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Abstract: Lignin-based carbon fibers (LCFs) with graphitized structures decorated on their surfaces
were successfully prepared using the simultaneous catalyst loading and chemical stabilization of melt-
spun lignin fibers, followed by quick carbonization functionalized as catalytic graphitization. This
technique not only enables surficial graphitized LCF preparation at a relatively low temperature of
1200 °C but also avoids additional treatments used in conventional carbon fiber production. The LCFs
were then used as electrode materials in a supercapacitor assembly. Electrochemical measurements
confirmed that LCF-0.4, a sample with a relatively low specific surface area of 89.9 m? g~!, exhibited
the best electrochemical properties. The supercapacitor with LCF-0.4 had a specific capacitance of
10.7 Fg~1 at 0.5 A g1, a power density of 869.5 W kg1, an energy density of 15.7 Wh kg~!, and a
capacitance retention of 100% after 1500 cycles, even without activation.

Keywords: lignin; carbon fiber; catalytic graphitization; supercapacitor; electrochemical performance

1. Introduction

Many studies have explored biomaterial production to address environmental deteri-
oration and diminishing oil reserves [1-3]. Among biomass resources, as an inexpensive
biopolymer with high carbon content and excellent biodegradability, lignin receives con-
siderable interest [4,5]. Despite being the second most common form of biomass on Earth,
most lignin is burned for energy recovery, and only 5% of the material is utilized to produce
biobased products, causing severe lignin underutilization and wastage [6-9]. Consequently,
novel uses of lignin must be identified to raise its value.

Supercapacitors are a type of energy storage device that can store and release energy
quickly and efficiently. They have been used in various applications such as electric vehicles,
renewable energy systems, and consumer electronics [10]. Structurally, supercapacitors
consist of two electrodes separated with a separator with an electrolyte. The electrode
materials play a crucial role in determining the performance of supercapacitors. Carbon
fibers (CFs) are a promising electrode material for supercapacitors due to their large surface
area, high electrical conductivity, and unique flexibility. However, the major limitation
for this application is the high cost of the precursor, pol-yacrylonitrile (PAN; USD 33/kg),
which accounts for more than half of CF production costs [11]. In addition, as a carbon
source, PAN releases toxic substances during carbonization. Thus, it is necessary to choose
a greener carbon source to produce carbon nanofibers.

CFs derived from lignin are promising for the long-term production of high-value
commodities as the electrode material in supercapacitors [12,13]. Owing to its high carbon
content of over 60%, lignin is a potential alternative to polyacrylonitrile (PAN) for affordable
CF production [14-19]. The conventional preparation of lignin-based carbon fibers (LCFs)
follows these steps: (1) fabricating lignin fibers (LFs) via spinning technology; (2) stabilizing
the fibers using chemical or thermal treatment to obtain lignin-based stabilized fibers (LSFs)
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as CF precursors; (3) carbonization at thousands of degrees Celsius to prepare CFs; and
(4) functionalizing the CFs to obtain unique morphological and structural properties,
such as a large surface area, appropriate pore size distribution, and graphitic carbon
structure [8,20-31]. Among these steps, the fiber stabilization process is the most expensive
as it takes over 30 h and accounts for a greater proportion of the entire cost of CF produc-
tion [9]. LCFs with graphitic structures are favored as electrode materials in energy storage
devices [32-36]. However, realizing such a structure requires energy-intensive graphitiza-
tion at 2000-3000 °C [37]. Therefore, investigating high-performance supercapacitors using
inexpensive LCFs with unique structures is crucial.

Catalytic graphitization using a metal catalyst is a promising method for transforming
an amorphous carbon framework into a graphitic structure. Nickel catalysts have been
found to be effective in lowering the graphitization temperature of carbon fibers and are
more appealing due to their high abundance on earth [38,39]. To achieve sufficient loading
of catalysts, Kubo et al. mixed hardwood acetic acid lignin with a nickelous catalyst and
followed this with a series of stirring, drying, and grinding processes [40]. However, this
process was unable to keep the carbon fiber form. Choi et al. carried out this catalytic
graphitization process using commercial PAN-based CFs [41]. They first removed the sizing
material of CFs using acetone solution and then subjected them to catalyst loading and
additional heat treatment for several hours at elevated temperatures to enhance catalyst
deposition. Therefore, it is still worth investigating the synthesis of low-cost LCFs with
graphitized structures as electrode materials.

Herein, fusible polyethylene glycol lignin (PEGL) fibers were prepared using melt
spinning without solvents. Nickelous catalyst loading and melt-spun LF chemical stabi-
lization were then conducted concurrently, followed by fast simultaneous carbonization
and catalytic graphitization at 1200 °C. Such a combined LCF preparation process should
dramatically decrease the cost. The resulting LCFs with a graphitic structure were used as
electrode materials in supercapacitors. The electrochemical performance of the devices was
investigated. The scheme of LCF preparation and supercapacitor assembly is presented in
Figure 1.
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Figure 1. Schematic illustration of LCF preparation and supercapacitor assembly.

2. Materials and Methods
2.1. Materials

Poplar wood chips were purchased from Senyi Wood Company (Jinan, China), while
polyethylene glycol 400 (PEG 400), HCI, H,SO4, and NaOH were bought from Damao
Chemical Reagent Company (Tianjin, China). Nickel (II) acetylacetonate [Ni(acac),, 95%]
was supplied by Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Car-
boxymethyl cellulose sodium (CMC) and carbon black (CB) were purchased from Macklin
Biochemical Co., Ltd. (Shanghai, China), while triethylmethylammonium tetrafluoroborate
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(TEMABEF,) and dimethyl carbonate (PC) were purchased from TCI Development Co., Ltd.
(Shanghai, China). All chemicals were used as received.

2.2. Melt Spinning of PEGL

PEGL was first isolated from poplar wood chips using organosolv pulping with PEG
400 [42—44]. Briefly, 200 g of air-dried wood chips was cooked using 0.3% H,SO4/PEG
400 at 140 °C for 1.5 h. The liquor-to-wood ratio was 5:1. After the solvolysis reaction, a
0.2 M NaOH aqueous solution was used to extract the lignin components. The extractives
were then washed with water and dried to obtain PEGL. Then, PEGL was melt-spun into
LFs using a high-pressure melt-spinning apparatus (TL-03; Tongli Co., Ltd., Shenzhen,
China). Melt spinning was performed at 150-200 °C under boost pressure between 0.30
and 1.20 MPa. The syringe needle size was 0.44 mm, and the collector rolling speed was
10 rpm.

2.3. Preparation of CFs from PEGL

Different amounts of Ni(acac), were dissolved in 6 M HCI to prepare a homogenous
solution. The LFs were then immersed in the solution and kept at 105 °C for 2 h for chemical
stabilization to obtain LSFs loaded with Ni(acac),. Then, the LSFs were carbonized in a
horizontal tube furnace (GSL-1600X; Hefei Kejing Material Technology Co, Ltd., Hefei,
China) using programmed heating under N; stream protection. The program involved
5 °C min~! heating from room temperature to 250 °C, 3 °C min~! heating from 250 °C
to 1200 °C with a 1 h dwell at 1200 °C, and a cool down to room temperature to obtain
LCFs. These fibers were referred to as LSF-x and LCF-x, where x is the concentration of
Ni(acac), /HCl solution ranging from 0 to 0.6 M.

