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Supplementary Tables

Supplementary Table 1. Comparison of the structures and morphologies of our prepared
CNTs with those of other reported CNTSs.

thesi
. Carbon Continuous Synthesis CNT Micro
Biomass source reparation temperature Ic/Ip tvne moroholo Reference
type prep ©C) yp Y gy
Y
Lignin Biomass (120 rensh‘l) 1400 3.84 MWNTs CNT aerogels  Our work
Eucalyptus ) SWNTs/
oil Biomass No 850 33 MWNTs CNT powders 1
T .
urpoeirlltlne Biomass No 700 093 MWNTs CNT arrays 2
Sesame oil ~ Biomass No 900 0.98 MWNTs CNT arrays 3
Grass Biomass No 600 2.0 MWNTs CNT arrays 4
Plant Biomass No > 600 - MWNTs CNT powders 5
Popl
oplar Biomass No 450 0.79 MWNTs CNT powders 6
leaves
Methane ~ Chemicals Yes 1200 1.2 MWNTs CNT aerogels 7
Hexane Chemicals Yes 1150-1500 f;j; MWNTs  CNT aerogels 8
Ethanol Chemicals Yes 1150-1300 3.74 MWNTs CNT aerogels 9
1.78-
Toluene Chemicals Yes 1200 ) 472 2 MWNTs  CNT aerogels 10
Acetylene  Chemicals Yes - 1.22  MWNTs CNT arrays 11
Toluene Chemicals Yes 1150 0.94 MWNTs CNT aerogels 12
Xyl ich
ylene/dic Chemicals No 800 1.11  MWNTs CNT arrays 13
lorobenzene
Methane Chemicals Yes 1175 3.61 MWNTs CNT aerogels 14
' 7.7-  SWNTs/
Methane  Chemicals Yes 1200 143 DWNTs CNT aerogels 7
. 1.92-
Toluene Chemicals Yes 1200 1333 SWNTs  CNT aerogels 10
Acetylene/ ) 18.52- SWNTs/
h 1 Y 11 NT 1 14
Ethylene Chemicals es 75 69.87 DWNTSs CNT aerogels
Ethanol Chemicals Yes 1000 >30 SWNTs  CNT aerogels 15
Carb 10-
TO%  Chemicals Yes 800-1050 SWNTs  CNT films 16
monoxide 440
Acetone Chemicals Yes 1200 10- SWNTs  CNT aerogels 17
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78.69

) SWNTs/
Methane  Chemicals Yes 1200 > 60 DWNTs CNT aerogels 18
Carbon - micals Yes 880 224 SWNTs  CNT films 19
monoxide

Note: SWNTs: single-walled carbon nanotubes; DWNTs: double-walled carbon nanotubes;

MWNTs: multi-walled carbon nanotubes.



Supplementary Table 2. Assignments of '*C-'H cross signals in the HSQC spectra of lignin.

Label oC/0H (ppm) Assignments

Bg 53.5/3.07 CB-HB in B-B resinol (B)

OCHj; 56.4/3.70 C-H in methoxyls

Ay 59.9/3.35-3.80 Cy-Hy in f-O-4 substructures (A)
By 71.2/3.82-4.18 Cy-Hy in B-B resinol (B)

Aa 71.8/4.86 Ca-Ha in B-O-4 unit (A)

AB(G) 83.4/4.38 Cp-Hp in B-O-4 linked to G (A)
Ba 84.8/4.66 Co-Ha in B-B resinol (B)

S2,6 103.9/6.70 C2,6-H2,6 in syringyl units (S)
S2,6 106.3/7.32 C2,6-H2,6 in oxidized S units (S')
G2 110.8/6.97 C2-H5 in guaiacyl units (G)

G5 114.5/6.70 C5-H5 in guaiacyl units (G)

G6 119.0/6.78 C6-H6 in guaiacyl units (G)




Supplementary Table 3. Simulated analysis result of lignin molecule from ChemDraw.

Item Result

Chemical formula C205H2340s1

Exact mass 3991.4

Molecular weight 3994.0

Elemental analysis C:61.65,H: 591, O: 32.45




Supplementary Table 4. Main pyrolysis products of lignin at 800°C from PY-GCMS.

