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Structure Control and Synthesis of Ultralong Carbon Nanotubes ;
Progress and Challenges

Li Run, Shi Xiaofei, Jiang Qinyuan, Zhan Chenhao, Cui Yiming, Liu Qingxiong,
He Ziying, Wei Fei, Zhang Rufan”
(Beijing Key Laboratory of Green Chemical Reaction Engineering and Technology, Department of

Chemical Engineering, Tsinghua University, Beijing, 100084 )

Abstract Carbon nanotubes (CNTs) have drawn intensive research interest in the past near 30 years due to
their excellent properties and wide applications. In a large number of different types of CNTs, ultralong CNTs usually
have perfect structures and lengths up to centimeters, even decimeters, showing extraordinary mechanical, electrical,
and thermal properties. Ultralong CNTs are promising candidates for transparent displays, nanoelectronics,
superstrong tethers, aeronautics and aerospace, etc. The controlled synthesis of ultralong CNTs with perfect structures
is the key to fully exploit the extraordinary properties of CNTs. Over the past two decades, significant progress has
been made in the study of ultralong CNTs, but there are also great challenges in controlled synthesis and mass
production of ultralong CNTs, which limits their application. In this review, the progress on the growth mechanism,
structure control, selective synthesis and extraordinary properties of ultralong CNTs and the innovative ideas in them
is summarized. Meanwhile, the current challenges and future priorities were discussed. We hope that this review will
shed light on the controlled synthesis, mass production and future application of ultralong CNTs and play a role in
promoting the mass production and industrialization of ultralong CNTs with perfect structures.
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Fig.1 Timeline of major milestones in the controlled synthesis of ultraong CNTs!3-%]
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Fig.8 Structure characterization of ultralong CNTs. (a) Illustration of a 100 mm long TWCNT and HRTEM images
on three positions that are 25, 60, 70 mm away from the growth strating point[ 15] ; (b) Electron diffraction patterns recorded
on the TWCNT at these three positions, and the chiral indices assigned to all three shells at each location! '’ ;

(¢) Raman spectra of a TWCNT (left) and DWCNT ( right) [!$:4¢]



- 596 -

feefE R 2020 4 59 83 & 5 7 )

http : //www.hxtb.org

TET A0 AT (9 A 22000 S 4 5 v, 5 8 1 1 2
AR WA R A BN R B R 0
R RE . AR R RIS T, LA 56 36 45 4 1 S AR Ak
2 KA 10 B R B A 100G Pa, A G A A
1TPa, W 2R A8 i ik 18% Y7 . i 2 — -+ Z4E 3k,
BT E AR R 98 KA 64T T KA I 2 0k, (AL
V% A T AR R A B B (Y L S A
S BT R A A7 AR S5 A e b o FRATT R BT o 45 1
FRK RO AS HEAT T 12 PERE IR . Sedi b R %
WY, A K 455 A B T F T K Kok 40 K A7 f i fo 9 3
KF 100GPa ([ 9 (a))"™, i %4 5 28 K F
17.5% . "EATH9REAE -RE F7 1 28 78 1000 YR 25 B
WA AR AR A 78 3% W R AR T, B AT
ZHEAZ 1.8x10° W LL e 5585, JE s
R B 55 75 o 3K B S 11 7 2 M Bl A e
2 KAG HAT I SR HLB R REBE J1 o 3 e B 4 K A%
(R HLAR BE A7 ik 95 3 1A 31 1125Wh - kg, 2 R 5% i
IRF 144MW - kg™, 32 B E K B9 WL BE 6% 77

10°

S 9(h)) . B KB 4 ok 45 00 5 14 9 2% Pk eI
SET H TGRS . FRATTE & B — 2 K kgl
KA B0 52 S 5 g 0 T G 7 0L N i R i o
B, MMM R YA BRI A RS T
R 5 il 2 ] 22 A A RE L T R Y B
G R, AT — BN R i T LR
L AFAELE A A TR, 7 28 W R E A e v
FEAT YA RN S R IR RO B JE KK 1 T
e B WURE B A K S R AE BT LA (1 9
(), ZEHFTH, 2 [ B R BRE 1IN, H
RO A BE T, LA, X 4 XUBE i 4 K 4
Fiy 65 I 1] 40 57 1) 3% 8 A A LR 07 %, b DA A 3R 1
(B MERRIR T 4 DR Z0 . 3% BERR 8K 45 (1 58
S5 5 A R A T K % XL R g R A G .
IR L TR, 2 £ BE g4 0K A 7 7 25 4 ok
e Bl ity R s, HE )2 ) EE K KRB . | T il
15 10 J2 IV JBE 482 ) 16 JEE K K B8 A4 5 M A KR 1
FAUE S T A K 1 T 490 K 5 £ G e WA R