2.4. Supercapacitor Assembly

Powdered LCF samples with CB were suspended in a 2 wt% CMC aqueous solution
as electrode material slurry. The LCF/CMC/CB weight ratio was maintained at 85:10:5.
The slurry was then coated on Al foil to dry. Circular sheets were cut to obtain electrodes
with a diameter of 16 mm and an LCF loading of approximately 2.5 mg. Subsequently, the
electrodes and cellulosic paper (separator) were both immersed in a 1.2 M TEMABF, /PC
electrolyte solution and then degassed. Finally, the supercapacitors were assembled by
sandwiching the electrodes and separators in a split test cell.

2.5. Characterization
2.5.1. Morphological Analysis

The morphologies of the LSF and LCF samples were investigated using field-emission
scanning electron microscopy (SEM, 54800, Hitachi, Tokyo, Japan) at an acceleration voltage
of 5 kV. The elemental composition on the LCF surfaces was investigated using energy-
dispersive X-ray spectroscopy (EDS; Rigaku Corporation, Tokyo, Japan). To quantify the
surface areas and porosities of the LSFs and LCFs, we performed Ny adsorption/desorption
measurements at —196 °C using a chemisorption analyzer (ASAP2460, Micromeritics, San
Antonio, TX, USA). The specific surface areas and average pore sizes were calculated using
the Brunauer —Emmett—Teller (BET) model. The internal and external specific surface areas
were calculated using the t-plot method in a relative pressure range of 0.2-0.5. The pore
size distributions were calculated using the non-local density functional theory model.

2.5.2. Thermal Analysis

Thermogravimetry (TG) and differential scanning calorimetry (DSC) were conducted
using a dual system (TG-DSC, STA449F3-1053-M, Netzsch, Free State of Bavaria, Germany)
from room temperature to 800 °C with a heating rate of 10 °C min~! under a N, atmosphere.
The extrapolated onset (Tq) and endset (Toq) decomposition temperatures were obtained
from the intersection of the horizontal baseline and tangent at the point of maximum
gradient on the TG curves.
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2.5.3. Carbonaceous Structure Analysis

Carbon structure identification of the LCFs was conducted using X-ray diffraction
(XRD, D8 Advance, Bruker, Karlsruhe, Germany) with CuK« (A = 1.5406 A) radiation at
40 kV and 40 mA. XRD patterns were recorded in the 20 range of 10°-60° at a scan rate
of 6° min~!. Equations (1) and (2) were used to compute the spacing between the sheets
(doo2) of LCFs [5,12,45,46] and the average crystallite size (L) [5,12]:

A

d002 = m (1)
KA
¢ PBcosH @

where K = 0.94, 0 is the diffraction angle, and (3 is the peak width at half of the
maximum intensity.

Raman spectroscopy with a 532 nm excitation laser (Thermo Scientific DXRxi, Thermo
Fisher Scientific, Springfield, MA, USA) was used to characterize the microstructures of the
LCEF surfaces. The laser power was set to 0.1 mW to avoid overheating the LCF surfaces.
Each spectrum was recorded for 300 s. The crystalline sizes (L,, in nm) of the LCFs were
calculated using Equation (3) [47]:

La=2.4 x 107 10\*R ! 3)

where A is the laser wavelength (nm), and R is the integrated area ratio of the D-band
(1350 cm~1) to the G-band (1600 cm~1) in the Raman spectra.

Fine carbon structural observations were conducted using transmission electron mi-
croscopy (TEM, Talos F200s, FEI, Hillsboro, OR, USA) operating at 200 kV with a resolution
of 0.14 nm. Before transferring them to the TEM chamber, the powdered LCF samples were
dispersed in ethanol, and a droplet of each supernatant was placed on Cu grids.

2.5.4. Electrochemical Performance Measurements

Electrochemical characterization of the assembled two-electrode supercapacitors, in-
cluding cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochem-
ical impedance spectroscopy (EIS) analyses, were performed with an electrochemical
workstation (Donghua DH7000, Jiangsu Donghua Analytical Instrument Co., Ltd., Suzhou,
China). The EIS experiments were conducted between 106 Hz and 1 Hz with an amplitude
of 10 mV.

The CV measurements were performed at various scan rates from 0.05 to 0.2 Vs~ 1. The
gravimetric specific capacitance of a cell (Ccy) was computed using Equation (4) [48-50]:

Cou — fidV
v = m-v-AE

(4)

where m is the material loading of the two electrodes, AE is the voltage window, i is
the response current, and v is the scan rate. In the GCD measurements, a current den-
sity of 0.5 A g’l was applied, and the specific capacitance (Cgcp) was calculated using
Equation (5) [48,51]:
i
Coep = AV At ©)

where i is the constant charging and discharging current, At represents the time for dis-
charging, and Av is the operating potential window.

The energy density (E) and power density (P) of the assembled supercapacitors were
calculated using Equations (6) and (7), [52-57]:

_ CgepAV?

E
2

(6)
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3. Results and Discussion
3.1. Morphological and Thermal Analysis

The morphologies and compositions of the LFs, LSFs, and LCFs were observed using
SEM and EDS. As shown in Figure S1, the LFs had an average diameter of 158.5 £ 15.9 um
and exhibited smooth surfaces. After chemical stabilization, the fibrous diameters decreased
to 53.9 &+ 9.6 um. Pores and splits were generated on the surface of LSF-0 (Figure 2a). With
Ni(acac), addition, the inner and exterior morphologies of the LSFs were clearly altered
(Figure 2b-d). These changes can be explained by material interactions. Firstly, ether bond
cleavage occurs between the lignin matrix and PEG side chains under concentrated acidic
conditions. These residues of low molecular weights wash out easily, forming defects
on the LSF surface [58]. Secondly, Ni cations, which are also electrophiles in this system,
coordinate different nucleophiles and promote ether bond cleavage, yielding a rough
fibrous surface (Figure 3). Additionally, the deposited Ni ions can be a graphitic catalyst in
subsequent carbonization [59].

50 pm

Figure 2. SEM images of (a) LSF-0, (b) LSF-0.2, (c) LSF-0.4, (d) LSF-0.6, (e) LCF-0, (f) LCF-0.2,
(g) LCF-0.4, and (h) LCF-0.6.

/\ ignin-0{ C,~CH,~O} E + CH,—CH, £ 0~CH,—CH, ~O} H
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Figure 3. Proposed mechanism of LF chemical stabilization (m, n, x, y, and z > 0; E* represents
electrophiles, including H* and Ni%*; Ry, Ry, R3, Ry, R5, and Rg represent reaction products a, b, ¢,
acetylacetonate ligands, and other coordinating molecules).
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LCF-0 with an average diameter of 64.68 &= 4.6 um was obtained, as shown in Figure 2e-h.
The fiber diameter was reduced to 48.9 & 5.6 um after carbonization for LCF-0.4. Notably,
a fibrous melt surface was observed for LCF-0.4 and LCF-0.6. With confirmed increased
Ni loading via EDS (Figure S2), this melt surface may have been caused by Ni-assisted
catalytic graphitization. This graphitization is explained in the following sections.