Number Time(s) Area(%) Formula CAS Number Remark
1 1.70 23.90 Multi-component peak
2 1.78 2.49 CsHsO 10229-10-4
3 1.92 31.92 Multi-component peak
4 1.96 0.17 C4Hs 590-19-2 Other
5 2.00 0.55 CsHsg 78-79-5 Other
6 2.13 1.93 CsHe 542-92-7
7 2.36 0.20 CsHs 542-92-7 Other
8 2.63 0.07 CeHio 513-81-5 Other
9 2.85 0.84 CeHs 592-57-4 Other
10 2.89 0.65 CeHs 96-39-9 Other
11 3.12 6.05 CsHs 71-43-2
12 3.21 1.03 C4H4S 110-02-1
13 4.76 5.74 C7Hs 108-88-3
14 4.84 0.56 CsHeS 616-44-4 Other
15 4.98 0.35 CsHeS 554-14-3 Other
16 6.40 0.50 CsHio 100-41-4 Other
17 6.54 1.53 CsHio 108-38-3
18 6.70 0.16 CeHsS 632-15-5 Other
19 6.92 2.07 CsHs 100-42-5

20 8.01 0.25 CoHi2 620-14-4 Other
21 8.31 0.28 CoHio 98-83-9 Other
22 8.50 0.91 CoHio 611-15-4 Other
23 8.56 0.36 CsHeO 271-89-6 Other
24 8.66 0.81 Ce¢HeO 108-95-2 Other
25 9.22 1.84 CoHs 95-13-6

26 9.48 2.27 C7HsO 95-48-7

27 9.84 0.88 C7HsO 108-39-4 Other
28 9.91 0.96 CoHgO 17059-52-8 Other
29 9.99 0.66 CsHsN» 614-97-1 Other
30 10.07 0.89 CsHi100 576-26-1 Other
31 10.54 0.89 CioHio 2177-47-1 Other
32 10.63 2.22 CioHio 767-59-9

33 11.01 1.84 CioHs 91-20-3

34 11.13 0.15 CsHeS 270-82-6 Other
35 11.14 0.18 CoH10N2 582-60-5 Other
36 11.21 0.31 CoH 120 2416-94-6 Other
37 12.25 1.09 CuiHio 91-57-6

38 12.43 0.70 CiHio 90-12-0 Other
39 13.09 0.16 Ci2Hio 92-52-4 Other
40 13.37 0.18 Ci2Hi2 575-37-1 Other
41 13.51 0.18 Ci2Hi2 571-58-4 Other
42 13.62 0.18 Ci2Hio 827-54-3 Other
43 13.86 0.44 Ci2Hs 259-79-0 Other
44 14.09 0.13 CizHiz 644-08-6 Other
45 15.50 0.31 C11H100 7469-77-4 Other




Supplementary Table 5. Composition and proportion of small molecule products from lignin
pyrolysis at 800°C (Split the peaks at retention times of 1.70 and 1.92 in Supplementary Table

4 and Supplementary Fig. 8).

Number Time (s) Area (%) Formula CAS Number Remark

1 1.70 23.90 / / Multi-component peak
3 1.92 31.92 / / Multi-component peak
Total 55.82

M/Z.  Area (%) Area (%) Formula CAS Number Remark

28 31.26 17.45 CO 630-08-0
44 13.00 7.26 CO2 124-38-9
18 48.54 27.09 H>O 7732-18-5
16 7.19 4.02 CH4 74-82-8
Total 100 55.82




Supplementary Table 6. Comparison of thermal conductivity of our CNT films and CNT films
with similar characteristics prepared by the similar method, other biomass-derived carbon

materials, as well as common metals.

