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Structural characteristics of the LCFs
The bulk density, porosity, pore volume, and average pore diameter of the LCFs were calculated
using Equations S1-S4 as outlined below:

® The bulk density of the LCFs (pr) was calculated using Equation S1:

m
PL=7
Ly (Equation S1)

where m and V are the weight and the volume of the LCFs, which were measured by digital
balance and vernier caliper, respectively.

® The porosity of the LCFs was calculated using Equation S2:

Py
Porosity[%] =(1-—

p C) (Equation S2)

pc is the physical density of carbon (1.8 g cm?).
® The pore volume (V,ore) and average pore diameter (D) were calculated using Equation

S3 and S4, respectively?:

v _ 1 1

pore —
PL Pc  (Equation S3)

4Vpore

Dpore = T

(Equation S4)

where A is the specific surface area obtained from nitrogen adsorption-desorption isotherms.
Performance of the LCF-1500 in supercapacitors
The area specific capacitance (Cejectroge) Of the electrodes was obtained from the Galvanostatic

charge/discharge (GCD) curves of the three-electrode system by Equation S5:

_(arx )

c 7
electrode A X AU (EquatiOH S5)

where At and I are the discharge time and the discharge current, respectively, and A and AU are



the electrode's working area and potential window, respectively.



Table S1. Carbonization parameters of lignin carbon fibers (LCFs).

Samples Carbonization temperature (°C) Heating rate (°C min‘!)
LCF-900 900 3
LCF-1100 1100 3
LCF-1300 1300 3
LCF-1500 1500 3
LCF-2000 2000 3
LCF-2400 2400 3
LCF-2800 2800 3
LCF-1500-2 1500 2
LCF-1500-4 1500 4

LCF-1500-5 1500 5




Table S2. Infrared spectral signal peaks of the LCFs and their assignments.

Wavenumber (cm!) Assignments
3440 O-H stretching (Hydrogen-bonded)
2907 C-H stretching in O-CHj3;, asymmetric
2837 C-H stretching in O-CH3;, symmetric
1630 C=C stretching vibration
1380 C-H bending vibration
1100 C-O stretching vibration




Table S3. Properties of LCFs obtained in the present study.

Vpore (cm? g1) Dpore (Nm) Porosity (%) SSA (m? g1)
LCF-900 0.276 61.4 332 18
LCF-1100 1.79 31.9 76.3 225
LCF-1300 2.98 16.1 83.9 721
LCF-1500 3.51 15.2 86.3 923
LCF-2000 0.405 35.2 42.1 46




Table S4. Comparison of the specific surface area of the LCF-1500 with other reported carbon fibers.

Type of carbon fibers Fiber preparation method  Activation method Specific surface area (m? g'!) Reference
LCF-1500 Melt-blowing - 923 +£47 This work
Polyacrylonitrile (PAN) activated carbon Electrospinning CcO 705
3
nanofibers (ACNF)
Lignin/polyvinylpyrrolidone (PVP) Electrospinning - 600
4
carbon nanofiber (CNF)
Lignin/ polyvinyl alcohol (PVA) CNF Electrospinning - 583 5
Lignin/ polyethylene oxide (PEO) carbon Electrospinning - 456
6
fiber (CF)
Cellulose CNF Extraction from cellulose - 300.2 7



PAN/ PVP activated carbon fibers (ACF)

PAN/ poly(methylmethacrylate)

(PMMA) CF

Alkali lignin (AL) derived ACF

Acetic anhydride (AA) modified LCF

AL derived CF

Phthalic anhydride (PA) modified LCF

Succinic anhydride (SA) modified LCF

Unmodified LCF

Maleic anhydride (MA) modified LCF

Solution spinning

Electrospinning

Electrospinning

Melt spinning

Electrospinning

Melt spinning

Melt spinning

Melt spinning

Melt spinning

Hydrazine hydrate

H,S0,4

277.4

94

85.67

37.4

33.89

32.72

15.32

8.20

6.39

10

11

10

11

11

11

11

10



Table S5. Fitted functions of structural and property parameters of the LCFs as a function of carbonization temperature (x).