Simultaneous TG-DSC measurements were performed under a N, atmosphere to
investigate the decomposition and melting behavior of the LSFs during carbonization
(Figure 4 and Table 1). All the LSFs exhibit one main weight-loss stage in the TG curves,
which corresponds to the decomposition of unstable small-molecule components. The onset
temperatures of decomposition decreased from 312.7 °C to 289.5 °C with an increasing Ni
content. Such decomposition produced a mass loss of 39.4% for LSF-0, which increased to
45.7% for LSF-0.6. This increase proves that Ni assists in ether bond cleavage and small-
fragment formation. In the DSC curve above the extrapolated T.yq, LSF-0 exhibits a broad
exothermic region with an exothermic peak at 582.7 °C, which is a typical feature in biomass
carbonization [60]. Meanwhile, for LSF-0.2, the DSC heat flow changes from an exothermic
to an endothermic reaction at 660.6 °C. This temperature decreases to 491.4 °C and 472.0 °C
for LSF-0.4 and LSF-0.6, respectively, indicating the developing ordered carbon structures
(graphitic and turbostratic carbons) [60-62]. According to the proposed mechanism for
catalytic graphitization, the endothermic reaction suggests the dissolution of sp> C atoms in
Ni and the precipitation of sp? C in the saturated C/Ni solution, affording the melt surfaces
observed in the SEM images.

X0 —»
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300 400 500 600 700 800 100 200 300 400 500 600 700 800
Tempareture (°C) Tempareture (°C)
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40+
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€X0 =——b

100

200

300 400 500 600 700 800 100 200 300 400 500 600 700 800
Tempareture (°C)
Tempareture ( °C) )

Figure 4. TG and DSC curves of (a) LSF-0, (b) LSF-0.2, (c) LSF-0.4, and (d) LSF-0.6.
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Table 1. Decomposition temperatures and mass loss analysis of the LSF samples.
Extrapolated.(.)nset Extrapolated ‘E.ndset Mass Loss at Mas§ Lo.ss at Total Mass
Sample Decomposition Decomposition Decomposition (%) Carbonization and Loss (%)
Temperature (Tyq, °C) Temperature (Tq, °C) P ¢ Graphitization (%) ’
LSE-0 312.7 471.7 39.4 14.1 53.5
LSF-0.2 309.1 468.4 41.2 13.3 54.5
LSF-0.4 308.4 467.9 43.9 12.5 56.4
LSF-0.6 289.5 463.5 45.7 12.4 58.1

3.2. Structural Determination

To understand the carbon structures of the LCF samples, we performed Raman spec-
troscopy on the fibers. As shown in Figure 5a, all the LCF spectra had both a D-band at
1350 cm™! and G-band at ~1600 cm™! after deconvolution, where a G-band refers to the
in-plane vibration of graphitic carbon atoms, and a D-band corresponds to disordered
sp?-hybridized graphitic carbon atoms [46]. The integrated area ratio of Ip/Ig (R) can be
calculated to gauge the degree of disorder at the surface structures of the LCFs [33]. As
shown in Table 1, LCF-0 exhibited the highest R-value of 8.16 among the prepared samples.
With an increasing Ni loading, the R-value decreased to 2.57 for LCF-0.4. This sample
exhibited the largest La plane size of 7.48 nm among the LCF samples. When the Ni(acac),
amount was further increased, the R and L, values of LCF-0.6 increased to 3.71 and 5.18 nm,
respectively, indicating a smaller graphitic region than that of LCF-0.4. This difference may
be due to Ni being a graphitization catalyst as well as an etching reagent during chemical
stabilization, generating a porous surface on the LSFs. Thus, high Ni concentrations yield
aggressive etching, causing discontinuous graphitic carbon regions after carbonization.
This phenomenon indicates that biomass graphitization cannot be improved by simply
increasing the amount of Ni ions [46,63].

(002)

(101) LCF- 0.6
LCF-0.6

Z s F-

= LCF-0.4 = J LCF-04

= =

£ =

= < \ A LCF-0.2

= LCF-0.2 - 4\ )
x LCF-0 : LCF -0
10 20 30 40 50 0 500 1000 1500 2000 2500 3000 3500

20 (degree) Raman shift (cm™)

Figure 5. (a) Raman spectra, (b) XRD patterns, and (c—f) corresponding TEM images of LCFs with
different Ni(acac), contents: LCF-0, LCF-0.2, LCF-0.4, and LCF-0.6.

XRD characterization was conducted to elucidate the carbon structure changes from
those of the bulk LCF samples. As shown in Figure 5b, no diffraction peaks were observed
for LCF-0 in the entire scan range, indicating that only amorphous carbon was generated
without Ni(acac);. Meanwhile, broad XRD peaks for the LCF samples at 24° and 44°
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were identified, which correspond to the (002) and (101) crystal planes, respectively. This
is because Ni ions could only be adsorbed on the surfaces of the LSFs during chemical
stabilization and could not access the insides. The average Lc values for LCF-0.2, LCF-0.4,
and LCF-0.6, based on the (002) peaks, were 0.26 nm, 0.41 nm, and 0.39 nm, respectively
(Table 2).

Table 2. Calculated Raman spectroscopy and XRD results for the LCFs.

Raman XRD
Sample
R=1Ip/lg L, (nm) L. (nm) dgo2 (nm)
LCF-0 8.16 2.36 - -
LCF-0.2 3.74 5.14 0.26 0.37
LCF-0.4 2.57 7.48 0.41 0.35
LCF-0.6 3.71 5.18 0.39 0.37

High-resolution TEM clearly shows nanostructures in the LCFs (Figure 5). Consistent
with the XRD and Raman spectroscopy results, ordered microstructures were difficult to
find in LCF-0 and LCF-0.2 owing to low Ni contents on the fibrous surfaces. For LCF-0.4
and LCF-0.6, distinct lattice fringes embedded in the amorphous regions were identified.
LCF-0.4 exhibited large ordered layers. The measured spacing between the crystal layers
was 0.34 nm, proving Ni-assisted graphitic structure generation. Thus, the LCFs comprised
mainly amorphous carbon in the bulk covered with crystallized carbon layers on the
surface. Such a structure would be beneficial for electrolyte ion transport and accumulation
in supercapacitors.

The N, adsorption/desorption curves (Figure S3) exhibit typical type-I behavior. The
specific surface areas and pore information for the LCFs are listed in Table 3. The specific
surface area of LCF-0 was 350.95 m? g~!, with 316.67 m? g~! from micro/mesopores
and 34.28 m? g~! from macropores, according to the t-plot method. The specific surface
area decreased with the Ni(acac), content and reached a minimum value of 89.92 m? g~!
for LCF-0.4. Moreover, the total volumes and internal/external surface areas exhibited a
similar trend. This can be explained by Ni-induced melting on the fiber surfaces, which
filled up several pores and decreased the specific surface areas. Thus, the total pore
volume decreased from 0.13 m> g~ ! for LCF-0 to 0.03 m® g~ ! for LCF-0.4. Interestingly, the
surface area and total pore volume increased to 269.56 m? g~! and 0.11 m3 g~! for LCF-0.6,
respectively. This may be due to the influence of Ni ions on etching rather than filling the
surfaces at high Ni concentrations in the Ni-treated LCF samples. This feature is expected
to influence supercapacitor performance, as discussed in the next section [19,64-66].