Thermal conductivity

Materials Density (g cm™) Reference
(W m' K1)

Lignin-CNT films 33.21 0.82 Our work
PMMA/CNT 3.44 1.18 20
Polycarbonate/CNT 1.27 1.2 21
Lignin-based carbon foams 0.75 0.68 22
Lignin-based carbon fibers 24 2.189 23
Lignin-based carbon fibers 1.8 2 24
Lignin wood 0.23 1.2 25
Lignin aerogels 0.06 2.5 26
Ethanol-CNT films 20.91-458.58 0.37-1.59 27
Silver (Ag) 419 10.49 28
Copper (Cu) 385 7.76 28
Aluminum (Al) 210 2.7 28
Iron (Fe) 76.2 7.87 28




Supplementary Table 7. Comparison of tensile strength and electrical conductivity of lignin-

based CNT fibers with other carbon-based fibers and metal materials.

Electrical
Tensile strength
Materials conductivity Reference
(GPa)
(Sm™)

Lignin-CNT fibers 1.33 1.19x10° Our work
Biomass-derived carbon fibers 0.088 1.03x10* 29
Biomass-derived carbon fibers 0.369 1.91x10* 30
Biomass-derived carbon fibers 0.351 1.41x10* 31
Biomass-derived carbon fibers 0.129 5x10° 32
Biomass-derived carbon fibers 1.648 1.85x10* 33
Biomass-derived carbon fibers 0.763 2x10° 34
Biomass-derived carbon fibers 0.59 1x10° 35
Biomass-derived carbon fibers 0.57 3x10° 35

Array CNT fibers 0.656 4.08x10* 36

Array CNT fibers 1.408 5.84x10* 37

Array CNT fibers 1.408 2.39x10° 37

Array CNT fibers 1.90 6>10* 38

Array CNT fibers 1.91 4.1x10* 39

Array CNT fibers 0.389 1.05x10° 11

FCCVD CNT fibers 1.0 1.43x10° 40
FCCVD CNT fibers 0.38 4.6 <10° 41
FCCVD CNT fibers 0.32 2.0%106 42
FCCVD CNT fibers 0.36 1.27x10° 9
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FCCVD CNT fibers
FCCVD CNT fibers
FCCVD CNT fibers
Wet-spun CNT fibers
Wet-spun CNT fibers
Wet-spun CNT fibers
Wet-spun CNT fibers
Wet-spun CNT fibers
Hexcel (AS4)
Cytec (T300)
Toray (T300)
Toray (T1000G)
Toray (M55J)
Cytec (K-800X)
Cytec (K-1100)
Silver (Ag)
Copper (Cu)
Aluminum (Al)

Iron (Fe)

4.34

0.27

2.81

0.116

1.0

1.0

2.4

4.2

4.27

3.75

3.53

6.37

4.02

2.34

3.10

0.14

0.21

0.1

0.54

2.05%10°
1.657x10°
1.2x10°
5x10°
2.9%10°
5.0<10°
8.5x10°
1.09%107
6.5x10*
5.56>10*
5.9x10*
7.14x10*
1.25%10°
8.83x10°
9.09x10°
6.3x107
5.8x10’
3.5x107

1.0x107

43

43

44

45

45

46

47

48

48

48

48

48

48

48

28

28

28

28
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Supplementary Table 8. Comparison of production rate of CNT fibers from lignin and fine

chemicals.
Methods Carbon source Production rate (m h™) Reference
FCCVD Biomass Lignin 120 Our work
Array Acetylene 60-600 49
Wet-spinning Methane 300-540 7
FCCVD Ethanol 120-1200 9
FCCVD Methane 300 50
FCCVD Butanol 300-480 51
FCCVD Fine Acetone 300-1800 52
FCCVD chemicals Methane 330 53
FCCVD Butanol 420-540 54
FCCVD Acetone 450-540 55
FCCVD Ethanol 600 56
FCCVD Butanol 600 57
FCCVD Toluene 900 41
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Supplementary Table 9. Comparison of the amount of ferrocene we used for preparing lignin-

based CNT fibers with other literatures.

Ferrocene Mass fraction of
Carbon source
concentration in ferrocene in Reference
(Carrier gas)
solution (g mL™) solution (%0)
Lignin (Ar) 0.005 0.62 Our work
N-hexane (Hz2+Ar) 0.007-0.013 - 58
Xylene+
0.1 - 13
dichlorobenzene (Hz)

Xylene (Ho+Ar) 0.05 - 59
Cyclohexane (H>) 0.02 - 60
Toluene (H2+Ar) 0.03 - 12
Ethanol (Ho+Ar) - 0.1-3 61
Ethanol (H2+Ny) - 0.25-0.4 15

Toluene (H2) - 1-9.6 62
Methane (H>) - 0.31-0.89 7
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Supplementary Table 10. Composition analysis of lignin.