(a) (b)

58S 361 0,98ms
3.6

— 9%
15h=%—m w1 107 36ms L
Z600 ] 16, 0.365
> |8 Mg o 1° ’ i -
@ 400} | s k4 % 3 j e )
® s il oS 3 10° 3
=~ 10} =200} la ¥ JFo—200 cycles: loading = E min | o
-E ) : lo o ——200 cycles: unoading §‘ 10'f
s s "0 200400600 8007000 S ke, 5§ < :&::.pmwé“ @
- Cycies —5—600 cycles: loading 3 10 EnBine Drivg, 1%
st & : ¥
Toomae|  Rwf B g L
800 cycles: unloading & i ‘%
1000 cycles: loading 10 g % 1000h|
. - —— 1000 cycles: unloading § % ,‘m
o 50 100 150 200 ot 10" 100 100 107 10 10°
(@500 Applied Stress /GPa @ Energy density /Wh kg 3)
O 1 e e
107 »
/
5 10° »
o 400 ’/
© < 10° ~ 1
12}
5 g 10 » d @
a
2 200 gm“ »
&« 10 » i
0 10" ¢ v
1200 1400 1600 1800 2000 Y P D Pt et e i o
Wavelength/nm After Concentration /(W/cm?)
2 > s s =2 [53
9 BRBMKSHRIMEE: (a) BAKE7E 200,400,600,800 1 1000 4> Kz T MBI FHI R T -F A1TH 5

(b) REfERE M R BB RE AXTLLE Y 5 (o) REBR G THEBRAKENEENEBBINLZRHBEER R,
(d) 1165 ] 2100nm [ £1 50 S B M RL i Y 5 (o) BRAV KRB Z 4R & 3TN\ S St pgnig iz )
Fig.9 Extraordinary properties of ultralong CNTs. (a) Strain-stress behavior of a CNT after 200, 400, 600, 800, and

1000 strain-relaxation cycles'>*!; (b) Comparison of energy storage capacity of different materials'*>) ; (c) Free sliding of inner

shells in DWCNTSs in ambient conditions!*® ; (d) Photocurrent response spectrum from 1165nm to 2100nm in the

near infrared' >’ ; (e) Response of CNT diode to incident!**!

AR A R T R A 45 1 A R [T B 4 oK T LS
o 4 T TR AN OK A R AR B8 R Y, R
TR AR T 33 2 8 K B 40 K 5 110 L 2 P T o 45 3R
KR, G5 58 3 10 4 TR TR 4 0K A T DL R 2
A R 10°A/em” V8 AR A i s
T 2 T A TR B 4 A A T R 7S H J2G 8 TR B 0 R
28RS AR AT LA b ok s g K Y B AR

S B 5 A, BT R A 9 AR KRR A KA 1
o SR BEPRIERT K 92. 6% , T 54 L5 ik 4. 8%10°%;
IFH, = RERR AR B2 G RERR W] LUK # (2~4)
X10° A - em™ (1 48 5 U W B, AN, 1R Ok
100kW - cm ™ {4 't PR B R, B 40 K 45 W45 R
RS 120dB 10 3h 25 56 HL VR I B S B, 7E 1165 ~
2100 nm F) 9 1 35 Bl A B A i 485 14 i )7 L X6 3 4k



http : //www.hxtb.org

fOF AR 2020 4F 55 83 % 45 7 S

MG (9 (d,e)) ™, i e el 5 A Y Sl
A% I3 T B AT VA B0 LT 5% o R IR 4 flh e 7k
P D B AR I 0 A B A R A TR A P Y
SHRBOMG IR BRI, BEE EARR N, A5 (1Y
AR BE A AT 7.5x10" 5 8.9x10°W -
m KT SIS R