Table 3. Textural properties of the LCFs with varying Ni(acac), contents.

BET 2 Wp b Vtotal ¢ Sinternal d Sexternal ¢

Samples (m?2 g1 (nm) (md g1 (m%g-1) (m2g-1)
LCF-0 350.95 1.62 0.13 316.67 34.28
LCF-0.2 103.52 1.65 0.04 93.96 9.57
LCF-04 89.92 1.61 0.03 83.74 6.19
LCF-0.6 269.56 1.67 0.11 234.48 35.08

2 Sper: specific surface area computed using the BET model. b W)p: adsorption average pore width. ¢ Vi, : total

pore volume. 4G, remal: Surface area of micropores and mesopores using the t-plot method. ¢ Seyternal: surface
area of macropores using the t-plot method.

3.3. Electrochemical Performance of the LCF-Based Supercapacitors

EIS, CV, and GCD experiments using a two-electrode system with a 1.2 M TEMABE, /PC
electrolyte were performed to determine the electrochemical performance of the LCF-
based electrodes. The organic electrolyte is not corrosive to the casing and has a higher
working voltage than the aqueous electrolyte. As shown in Figure 6a, the Nyquist plots
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in the high-frequency region show the electrode resistance (R.) of the supercapacitors at
the x-axis intercept, which indicates the resistances of the electrode materials and their
contacts. The equivalent series resistance (Rs) was obtained from the intersection of the
straight line in the low-frequency region with Z, axis. Rs is the sum of the electrode
and electrolyte resistances [67,68]. Without graphitic structures on its surface, LCF-0 had
very high Re (39.7 Q2) and R (43.6 (2) values even when CB was added to the electrode
recipe (Table 4). When Ni(acac); was used in chemical thermostabilization, the Re and
Rs decreased remarkably and achieved the lowest values of 0.9 and 1.2 () for LCF-0.4,
respectively. The low resistances suggest that a low-resistance network was established on
the surface of LCF-0.4 owing to Ni catalytic graphitization. Additionally, the straight line
in the low-frequency region for LCF-0.4 exhibits a higher slope among the LCF samples,
indicating the rapid diffusion of electrolyte ions during the charge—discharge process.

a b
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Figure 6. Electrochemical performance of the LCF-based supercapacitors. (a) Nyquist plots and
(b) CV curves of the LCF electrodes at a scan rate of 0.05 V s~1. (¢c) GCD curves at a current density
of 0.5 A g~ 1. (d) Capacitance retention at 1500 cycles.

Table 4. Summarized supercapacitor performance using different LCF electrodes.

Cey @ Coep P R; © IR 4 Ee pf
1
Sample  (pg-1) (Fg 1) Q) V) Whkg-) (Wkg1)
LCF-0 1.3 0.6 6.3 0.10 0.8 767.9
LCF-0.2 16.3 8.7 2.0 0.07 11.7 811.6
LCF-0.4 22.0 10.7 1.2 0.05 15.7 869.5
LCF-0.6 18.9 9.6 21.0 0.08 13.2 829.3

2 Ccy: gravimetric specific capacitance calculated from CV profiles. b Coep: specific capacitance calculated from
GCD profiles. ¢ Rs: equivalent series resistance from Nyquist plots. ¢ IR: voltage drop. © E: energy density.
fp. power density.
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The CV curves of the supercapacitors with the LCFs exhibited quasi-rectangular shapes
within the range of 0-3 V, indicating typical supercapacitor behavior (Figure 6b). Even
though LCF-0 had a large surface area and well-developed porous structure, the capacitance
of the assembled supercapacitor was only 1.3 F g~ ! at a scan rate of 0.05 V s~1. This value
increased considerably for the Ni-catalyzed LCF electrodes, and a high capacitance of up to
22.0 F g~ ! was obtained for LCF-0.4.

GCD measurements were conducted to further evaluate the electrochemical perfor-
mance of the LCF electrodes (Figure 6¢). A very short discharge time of 3 s was observed
when LCF-0 was used as the electrode. The discharge time extended to 65 s and a specific
capacitance of 10.7 F g~ ! was obtained when graphitic LCF electrodes at the same current
density (0.5 A g~!) were employed. These findings are consistent with the CV results. It
can also be observed that the IR drop for LCF-0.4 displayed smaller values than that of the
other three electrode materials, which is consistent with the internal resistance retrieved
from the sum of the electrode and bulk electrolyte resistances in the EIS results. Moreover,
LCF-0.4 exhibited an excellent electrochemical stability of 100% after 1500 cycles. Notably,
the normalized capacitance of the LCF-0.4 electrode outperformed those of most reported
biomass-derived supercapacitors at 0.5 A g~! (Figure 7a) [69-71]. Thus, the assembled
supercapacitor using LCF-0.4 exhibited the best performance. It had an energy density
of 15.7 Wh kg~! and a power density of 869.5 W kg1, which are comparable to those of
previously reported biomass-derived supercapacitors (Figure 7b) [3,72-77]. Thus, we infer
that the Ni-catalyzed graphitization-induced conductive network had more influence on
electrolyte ion accumulation than on surface area and pore size distribution, producing
high electrochemical performance.

=
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Figure 7. (a) Plots for specific capacitance normalized by surface area vs.
size [33,36,44,48,57,64,71,78]. (b) Ragone plots for the LCFs [3,34,47,50,55,70,72-74].

average pore

4. Conclusions

In summary, we demonstrated a simple preparation procedure for LCFs involving
loading the catalyst during chemical stabilization and combining graphitization and car-
bonization. The resulting LCFs mainly comprise bulk amorphous carbon covered with
graphitic carbon layers on the surface. Although LCF-0.4 exhibited a low specific surface
area of 89.9 m? g~! and a relatively small total pore volume of 0.03 m3 g~!, the assembled
supercapacitor using this material exhibited excellent electrical properties even without
activation. The supercapacitor had a capacitance of 10.7 Fg~1 at 0.5 A g1, a power den-
sity of 869.5 W kg~ ! at an energy density of 15.7 Wh kg~!, and no capacitance loss after
1500 cycles. Therefore, transforming melt-spun LFs into LCFs with graphitic surfaces is an
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inexpensive and effective strategy to prepare high-performance electrode materials that are
promising for energy storage and biosensors.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/polym15081947/s1: Figure S1. SEM images of LFs; Figure S2.
EDS mapping of LCFs, including SEM image of (a) LCF-0, (e) LCF-0.2, (i) LCF-0.4, and (m) LCF-0.6;
Figure S3. N2 adsorption/desorption isotherms; Figure S4. (a) CV for LCF-0.4 with different scan
rate; (b) GCD curves for LCF-0.4 at different current density.

Author Contributions: Methodology, investigation, validation, formal analysis, and writing—original
draft, L.Z.; conceptualization, methodology, formal analysis, and writing—review and editing, X.Y.;
validation and formal analysis, L.W.; validation, 5.Q. and R.W.; conceptualization and supervision,
Y.U.; conceptualization, resources, writing—review and editing, supervision, and funding acquisition,
H.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China [31901264 and
22002079] and Key Science and Technology Program of Shaanxi Province [2023-YBGY-485].