Analysis method Component Content (%)
Proximate analysis Moisture 2.3
Ash 1.1
Volatiles 59
Fixed carbon 37.7
Ultimate analysis Carbon 61.92
Hydrogen 5.68
Oxygen 31.92
Nitrogen <0.05
Sodium <0.005
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Supplementary Figures
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Supplementary Figure 1. Quantitative 'H NMR spectrum of lignin.
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Supplementary Figure 2. Quantitative *C NMR spectrum of lignin.
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Supplementary Figure 3. HMBC spectra (600 MHz with a cryogenic probe, DMSO-d6) of

lignin.
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Supplementary Figure 4. Main linkages of lignin obtained from HMBC spectra.
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Supplementary Figure 5. Molecular structure of lignin deduced from the results of NMR.
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Supplementary Figure 6. Three dimensional structure of lignin molecule simulated by

ChemDraw software.
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Supplementary Figure 7. Thermogravimetric (TG) analysis of lignin in a nitrogen atmosphere.
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Supplementary Figure 8. Pyrolysis products of lignin at different temperatures obtained by

pyrolysis gas chromatography mass spectrometry (PY-GCMS).
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Supplementary Figure 9. Main pyrolysis products of lignin at 800°C from PY-GCMS.

23



Supplementary Figure 10. Main pyrolysis products (aromatic hydrocarbon) of lignin in the

temperature range of 200-800°C from PY-GCMS analysis.
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Supplementary Figure 11. FTIR spectra of pyrolysis products of lignin at 20-1400°C.
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Supplementary Figure 12. FTIR spectra of lignin charcoal at 800-1400°C.
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Supplementary Figure 13. Carbon nanospheres synthesis without sulfur. a Digital image
and b, ¢ TEM images of the carbon nanospheres. d Raman spectrum and e TGA of the carbon

nanospheres prepared without thiophene addition.
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Supplementary Figure 14. CNT synthesis with excessive sulfur. a Digital image and b, ¢
TEM images of the curled CNTs. d Raman spectrum and e TGA of the amorphous CNTs

prepared with excessive thiophene addition.
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Supplementary Figure 15. Raman spectrum of black charcoal from the pyrolysis of solid

lignin at 1400°C for 30 min in N2 atmosphere.
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Supplementary Figure 16. Morphologies of the lignin-derived black charcoal. a TEM
image and b enlarged view of black charcoal from the pyrolysis of solid lignin at 1400°C for

30 min in N atmosphere.
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Supplementary Figure 17. Effect of lignin concentration on the synthesis of CNTSs. Digital
images of lignin solutions with concentrations of a 5.5 mg mL"', b 2.5 mgmL!, ¢ 1.6 mg mL"
,d 0.8 mgmL', e 0.4 mgmL", f0 mgmL". Digital images showing the synthesis of CNTs
from lignin solutions with concentrations of g 5.5 mg mL™!, h 2.5 mg mL™, i 1.6 mg mL", j

0.8 mgmL"', k 0.4 mgmL",10mgmL".
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Supplementary Figure 18. Effect of lignin concentration on the morphologies of CNTs. a
TEM image, d Raman spectrum, g growth mechanism of the CNTs prepared with lignin
concentration of 0.4 mg mL™X. b TEM image, e Raman spectrum, h growth mechanism of the
CNTSs prepared with lignin concentration of 0.8 mg mL™. ¢ TEM image, f Raman spectrum, i

growth mechanism of the CNTs prepared with lignin concentration of 2.5 mg mL?. TEM
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images of the j CNT aggregates prepared with lignin concentration of 5.5 mg mL?, and

enlarged images of k carbon nanorods and | amorphous carbon spheres.
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Supplementary Figure 19. Digital images of lignin solutions with a concentration of a 0.5 mg
mL?, and b 6 mg mL™2. ¢ Schematic showing the oscillation of high-concentration lignin

solutions during CNT synthesis.
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Supplementary Figure 20. Morphologies of the nascent CNT fibers, twisted CNT fibers
and rolled CNT fibers. a SEM image of the CNT aggregate and b magnified SEM image. ¢
Cross-sectional SEM image of the twisted CNT fibers and d magnified SEM image. e Cross-

sectional SEM image of the rolled CNT fibers and f magnified SEM image.
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Supplementary Figure 21. a SEM image and b calculation model of the TCFs. ¢, d SEM

images and e calculation model of the RCFs.