6 BRIEMKEWNEA

QR TS K B A KA il T LA K B
Sy K LA B 2 WK S AR X 58 38 B S R TE
S ML PGS T R I TG SR R 7 0
ST 4 BRI SR L S B S AT R R
B4 LA B 23 ALK 45 22 QS AT L AT 1R ) o
FHVEI1 0 B 50, R4 K A5 8 185 1) 2 5 B ML A
Sy o £ B 2T 4 S R AR A RL . HRTE AR
LA JE T B¢ £F 4 45 1 1L 35 BE %6 7% I T 7. SGPa/
(g/cm’)  AH 2 T B 400 K 45 19 B3 HE 3 % AT LU
B3k 62.5GPa/ (g/em’) , 176 8 A AE o] 44 R,
I R K BB 0 K R B T 2 SIS LA T N 1
FURT S B T B 450 5 50 3, B 40 K 45 4T 4k 58
A AR 4 00 5 H RS AR R i HG 7 o 4% T o
T A S 7 TR A AR B R
e 5 135 LT Rl b B 2% R (TG 2 T e A Ak 37 8%
B i) o TR 40 K R 0 B T VA R S o R
KAG LT A 1A R AR T AN IR T 5 4 5 B
RE Gl AR L SR A5 v T 2T A o, K
5 2 K5 I 1) 235 4 0 2 20 L T 0 K A A ) 2T
o FLA i i R A S T

A ML L G2 1F (OLED) s #3251 )32
KT B OK S S H T BT OIS o T R A A
B K A 35 W] 5 v 9 JBE ( CNT-TCFs ) HLAT BT X 42
6K B TET L SEL DAL TIT SR o B 5% R B 55 4 45 461k
Wy (ITO) [ 107 1 76 A5 AL 2R 6 25 0 b, 8 K T 48
KA AR TR A KA, B TN B T
M S RN AILB B 4 0 S 9 4 A P RE L T R M
TR S 45 T T BT ) 8

51 G5 ek 4 B T RS (TFTs) A I
B 24 K5 T TS A LA O ) R R LB
FeINE LA % Bl B 2% . 0, H o 78 T AR R
L b 0 3E B A Wk SRR 2.5~ 10 £
BB 200 K A7 I 91 35 380 5 PR 14 1 68 7 D O T
75 HD T B R R AL R A RV 7, o O
FEHS AE AR 2~ 10 4517 L X FRL K
2% S A R Hp A AR R P R A N R G K

itk 40 K AT 2 7 A B A A 80 i A e
PR RIH A S 5 2 5 R 00 3 2 5080 A ok o R0
AR N H G WA SR 1,
HA W e i ] AR
7T BREARELRENE@ G
6219539

S BLAR AN KA A L 38 2 v IO P 1 G
TR WA JE S Al m] s | mT A A i) B 9 R A
0 2 T o o o SR, K K AR R — A T2 il Uk R
Y EE RMER . 233 30 4RI K T BRI 4N K 4
BFFE U AT T B R 2, LA RSB T 4R 7 T
W 20% 1) Rt B 1 L (ELR ol TR AR A R A A
ZH MBI A A 2 PF A BRI, 78 % WA B G2 A
P 6 P e T i 4 DK AT 1Y AT 47 ) o R B AR 7
THT R SR A7 AEAR 22 B BRI 18 A ik DR B MR . 7K F [
A7) e P A A LA S 30 TR A e o Y R X 2 —
s X ) 5 ) AR A o R ad B O A AR AR Y
ARMBATRLS . X T W K 45145 IR 1 e
KA BRL, 5 DU Y AT LT 2 O B A 7 Y Bk
AUKRE MR A B AR, — L 1 2 4 ) 2L
K TT 0y 22— G 0 20 5 45 R 1RSI 42 ) T
Sif R ) 0 B N KA SR /N T 107 1 B s 2
Feax A FHERY IR R 254 . [ Br VR 28 B g ok
AR AR 2 i i 30 1 5 AR iy ik ) A B R
LA, Xt T R B A K A R At o e Rs
w5 TR PLES & 4 /NI K BT =5 I 8] 5 58 4
BT ER NI A5 8 i 9 R AT BF 5T
ANBEASUHH T 1 Bl A2 bRl T R 2 T
BB Ao EREMHLBEAT ST I Al g TR
ARG & 7% B o 25 WK R A & Bk B L 2l
JE G — B B AN KA AR, DL R R T
UL 2 LR 25 75 5K 0Bl S R 0 e R SR
P A 15[ I 5 B A 55