Acknowledgments: The authors gratefully acknowledge the financial support from the National
Natural Science Foundation of China (31901264 and 22002079) and the Key Science and Technology
Program of Shaanxi Province (2023-YBGY-485).

Conflicts of Interest: We declare that we have no financial and personal relationships with other
people or organizations that could have inappropriately influenced our work and that there is
no professional or other personal interest of any nature or kind in any product, service, and/or
company that could be construed as influencing the position presented in or the review of the
manuscript entitled “Fabrication of graphitized carbon fibers from fusible lignin and their application
in supercapacitors”.

References

1.  Ubando, A.T,; Felix, C.B.; Chen, W.H. Biorefineries in circular bioeconomy: A comprehensive review. Bioresour. Technol. 2020,
299, 122585. [CrossRef] [PubMed]

2. Xu, Y, Liu, Y,; Chen, S.; Ni, Y. Current Overview of Carbon Fiber: Toward Green Sustainable Raw Materials. BioResources 2020,
15,7234-7259. [CrossRef]

3. Zheng, Y,; Zhao, W,; Jia, D.; Cui, L.; Liu, J. Thermally-treated and acid-etched carbon fiber cloth based on pre-oxidized
polyacrylonitrile as self-standing and high area-capacitance electrodes for flexible supercapacitors. Chem. Eng. . 2019, 364, 70-78.
[CrossRef]

4. Wang, S; Bai, J.; Tendo, LM.; Wang, Q.; Xiang, H.; Tang, J.; Zhu, M. Lignin-based carbon fibers: Formation, modification and
potential applications. Green Energy Environ. 2022, 7, 578-605. [CrossRef]

5. Li, Q. Hu, C;Li M,; Truong, P; Li, J.; Lin, H.-S,; Naik, M.T; Xiang, S.; Jackson, B.E.; Kuo, W,; et al. Enhancing the multi-functional
properties of renewable lignin carbon fibers via defining the structure—property relationship using different biomass feedstocks.
Green Chem. 2021, 23, 3725-3739. [CrossRef]

6. Zhu, J.; Yan, C.; Zhang, X; Yang, C.; Jiang, M.; Zhang, X. A sustainable platform of lignin: From bioresources to materials and their
applications in rechargeable batteries and supercapacitors. Prog. Energy Combust. Sci. 2020, 76, 100788.1-100788.24. [CrossRef]

7. Lobato-Peralta, D.R.O.; Duque-Brito, E.; Villafan-Vidales, H.I.; Longoria, A.; Sebastian, P.J.; Cuentas-Gallegos, A K.; Arancibia-
Bulnes, C.A.; Okoye, P.U. A review on trends in lignin extraction and valorization of lignocellulosic biomass for energy
applications. J. Clean. Prod. 2021, 293, 126123. [CrossRef]

8.  Bengtsson, A.; Hecht, P.; Sommertune, J.; Ek, M.; Sedin, M.; Sjoholm, E. Carbon Fibers from Lignin-Cellulose Precursors: Effect of
Carbonization Conditions. ACS Sustain. Chem. Eng. 2020, 8, 6826—-6833. [CrossRef]

9.  Sun,S.-C.; Xu, Y.,; Wen, J.-L.; Yuan, T.-Q.; Sun, R. Recent advances of lignin-based carbon fibers (LCFs): Precursors, fabrications,
properties, and applications. Green Chem. 2022, 24, 5709-5738. [CrossRef]

10. Zhang, J.-Y.; Xia, C.; Wang, H.-F,; Tang, C. Recent advances in electrocatalytic oxygen reduction for on-site hydrogen peroxide
synthesis in acidic media. J. Energy Chem. 2022, 67, 432—450. [CrossRef]

11. Puziy, AM.; Poddubnaya, O.I1; Sevastyanova, O. Carbon Materials from Technical Lignins: Recent Advances. Top. Curr. Chem.
2018, 376, 33. [CrossRef] [PubMed]

12. Meng, Y.; Contescu, C.L; Liu, P; Wang, S.; Lee, S.-H.; Guo, J.; Young, T.M. Understanding the local structure of disordered carbons
from cellulose and lignin. Wood Sci. Technol. 2021, 55, 587-606. [CrossRef]

13.  Yan, Q.; Arango, R.; Li, J.; Cai, Z. Fabrication and characterization of carbon foams using 100% Kraft lignin. Mater. Des. 2021,

201, 109460. [CrossRef]


https://www.mdpi.com/article/10.3390/polym15081947/s1
https://www.mdpi.com/article/10.3390/polym15081947/s1
https://doi.org/10.1016/j.biortech.2019.122585
https://www.ncbi.nlm.nih.gov/pubmed/31901305
https://doi.org/10.15376/biores.15.3.Xu
https://doi.org/10.1016/j.cej.2019.01.076
https://doi.org/10.1016/j.gee.2021.04.006
https://doi.org/10.1039/D0GC03828H
https://doi.org/10.1016/j.pecs.2019.100788
https://doi.org/10.1016/j.jclepro.2021.126123
https://doi.org/10.1021/acssuschemeng.0c01734
https://doi.org/10.1039/D2GC01503J
https://doi.org/10.1016/j.jechem.2021.10.013
https://doi.org/10.1007/s41061-018-0210-7
https://www.ncbi.nlm.nih.gov/pubmed/29995273
https://doi.org/10.1007/s00226-021-01286-6
https://doi.org/10.1016/j.matdes.2021.109460

Polymers 2023, 15, 1947 12 of 14

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Wang, D.; Lee, S.H.; Kim, J.; Park, C.B. “Waste to Wealth”: Lignin as a Renewable Building Block for Energy Harvesting /Storage
and Environmental Remediation. ChemSusChem 2020, 13, 2807-2827. [CrossRef]

Liu, H,; Xu, T; Liu, K,; Zhang, M,; Liu, W,; Li, H.; Du, H; Si, C. Lignin-based electrodes for energy storage application. Ind. Crops
Prod. 2021, 165, 113425. [CrossRef]

Yang, Z.; Guo, H,; Yan, G.; Li, X.; Wang, ]. High-Value Utilization of Lignin To Prepare Functional Carbons toward Advanced
Lithium-Ion Capacitors. ACS Sustain. Chem. Eng. 2020, 8, 11522-11531. [CrossRef]

Luo, Y;; Qu, W.; Cochran, E.; Bai, X. Enabling high-quality carbon fiber through transforming lignin into an orientable and
melt-spinnable polymer. J. Clean. Prod. 2021, 307, 127252. [CrossRef]

Cai, J.; Zhang, D.; Ding, W.P; Zhu, Z.Z.; Wang, G.Z.; He, ].R.,; Wang, H.B.; Fei, P.; Si, T.L. Promising Rice-Husk-Derived
Carbon/Ni(OH)2 Composite Materials as a High-Performing Supercapacitor Electrode. ACS Omega 2020, 5, 29896-29902.
[CrossRef]

Xu, Y.; Chen, S.; Zhu, M; Liu, Y. Novel silicon-contained lignin-based carbon fibers derived from bamboo pulping black liquor
with improved electrochemical performance for supercapacitors. J. Appl. Polym. Sci. 2021, 138, 51321. [CrossRef]