36



Supplementary Figure 22. Schematic diagram for the determination of the fiber orientation

by WAXD azimuthal scanning.
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Supplementary Figure 23. WAXD azimuthal scanning of the NCFs, TCFs and RCFs.
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Supplementary Figure 24. Schematic showing the thermal conductivity measurement of the

IR-detector

CNT films.
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Supplementary Figure 25. Electrical conductivity test of the CNT fibers using four-probe
method. a Digital image showing the electrical conductivity measurement by four-probe
method. b SEM image of the CNT fibers to show the thickness (t). ¢, d SEM images of the

CNT fibers to show the width (w).
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200~300°C 1000~2000°C 2000~3000°C Carbon fiber

>60min <5min <5min
Spinning Preoxidation  Carbonization
fiber furnace furnace
56.8% 37.8% 5.4%
20-35m h-1
Production rate, Energy Energy consumption, | Energy consumption, | Energy consumption, | Efficiency,
m h? consumption, MJ MJ h?t MJ h?t MJ h? M m?

20 - 7.64 5.08 0.72 0.67
25 - 6.11 4,07 0.58 0.43
30 - 5.09 3.39 0.48 0.30
35 - 4.36 2.90 0.41 0.22
o 1300~1400°C CNT fiber
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g R _PRWary e N
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Production rate, Energy Energy consumption, | Energy consumption, | Energy consumption, | Efficiency,
m h? consumption, MJ MJ ht MJ ht MJ ht MJ m?

120 - 14.40 0.02 0.09/0.07 0.12

Supplementary Figure 26. Comparison of energy consumption between lignin-based CNT

fibers prepared by FCCVD method in our work and lignin-based carbon fibers prepared by
conventional spinning method 3%,

Note: For the preparation of carbon fibers, the high-temperature processing part includes
pretreatment, carbonization and graphitization, and the data of its energy consumption referred
to the research report of Deakin University . For the preparation of our CNT fibers, the
energy consumption is mainly in the pyrolysis part of lignin. The pyrolysis of lignin is carried
out in a tubular furnace (GSL-1400X, Hefei kejing Material Technology Co., Ltd., China) with
a power of 4 KW, which consumes at most 14.4 MJ of energy per hour. For the post-treatment
process of CNT fibers, the energy consumption is mainly concentrated in fiber collection,
twisting and rolling. An optical axis motor (2GN-18K-50K, rated power=6 W) from Taizhou
Weichuang Electromechanical Equipment Co., Ltd. was used for fiber collection, and the
energy consumption was 0.02 MJ h™t. A yarn twist meter (Y331A, rated power<25 W) from
Changzhou Yifangyi Spinning Instrument Co., Ltd. was used for fiber twisting, and the energy
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consumption was 0.09 MJ h'. A small automatic roll-to-roll machine (MSK-HRP-04-RD,
maximum power=20 W) from Hefei Kejing Material Technology Co., Ltd. was used for fiber

rolling, and the energy consumption was 0.07 MJ h™.
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Supplementary Figure 27. Preparation and structures of CNT fibers from tea
polyphenols. Digital images of a tea polyphenol powder and b its methanol solution. ¢ Digital
image showing the continuous preparation of CNT fibers from tea polyphenols. d SEM image,

e TEM image and f Raman spectrum of the CNTs.
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Supplementary Figure 28. Preparation and structures of CNT fibers from tannic acid.
Digital images of a tannic acid powder and b its methanol solution. ¢ Digital image showing
the continuous preparation of CNT fibers from tannic acid. d SEM image, e TEM image and f

Raman spectrum of the CNTs.
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