8 H5iE

AL T BA 58 S S5 K A S M RE Y B K
ik A0 KA F) T ) o T S R R o AR TR PR R
Je P E A B GOKR AT AR KOG HE I R . 118 TR
P SE R E T RS RO R ol i L P T BUR /Y A S
KA, AT 35 18 B9 To sk AR A KA, i 52
BT S AR B N KA B9 e B A S 2
Kbk 94 KA A 0 5 19 7 27 PR RE L T 1k g L
Lerf s SR AR A48 T B R e 4 R



- 598 - fhasE e 2020 4F 55 83 % 5 7

http : //www.hxtb.org

Y PP A S AR o X I T AR AT B
TR B AN K AR B 5 S R AR AR Y 2 —
I8 9 T BE— 2 A J B AN R A, o 201 52 B
BT L AR Rl A0 KA ) 1 )
XS HBTHY— R PR, A R RMURE A B 9 R S
IR AR BRI A B PR FOR I e 4 KA 1B
JS7 P45 07 T A R T RE— 20 TS . TR I AR A
KA A2 55 058 R ) 1 i 40 R A Ytk A 7
55 0 AR B 20 oK A5 ) B 1 R T AL Ak 48 2
O 4503 84 A A A BRI A, B AR R 3R A R I8 S
R R FIARAE I A AT P AL . BRAKAEAE A )22k
RE R UF B AR 2 — , 7 5 £ 4 1l 75 9T BLAT B
RIGPEH o U 2R BEAE 7 2 WA BE R A0 KA 1Y 2% i
A7 A MERE L A I S, B 2 0 S5 B Kk 4
KA A 7 b T 552 B0 i 2T 4 ) 1 ) 4 L L B
fitp ke [ 977 ML 2 A DK 257 2K g 0358 5 4 6k )
R 2R 2 77 1 AR HOR B B A
& % x Wt

[ 1] Wehling T O, Black-Schaffer A M, Balatsky A V. Adv.
Phys., 2014, 63(1) ; 1~76.

[ 2] Zhang R, Zhang Y, Wei F. Chem. Soc. Rev., 2017, 46
(12) : 3661~3715.

[3] KongJ, Soh H T, Cassell A M, et al. Nature, 1998, 395
(6705) ; 878 ~881.

[ 4] Cassell A M, Franklin N R, Tombler T W, et al. J. Am.
Chem. Soc., 1999, 121(34) . 7975~7976.

[ 5] KongJ, Franklin N R, Zhou C W, et al. Science, 2000, 287
(5453) ; 622~625.

[ 6] Zhang Y, Chang A, Cao I, et al. Appl. Phys. Lett., 2001,
79(19) ; 3155~3157.

[ 7] Kim W, Choi H C, Shim M, et al. Nano Lett., 2002, 2(7) :
703 ~708.

[ 8] Huang S, Cai X, Liu J. J. Am. Chem. Soc., 2003, 125
(19) : 5636~5637.

[ 9] Zheng L X, O’Connell M J, Doorn S K, et al. Nat. Mater.,
2004, 3(10) : 673~676.

[10] Ismach A, Kantorovich D, Joselevich E. J. Am. Chem. Soc.,
2005, 127(33) . 11554~11555.

[11] Kocabas C, Shim M, Rogers J A. J. Am. Chem. Soc., 2006,
128(14) . 4540~4541.

[12] JinZ, Chu H, Wang J, et al. Nano Lett., 2007, 7(7):
2073 ~2079.

[13] Geblinger N, Ismach A, Joselevich E. Nat. Nanotechnol.,
2008, 3(4): 195~200.

[14] Wang X S, Li Q, Xie J, et al. Nano Lett., 2009, 9(9):
3137~3141.

[15] Wen Q, Qian W, Nie J, et al. Adv. Mater., 2010, 22(16) :
1867 ~1871.

[16]

[17]
[18]

[19]

[20]

[21]

[22]

[26]

[27]

[28]
[29]

[30]
[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]

[42]

[43]

Zhou W, Ding L., Yang S, et al. ACS Nano, 2011, 5(5):
3849 ~3857.

Liu J, Wang C, Tu X, et al. Nat. Commun., 2012, 3. 1199.
Zhang R, Zhang Y, Zhang Q, et al. ACS Nano, 2013, 7
(7): 6156~6161.