Teo, E.Y.L.; Muniandy, L.; Ng, E.-P.; Adam, F.; Mohamed, A.R,; Jose, R.; Chong, K.F. High surface area activated carbon from rice
husk as a high performance supercapacitor electrode. Electrochim. Acta 2016, 192, 110-119. [CrossRef]

Chen, W.; Wang, X.; Feizbakhshan, M.; Liu, C.; Hong, S.; Yang, P.; Zhou, X. Preparation of lignin-based porous carbon with
hierarchical oxygen-enriched structure for high-performance supercapacitors. J. Colloid Interface Sci. 2019, 540, 524-534. [CrossRef]
[PubMed]

Cao, Q.; Zhu, M,; Chen, J.; Song, Y.; Li, Y.; Zhou, J. Novel Lignin-Cellulose-Based Carbon Nanofibers as High-Performance
Supercapacitors. ACS Appl. Mater. Interfaces 2019, 12, 1210-1221. [CrossRef] [PubMed]

Cho, M,; Ko, EK,; Renneckar, S. Impact of Thermal Oxidative Stabilization on the Performance of Lignin-Based Carbon Nanofiber
Mats. ACS Omega 2019, 4, 5345-5355. [CrossRef] [PubMed]

Shokrani Havigh, R.; Mahmoudi Chenari, H. A comprehensive study on the effect of carbonization temperature on the physical
and chemical properties of carbon fibers. Sci. Rep. 2022, 12, 10704. [CrossRef]

Pignol, G.; Bassil, P.; Fontmorin, ].M.; Floner, D.; Geneste, F.; Hapiot, P. Electrochemical Properties of Carbon Fibers from Felts.
Molecules 2022, 27, 6584. [CrossRef]

Park, J.; Kwac, L.K.; Kim, H.G.; Shin, H.K. Carbon Papers from Tall Goldenrod Cellulose Fibers and Carbon Nanotubes for
Application as Electromagnetic Interference Shielding Materials. Molecules 2022, 27, 1842. [CrossRef]

Liu, F; Wang, Q.; Zhai, G.; Xiang, H.; Zhou, J; Jia, C.; Zhu, L.; Wu, Q.; Zhu, M. Continuously processing waste lignin into
high-value carbon nanotube fibers. Nat. Commun. 2022, 13, 5755. [CrossRef]

Schierholz, R.; Kroger, D.; Weinrich, H.; Gehring, M.; Tempel, H.; Kungl, H.; Mayer, J.; Eichel, R.A. The carbonization of
polyacrylonitrile-derived electrospun carbon nanofibers studied by in situ transmission electron microscopy. RSC Adv. 2019,
9, 6267-6277. [CrossRef]

Novak, L; Sauga, O.; Matko, L; Simsek Bilgin, E.; Berek, D. Microporous carbon fibers prepared by carbonization of cellulose as
carriers of particles of active substances. Chem. Pap. 2019, 74, 1359-1365. [CrossRef]

Matko, I; Sausa, O.; Cechova, K.; Novak, I; Svajdlenkové, H.; Berek, D.; Pecz, M. Porous carbon fibers prepared from cellulose
Characterization of microstructure and water sorption properties. J. Therm. Anal. Calorim. 2019, 138, 1997-2004. [CrossRef]
Yang, J.; Nakabayashi, K.; Miyawaki, J.; Yoon, S.-H. Preparation of pitch based carbon fibers using Hyper-coal as a raw material.
Carbon 2016, 106, 28-36. [CrossRef]

Dasari, B.L.; Nouri, ].M.; Brabazon, D.; Naher, S. Graphene and derivatives-Synthesis techniques, properties and their energy
applications. Energy 2017, 140, 766-778. [CrossRef]

Gong, Y.; Li, D.; Luo, C.; Fu, Q.; Pan, C. Highly porous graphitic biomass carbon as advanced electrode materials for supercapaci-
tors. Green Chem. 2017, 19, 4132-4140. [CrossRef]

Gomez-Martin, A.; Schnepp, Z.; Ramirez-Rico, J. Structural Evolution in Iron-Catalyzed Graphitization of Hard Carbons. Chem.
Mater. 2021, 33, 3087-3097. [CrossRef]

Geng, L.; Cai, Y;; Lu, L.; Zhang, Y.; Li, Y.; Chen, B.; Peng, X.-F. Highly Strong and Conductive Carbon Fibers Originated from
Bioinspired Lignin/Nanocellulose Precursors Obtained by Flow-Assisted Alignment and In Situ Interfacial Complexation. ACS
Sustain. Chem. Eng. 2021, 9, 2591-2599. [CrossRef]

Wang, K.; Cao, Y.; Wang, X.; Kharel, P.R.; Gibbons, W.; Luo, B.; Gu, Z.; Fan, Q.; Metzger, L. Nickel catalytic graphitized porous
carbon as electrode material for high performance supercapacitors. Energy 2016, 101, 9-15. [CrossRef]

Sagues, WJ.; Jain, A.; Brown, D.; Aggarwal, S.; Suarez, A.; Kollman, M.; Park, S.; Argyropoulos, D.S. Are lignin-derived carbon
fibers graphitic enough? Green Chem. 2019, 21, 4253-4265. [CrossRef]

Destyorini, F.; Yudianti, R.; Irmawati, Y.; Hardiansyah, A.; Hsu, Y.-I.; Uyama, H. Temperature driven structural transition in the
nickel-based catalytic graphitization of coconut coir. Diam. Relat. Mater. 2021, 117, 108443. [CrossRef]

Chang, B.; Guo, Y,; Li, Y,; Yin, H.; Zhang, S.; Yang, B.; Dong, X. Graphitized hierarchical porous carbon nanospheres: Simultaneous
activation/graphitization and superior supercapacitance performance. J. Mater. Chem. A 2015, 3, 9565-9577. [CrossRef]

Kubo, S.; Uraki, Y.; Sano, Y. Catalytic graphitization of hardwood acetic acid lignin with nickel acetate. ]. Wood Sci. 2003,
49, 188-192. [CrossRef]


https://doi.org/10.1002/cssc.202000394
https://doi.org/10.1016/j.indcrop.2021.113425
https://doi.org/10.1021/acssuschemeng.0c01949
https://doi.org/10.1016/j.jclepro.2021.127252
https://doi.org/10.1021/acsomega.0c04117
https://doi.org/10.1002/app.51321
https://doi.org/10.1016/j.electacta.2016.01.140
https://doi.org/10.1016/j.jcis.2019.01.058
https://www.ncbi.nlm.nih.gov/pubmed/30677605
https://doi.org/10.1021/acsami.9b14727
https://www.ncbi.nlm.nih.gov/pubmed/31845573
https://doi.org/10.1021/acsomega.9b00278
https://www.ncbi.nlm.nih.gov/pubmed/30949618
https://doi.org/10.1038/s41598-022-15085-x
https://doi.org/10.3390/molecules27196584
https://doi.org/10.3390/molecules27061842
https://doi.org/10.1038/s41467-022-33496-2
https://doi.org/10.1039/C8RA10491C
https://doi.org/10.1007/s11696-019-00972-x
https://doi.org/10.1007/s10973-019-08696-6
https://doi.org/10.1016/j.carbon.2016.05.019
https://doi.org/10.1016/j.energy.2017.08.048
https://doi.org/10.1039/C7GC01681F
https://doi.org/10.1021/acs.chemmater.0c04385
https://doi.org/10.1021/acssuschemeng.0c08726
https://doi.org/10.1016/j.energy.2016.01.059
https://doi.org/10.1039/C9GC01806A
https://doi.org/10.1016/j.diamond.2021.108443
https://doi.org/10.1039/C5TA00867K
https://doi.org/10.1007/s100860300030