Parameters (y) Equation a b c R?
I6/Ip y =a*(1 - exp(-b*x)) -0.090 £ 0.045 -0.001 + 1.864E-4 - 0.96428
Electrical 0.9713
y=a+b*x -4.170 £ 0.678 0.005 + 3.696E-4 -
conductivity
8.369E-6 + 0.94118
La y =a+b*x"1 + ¢*x2 21.206 £ 5.682 -0.025 £ 0.007
1.835E-6
y = (a/(a-b))*(exp(-b*x) - exp(-a*x)) 4.375E-4 £2.428E-4  -0.001 = 2.020E-4 0.95308
Lc -
1046.843 +
Y = 0.339 + (a/(b*sqrt(pi/2))) *exp(-2*((x- 51.686 + 12.133 968.039 + 197.847 0.96902
77.503
doo2

¢)/b)*2)
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Table S6. Comparison of the electrical conductivity of the LCFs with reported carbon materials.

Carbonization Fiber preparation Applications Electrical Reference
Carbon materials
temperature (°C) method conductivity (S cm!)

LCF-2800 2800 Melt-blowing  Lithium-ion battery electrodes 714 This work
LCF-2400 2400 Melt-blowing Unexplored 166 This work
LCF-2000 2000 Melt-blowing Unexplored 10 This work
LCF-1500 1500 Melt-blowing  Lithium-ion battery electrodes 4.13 This work
LCF-1300 1300 Melt-blowing Unexplored 1.68 This work
LCF-1100 1100 Melt-blowing  Lithium-ion battery electrodes 0.55 This work
LCF-900 900 Melt-blowing Unexplored 0.344 This work
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Cotton based carbon

Kraft lignin based CF

Cellulose based CF

Bamboo based CF

Lignin/PAN based CF

Corn stover lignin based CF

Switchgrass lignin based CF

800

1000

800

3000

1400

1000

1000

Cotton natural Cell proliferation and
fiber differentiation
Electrostatic Unexplored
spinning
Electrostatic Supercapacitor
spinning

Extracted from Diffusion layer (GDL) of proton

bamboo fiber exchange membrane

Electrostatic Unexplored
spinning

Wet spinning Unexplored

Wet spinning Unexplored

13

0.33

19.6

10.2

550

21.3

64.85

94

12

13

14

15

16

17

17



Cellulose derived CF

Pine lignin based CF

Red cedar based CF

Sugar maple lignin based CF

Lignin (SKL) based CF

T300

600

1000

1000

1000

1700

1100-2000

Electrospinning

Wet spinning

Wet spinning

Wet spinning

Melt spinning

Wet spinning

Unexplored

Unexplored

Unexplored

Unexplored

Lithium-ion battery electrodes

Commercial production

0.16

130.71

139.09

142.25

191

588

18

17

17

17

19

20
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Table S7. Performance comparison of the anodes based on the LCFs and other bio-based carbon materials.

Specific capacity Number of Cycling rate (A g') Retention Mass loading  Reference
Anode materials
(mAh g) cycles (%) (mg cm™)

LCF-1500 466 800 0.5(~10) 71.9 1.69 This work
Softwood-derived biographite (a) 335 89 0.1C 100 3.5 21
Lignin carbon nanofiber (b) 274 200 0.1 (~0.36 C) 75.4 1.04 22
Hazelnut shell-derived carbon (c) 307 100 1C 59.8 - 23
Walnut shell-derived CNFs (d) 380 200 0.03 (~0.07 C) 90 3 24
Walnut shell-derived CNFs (e) 150 100 0.1 (~0.67C) 99.5 4 25
Loofah-derived carbon (f) 225 200 0.1 (~0.5C) 90 1.0-2.0 26
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Sisal fiber-derived carbon (g)

