low lignin content, and greatly expands the types of carbon sources that can
be processed. The reason why lignin can assist the electrical discharge process can
be expressed as follows: first, the strong hydrophilicity of lignin mixed with other
biomass powders makes the mixture to come into full contact with the metal salt
solution, providing ion transport channels and decreasing the resistance. Second,
lignin can be easily ignited as its ignition point is approximately 400 °C; thus, only
a small current can trigger a large amount of lignin, which is conducive to their car-
bonization and other biomass, providing carbides for subsequent electron transport
channels.

Characterization of electromagnetic absorbing properties

Because Fe;O, has a high theoretical specific capacitance, high cost-effectiveness,
low toxicity, and natural abundance, it is an attractive doped material used in elec-
tromagnetic wave absorption. However, the preparation method of iron-doped elec-
tromagnetic wave-absorbing materials has the disadvantages of cumbersome and
low efficiency, which cannot satisfy the needs of the rapid development of the con-
sumer electronics market. The flash Joule heating method exploits the instantaneous
high temperature and high pressure created by the flash to fulfil the raw material
conversion and increase the doping density in the composites, which inspired the
next exploration of the potential application of electromagnetic wave absorption.

To evaluate and better understand the mechanism of the electromagnetic
(EM) absorbing properties of L-FG/Fe;0, nanocomposite, L-FG/Fe;0, with a
loading ratio of 70 wt% in the paraffin composites were prepared, and the fre-
quency-dependent electromagnetic parameters in the range of 2.0 to 18.0 GHz
were inspected. As both the real (e) and imaginary (¢') parts of the complex
permittivity fluctuated in the frequency range of 2.0-18.0 GHz (Fig. 5a), indi-
cating the existence of polarization behavior in the L-FG/Fe;0, nanocompos-
ite caused by the heterointerfaces, conductive carbon sheets, and defects in the
L-FG/Fe;0, nanocomposite [45]. There were different ferromagnetic resonance
modes in the magnetic loss tangent (tan §,) of the L-FG/Fe;0, composites
(Fig. 5a). The resonant peaks occurring at low frequencies were attributed to
natural resonance from static magnetic energy, while the resonant peaks at high
frequencies were attributed to the exchange resonance among the small Fe;O,
nanoparticles [46, 47]. Moreover, the tan §, values were much smaller than the
tan o, values (Fig. 5a), which indicated that the dielectric loss played a major
role in the EM wave absorption of the L-FG/Fe;O, composite. Figure 5b shows
the Cole—Cole semicircle plot of L-FG/Fe;O, composites in the frequency range
of 2.0-18.0 GHz. It can be seen that there were multiple semicircles, indicat-
ing that the Debye relaxation process contributed to the dielectric loss of the
composite [48]. In addition, there were many irregular semicircles, which meant
that there were other dielectric loss mechanisms, such as interfacial polarization,
conductivity loss and dipole orientation polarization [49, 50]. Under alternat-
ing EM field conditions, with the introduction of Fe;0, nanoparticles, a large
number of free charges gathered at the interface between Fe;O0, nanoparticles
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imaginary (u") parts of complex permeability, and magnetic loss tangent (tan §,) of L-FG/Fe;0, in a par-
affin matrix with 70 wt % loading. b typical Cole-Cole plot and ¢ C, curve of L-FG/Fe;O, composites.
d Reflection loss curves and e corresponding three-dimensional counter maps of L-FG/Fe;O, nanocom-
posite

and carbon flakes, as well as the interface between the L-FG/Fe;O, compos-
ite and paraffin, creating sufficient interfacial polarization. In addition to this,
as revealed by XPS, the L-FG/Fe;0, composite had many surface functional
groups and localized defects such as C=0, C-0, and dangling bonds, which
contributed to conductivity loss.

For the magnetic loss, the eddy current loss (Cy) curve for the L-FG/Fe;O,
nanocomposite remained nearly constant with an increase in frequency in the
range of 14.2-18.0 GHz (Fig. 5c), shows that the magnetic loss was dominated
by the eddy current loss in the high-frequency range, together with natural reso-
nance and exchange resonance.

Figure 5d, e shows the calculated reflection loss (RL) and the corresponding
three-dimensional counter maps of the L-FG/Fe;O, nanocomposite in the fre-
quency range of 2.0-18.0 GHz at different thicknesses. The minimum RL value
of L-FG/Fe;0, nanocomposite reached —16.6 dB at 12.6 GHz with the thickness
d of 2.9 mm, and the effective absorption bandwidth almost reached 3.7 GHz
(10.2-13.8 GHz). The effective absorbing bandwidth involves the X-band and
Ku-band. It can be seen that the attenuation peaks gradually shift to the low-
frequency region with an increase in the absorber thickness, which can be
explained by the quarter-wavelength attenuation principle. Moreover, the quali-
fied microwave absorption of L-FG/Fe;O, nanocomposite covered up a region
of 4.8 GHz (9.0-13.8 GHz) by increasing the thickness from 2.9 to 3.9 mm. The
results clearly showed that the sample obtained by the wet-flash method had EM
wave absorption capability in both absorption intensity and qualified bandwidth.
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Conclusion

In this work, a flash Joule heating method was proposed to fabricate high-quality
L-FG/Fe;O, nanocomposites from a mixture of lignin and ferric chloride solution.
The results showed that the presence of iron trichloride promoted the effective inter-
calation and uniform exfoliation of cations on lignin carbons resulted in at high tem-
peratures, enabling the preparation of lignin-derived graphene with few layers and
defects from nonconducting lignin by flash Joule heating, as verified by Raman and
high-resolution TEM characterization. More importantly, the Fe;O, nanoparticles
were produced and in situ loaded on the lignin-derived graphene sheets as confirmed
by TEM and XRD characterization. The characterization of electromagnetic absorp-
tion properties showed that the L-FG/Fe;O, nanocomposites achieved a minimum
RL value of —16.6 dB and a qualified microwave absorption region of 4.8 GHz,
which indicated a significant increase in the utilization of lignin. Thus, the proposed
method provides a feasible and economical approach for the fabrication of high-
performance graphene-based functional composites and can be extended to general
low-value biomass processing.
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