Polymers 2023, 15, 1947 13 of 14

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

Choi, B.-K.; Choi, W.-K.; Seo, M.-K. Effect of catalytic graphitization on the electric heating performance of electroless nickel-coated
carbon fibers. Curr. Appl. Phys. 2022, 42, 86-91. [CrossRef]

Takahashi, S.; Nge, T.T.; Takata, E.; Ohashi, Y.; Yamada, T. Flocculation properties of polyethylene glycol-modified lignin. Sep.
Purif. Technol. 2020, 253, 117524. [CrossRef]

Zhang, F; Lin, J.; Zhao, G. Preparation and Characterization of Modified Soda Lignin with Polyethylene Glycol. Materials
2016, 9, 822. [CrossRef] [PubMed]

You, X.; Duan, J.; Koda, K.; Yamada, T.; Uraki, Y. Preparation of electric double layer capacitors (EDLCs) from two types of
electrospun lignin fibers. Holzforschung 2016, 70, 661-671. [CrossRef]

Torres-Canas, F; Bentaleb, A.; Follmer, M.; Roman, J.; Neri, W.; Ly, I.; Derré, A.; Poulin, P. Improved structure and highly
conductive lignin-carbon fibers through graphene oxide liquid crystal. Carbon 2020, 163, 120-127. [CrossRef]

Sun, Z.; Yao, D.; Cao, C.; Zhang, Z.; Zhang, L.; Zhu, H.; Yuan, Q.; Yi, B. Preparation and formation mechanism of biomass-based
graphite carbon catalyzed by iron nitrate under a low-temperature condition. J. Environ. Manag. 2022, 318, 115555. [CrossRef]
Sun, X,; Jin, H.; Qu, W. Lignin-derived 3D porous graphene on carbon cloth for flexible supercapacitors. RSC Adv. 2021,
11, 19695-19704. [CrossRef]

You, X.; Misra, M.; Gregori, S.; Mohanty, A.K. Preparation of an Electric Double Layer Capacitor (EDLC) Using Miscanthus-
Derived Biocarbon. ACS Sustain. Chem. Eng. 2017, 6, 318-324. [CrossRef]

Luo, W.,; Guo, N.; Wang, L.; Cao, Y.; Xu, M,; Jia, D.; Feng, S.; Gong, X.; Zhang, S. From powders to freestanding electrodes:
Assembly active particles into bacterial cellulose for high performance supercapacitors. Electrochim. Acta 2021, 387, 138560.
[CrossRef]

You, X.; Koda, K.; Yamada, T.; Uraki, Y. Preparation of electrode for electric double layer capacitor from electrospun lignin fibers.
Holzforschung 2015, 69, 1097-1106. [CrossRef]

Zhi, M,; Liu, S.; Hong, Z.; Wu, N. Electrospun activated carbon nanofibers for supercapacitor electrodes. RSC Adv. 2014,
4,43619-43623. [CrossRef]

Shang, Z.; An, X.; Zhang, H.; Shen, M; Baker, F; Liu, Y,; Liu, L.; Yang, J.; Cao, H.; Xu, Q.; et al. Houttuynia-derived nitrogen-doped
hierarchically porous carbon for high-performance supercapacitor. Carbon 2020, 161, 62-70. [CrossRef]

Adam, A.A.O.D.J.; Al-Hadeethi, Y.; Mkawi, E.M.; Abubakar Abdulkadir, B.U.F.; Mudassir Hassan, Y.; Wadi, I.A.S.M. State of the
Art and New Directions on Electrospun Lignin/Cellulose Nanofibers for Supercapacitor Application: A Systematic Literature
Review. Polymers 2020, 12, 2884. [CrossRef] [PubMed]

Han, J.; Kwon, ]. H.; Lee, J.-W.; Lee, ].H.; Roh, K.C. An effective approach to preparing partially graphitic activated carbon derived
from structurally separated pitch pine biomass. Carbon 2017, 118, 431-437. [CrossRef]

Wang, Q.; Ma, W.; Yin, E.; Yu, S.; Wang, S.; Xiang, H.; Li, D.; Zhu, M. Melt Spinning of Low-Cost Activated Carbon Fiber with a
Tunable Pore Structure for High-Performance Flexible Supercapacitors. ACS Appl. Energy Mater. 2020, 3, 9360-9368. [CrossRef]
Yang, S.; Wang, S.; Liu, X.; Li, L. Biomass derived interconnected hierarchical micro-meso-macro- porous carbon with ultrahigh
capacitance for supercapacitors. Carbon 2019, 147, 540-549. [CrossRef]

Zhao, W.; Zhu, Y.; Zhang, L.; Xie, Y.; Ye, X. Facile synthesis of three-dimensional porous carbon for high-performance supercapaci-
tors. J. Alloy. Compd. 2019, 787, 1-8. [CrossRef]

Lin, J.; Kubo, S.; Yamada, T.; Koda, K.; Uraki, Y. Chemical thermostabilization for the preparation of carbon fibers from softwood
lignin. Bioresources 2012, 7, 5634-5646. [CrossRef]

Malik, M.; Chan, K.H.; Azimi, G. Quantification of nickel, cobalt, and manganese concentration using ultraviolet-visible
spectroscopy. RSC Adv. 2021, 11, 28014-28028. [CrossRef]

Yoo, S.; Chung, C.-C.; Kelley, S.S.; Park, S. Graphitization Behavior of Loblolly Pine Wood Investigated byin SituHigh Temperature
X-ray Diffraction. ACS Sustain. Chem. Eng. 2018, 6, 9113-9119. [CrossRef]

Gutiérrez-Pardo, A.; Ramirez-Rico, J.; Cabezas-Rodriguez, R.; Martinez-Fernandez, ]. Effect of catalytic graphitization on the
electrochemical behavior of wood derived carbons for use in supercapacitors. J. Power Sources 2015, 278, 18-26. [CrossRef]
Inagaki, M.; Kang, F. Materials Science and Engineering of Carbon: Fundamentals; Butterworth-Heinemann: Oxford, UK, 2014.