Rice husk-derived carbon (h)

Mushroom-derived carbon (i)

Coffee shell-derived carbon (j)

Rice husk-derived carbon (k)

Pine cone shell-derived carbon (1)

Peanut shell-derived carbon (m)

Sterculia scaphigera-derived carbon (n)

Potato-derived carbon (o)

Sweet potato-derived carbon (p)

250

403

260

200

354

394

325

423

531

300

30

100

700

15

10

70

100

20

200

16

0.075 (~0.2 C)

0.2C

0.2C

0.1C

0.01 (~0.02 C)

0.1C

0.1C

0.1 (~0.33 C)

85

50

76

70.5

93

99

27

28

29

30

31

32

33

34

35

36



Bamboo chopsticks-derived carbon (q)

Glucose with chestnut shell-derived

carbon (r)

Eggshell film-derived carbon (s)

Algae-derived carbon (t)

360

411

300

443

800

100

300

500

037C

0.1 (~0.25C)

0.2 (~0.67C)

0.1C

<50

72

97.4

2.5-4.0

38

39

40
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Fig. S1. Large-scale preparation of lignin fibers. Digital images of (a, b) melt blowing machine, and

(c, d) lignin fiber mat.
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Fig. S2. Effects of carbonization temperature on the morphology of the LCFs. SEM images of the
LCFs prepared at carbonization temperature of (a, €) 1100°C, (b, f) 1300°C, (c, g) 2000°C, (d, h)
2400°C. Diameter distribution histograms of the LCFs prepared at carbonization temperature of (i)
900°C, (j) 1100°C, (k) 1300°C, (1) 1500°C, (m) 2000°C, (n) 2400°C, (o) 2800°C. (p) Histogram of

the average diameter of the LCFs.
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Fig. S3. Structure of the LCFs prepared at different carbonization temperatures. (a) Raman spectra of
the LCFs. Radial structure of the LCFs: (b) LCF-900, (c¢) LCF-1500, (d) LCF-2000, (e) LCF-2800,

(f) Average and standard deviation of I/Ip of LCFs.
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Fig. S4. Structure and properties of the LCFs prepared at different carbonization temperatures. (a)

Stress-strain curves of the LCFs. (b) FTIR spectra and (c) XRD patterns of the LCFs.
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Fig. S5. Effect of carbonization temperature on the elemental composition of the LCFs. (a) XPS

spectra and (b) elemental content of the LCFs. (¢) XPS Cls spectra of the LCFs.
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Fig. S6. Effect of carbonization heating rate on the morphology and structure of the LCFs. SEM
images of the LCFs prepared at carbonization heating rate of (a, €) 2°C min-!, (b, f) 3°C min-!, (c, g)
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Fig. S8. La of the LCFs variation with carbonization temperature.
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Fig. S9. Schematic diagram of the stacking arrangement of the graphite crystalline hexagonal carbon

network. (a) Main view. (b) Top view. (c) Enlarged side view. (d) Top view of a single graphite sheet.
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Fig. S10. Performance of the LCF-based lithium-ion battery anodes. (a) CV curves, (b)
charge/discharge profiles, (c) rate capabilities at various current densities, and (d) long-term charge-
discharge behavior of the assembled lithium-ion battery anodes based on LCF-1100. (e) CV curves,
(f) charge/discharge profiles, (g) rate capabilities at various current densities, and (h) long-term

charge-discharge behavior of the assembled lithium-ion battery anodes based on LCF-2800.
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Fig. S11. Morphology and elemental composition of LCF-1500-based electrode before and after
cycling. SEM images of LCF-1500-based electrode (a, b) before cycling and (c, d) after cycling. XPS
spectra of LCF-1500-based electrode (e) before cycling and (f) after cycling. XPS Lils spectra of

LCF-1500-based electrode (g) before cycling and (h) after cycling.
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Fig. S12. Performance of the LCF-1500-based full cell. (a) GCD curves for pre-lithiation of the LCF-
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