Gai, L.; Li, J.; Wang, Q.; Tian, R.; Li, K. Evolution of biomass to porous graphite carbon by catalytic graphitization. J. Environ.
Chem. Eng. 2021, 9, 106678. [CrossRef]

Li, T.; Ma, R.; Xu, X.; Sun, S.; Lin, ]. Microwave-induced preparation of porous graphene nanosheets derived from biomass for
supercapacitors. Microporous Mesoporous Mater. 2021, 324, 111277. [CrossRef]

Xia, S.; Cai, N.; Wu, J.; Xiao, H.; Hu, J.; Chen, X.; Chen, Y.; Yang, H.; Wang, X.; Chen, H. Synthesis and formation mechanism of
biomass-based mesoporous graphitic carbon. Fuel Process. Technol. 2020, 209, 106543. [CrossRef]

Kim, J.; Kang, J.G.; Choi, J.; Braun, P.V,; Kim, S.-K. Fiber Electrodes Mesostructured on Carbon Fibers for Energy Storage. ACS
Appl. Energy Mater. 2021, 4, 13716-13724. [CrossRef]

Mei, B.; Munteshari, O.; Lau, J.; Dunn, B.S.; Pilon, L. Physical Interpretations of Nyquist Plots for EDLC Electrodes and Devices.
J. Phys. Chem. C 2018, 122, 194-206. [CrossRef]

Vicentini, R.; Aguiar, J.P; Beraldo, R.; Venancio, R.; Rufino, F,; Da Silva, L.M.; Zanin, H. Ragone Plots for Electrochemical
Double-Layer Capacitors. Batter. Supercaps 2021, 4, 1291-1303. [CrossRef]

Chmiola, J.; Yushin, G.; Gogotsi, Y.; Portet, C.; Simon, P; Taberna, P.L. Anomalous Increase in Carbon Capacitance at Pore Sizes
Less Than 1 Nanometer. Science 2006, 313, 1760-3. [CrossRef]


https://doi.org/10.1016/j.cap.2022.08.003
https://doi.org/10.1016/j.seppur.2020.117524
https://doi.org/10.3390/ma9100822
https://www.ncbi.nlm.nih.gov/pubmed/28773943
https://doi.org/10.1515/hf-2015-0175
https://doi.org/10.1016/j.carbon.2020.02.077
https://doi.org/10.1016/j.jenvman.2022.115555
https://doi.org/10.1039/D1RA01754C
https://doi.org/10.1021/acssuschemeng.7b02563
https://doi.org/10.1016/j.electacta.2021.138560
https://doi.org/10.1515/hf-2014-0262
https://doi.org/10.1039/C4RA05512H
https://doi.org/10.1016/j.carbon.2020.01.020
https://doi.org/10.3390/polym12122884
https://www.ncbi.nlm.nih.gov/pubmed/33271876
https://doi.org/10.1016/j.carbon.2017.03.076
https://doi.org/10.1021/acsaem.0c01723
https://doi.org/10.1016/j.carbon.2019.03.023
https://doi.org/10.1016/j.jallcom.2019.02.025
https://doi.org/10.15376/biores.7.4.5634-5646
https://doi.org/10.1039/D1RA03962H
https://doi.org/10.1021/acssuschemeng.8b01446
https://doi.org/10.1016/j.jpowsour.2014.12.030
https://doi.org/10.1016/j.jece.2021.106678
https://doi.org/10.1016/j.micromeso.2021.111277
https://doi.org/10.1016/j.fuproc.2020.106543
https://doi.org/10.1021/acsaem.1c02423
https://doi.org/10.1021/acs.jpcc.7b10582
https://doi.org/10.1002/batt.202100093
https://doi.org/10.1126/science.1132195

Polymers 2023, 15, 1947 14 of 14

70.

71.

72.

73.

74.

75.

76.

77.

78.

Wang, X.; Li, Y,; Lou, E; Melandse Buan, M.E,; Sheridan, E.; Chen, D. Enhancing capacitance of supercapacitor with both organic
electrolyte and ionic liquid electrolyte on a biomass-derived carbon. RSC Adv. 2017, 7, 23859-23865. [CrossRef]

Du, B,; Chai, L.; Zhu, H.; Cheng, ].; Wang, X.; Chen, X.; Zhou, J.; Sun, R.C. Effective fractionation strategy of sugarcane bagasse
lignin to fabricate quality lignin-based carbon nanofibers supercapacitors. Int. J. Biol. Macromol. 2021, 184, 604—617. [CrossRef]
Schlee, P.; Hosseinaei, O.; Baker, D.; Landmér, A.; Tomani, P.; Mostazo-Lépez, M.].; Cazorla-Amor6s, D.; Herou, S.; Titirici, M.-M.
From Waste to Wealth: From Kraft Lignin to Free-standing Supercapacitors. Carbon 2019, 145, 470-480. [CrossRef]

Dai, Z.; Ren, P-G.; Jin, Y.-L.; Zhang, H.; Ren, E; Zhang, Q. Nitrogen-sulphur Co-doped graphenes modified electrospun
lignin/polyacrylonitrile-based carbon nanofiber as high performance supercapacitor. J. Power Sources 2019, 437,226937. [CrossRef]
Poochai, C.; Srikhaow, A.; Lohitkarn, J.; Kongthong, T.; Tuantranont, S.; Tuantranont, S.; Primpray, V.; Maeboonruan, N.;
Wisitsoraat, A.; Sriprachuabwong, C. Waste coffee grounds derived nanoporous carbon incorporated with carbon nanotubes
composites for electrochemical double-layer capacitors in organic electrolyte. J. Energy Storage 2021, 43, 103169. [CrossRef]

Wu, J.; Xia, M.; Zhang, X.; Chen, Y.; Sun, F; Wang, X.; Yang, H.; Chen, H. Hierarchical porous carbon derived from wood tar using
crab as the template: Performance on supercapacitor. J. Power Sources 2020, 455, 227982. [CrossRef]

Liu, Y.; Huang, G.; Li, Y; Yao, Y.; Liu, Q.; Xing, B.; Jia, ].; Zhang, C. Structural evolution of porous graphitic carbon nanosheets
based on quinonyl decomposition for supercapacitor electrodes. Appl. Surf. Sci. 2021, 537, 147824. [CrossRef]

Zeng, C.; Duan, C; Guo, Z,; Liu, Z.; Dou, S.; Yuan, Q.; Liu, P; Zhang, J.; Luo, J.; Liu, W.; et al. Ultrafastly activated needle coke as
electrode material for supercapacitors. Prog. Nat. Sci. Mater. Int. 2022, 32, 786-792. [CrossRef]

Zou, Z.; Liu, T,; Jiang, C. Highly mesoporous carbon flakes derived from a tubular biomass for high power electrochemical energy
storage in organic electrolyte. Mater. Chem. Phys. 2019, 223, 16-23. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1039/C7RA01630A
https://doi.org/10.1016/j.ijbiomac.2021.06.061
https://doi.org/10.1016/j.carbon.2019.01.035
https://doi.org/10.1016/j.jpowsour.2019.226937
https://doi.org/10.1016/j.est.2021.103169
https://doi.org/10.1016/j.jpowsour.2020.227982
https://doi.org/10.1016/j.apsusc.2020.147824
https://doi.org/10.1016/j.pnsc.2022.10.008
https://doi.org/10.1016/j.matchemphys.2018.10.036

	Introduction 
	Materials and Methods 
	Materials 
	Melt Spinning of PEGL 
	Preparation of CFs from PEGL 
	Supercapacitor Assembly 
	Characterization 
	Morphological Analysis 
	Thermal Analysis 
	Carbonaceous Structure Analysis 
	Electrochemical Performance Measurements 


	Results and Discussion 
	Morphological and Thermal Analysis 
	Structural Determination 
	Electrochemical Performance of the LCF-Based Supercapacitors 

	Conclusions 
	References