Yang F, Wang X, Zhang D, et al. Nature, 2014, 510
(7506) : 522~524.

Hu Y, Kang L, Zhao Q, et al. Nat. Commun., 2015,
6: 6099.

Zhang S, Kang L, Wang X, et al. Nature, 2017, 543
(7644) ; 234~238.

Bai Y, Zhang R, Ye X, et al. Nat. Nanotechnol., 2018, 13
(7): 589~595.

Zhu Z, Wei N, Cheng W, et al. Nat. Commun., 2019,
10 4467.

Huang S, Woodson M, Smalley R, et al. Nano Lett., 2004,
4(6): 1025~1028.

Wen Q, Zhang R, Qian W, et al. Chem. Mater., 2010, 22
(4): 1294~1296.

Reina A, Hofmann M, Zhu D, et al. J. Phys. Chem. C,
2007, 111(20) : 7292~7297.

Ding F, Harutyunyan A R, Yakobson B I. PNAS, 2009, 106
(8): 2506~2509.

Flory P J. J. Am. Chem. Soc., 1936, 58. 1877~ 1885.
Zhang R, Xie H, Zhang Y, et al. Carbon, 2013, 52. 232
~238.

Charlier J C. Acc. Chem. Res., 2002, 35(12) : 1063 ~1069.
Choi H J, Thm J, Louie S G, et al. Phys. Rev. Lett., 2000,
84(13): 2917 ~2920.

Krasheninnikov AV, Nordlund K, Sirvio M, et al. Phys.
Rev. B, 2001, 63(24) . 245405.

Sammalkorpi M, Krasheninnikov A, Kuronen A, et al. Phys.
Rev. B, 2004, 70(24) . 245416.

Chico L, Benedict L. X, Louie S G, et al. Phys. Rev. B,
Condens. Matter, 1996, 54(4) . 2600 ~2606.

Charlier J, Ebbesen T W, Lambin P. Phys. Rev. B
Condens. Matter, 1996, 53 11108~11113.

5

Zhu L, Wang J, Ding F. ACS Nano, 2016, 10(6): 6410
~6415.

Xu Z, Yan T, Ding F. Chem. Sci., 2015, 6 (8): 4704
~4711.

Page A J, Ohta Y, Okamoto Y, et al. J. Phys. Chem. C,
2009, 113(47) . 20198 ~20207.

Yuan Q, Xu Z, Yakobson B I, et al. Phys. Rev. Lett., 2012,
108(19) : 245505.

Ding F. Phys. Rev. B, 2005, 72(24) ; 245409.

Liu Z, Jiao L, Yao Y, et al. Adv. Mater., 2010, 22(21) :
2285~2310.

Chen Y, Zhang Y, Hu Y, et al. Adv. Mater., 2014, 26
(34) . 5898~5922.

Chen Y, Zhang J. Acc. Chem. Res., 2014, 47(8). 2273
~2281.



http : //www.hxtb.org fb2Em R 2020 4F 55 83 & 45 7T . 599 .
[44] Peng B, Yao Y, Zhang J. J. Phys. Chem. C, 2010, 114 41(17): 11837~11851.

(30) : 12960~ 12965. [57] Hirano M, Shinjo K, Kaneko R, et al. Phys. Rev. Lett.,
[45] Zhu Z, Wei N, Xie H, et al. Sei. Adv., 2016, 2 1991, 67(19) ; 2642 ~2645.

(11): ¢1601572. [58] Hong G, Zhou M, Zhang R, el al. Angew. Chem. , Int. Ed.,
[46] Zhang R, Ning Z, Zhang Y, et al. Nat. Nanotechnol., 2013, 2011, 50(30) : 6819~ 6823.

8(12); 912~916. [59] Wang H, Liu J, Guo Z, el al. Nanoscale Microscale
[47] Wei C, Cho K, Srivastava D. Phys. Rev. B, 2003, 67 Thermophys. Eng., 2013, 17(4) ; 349~ 365.

(11): 115407. [60] Behabtu N, Young C C, Tsentalovich D E, et al. Science,
[48] OQian D, Wagner G J, Liu W K, et al. Appl. Mech. Rev., 2013, 339(6116) : 182~ 186.

2002, 55(6) : 495~ 533. [61] Davis V A, Parra-Vasquez A N G, Green M I, et al. Nat.
(497 Yu M, Lourie O, Dyer M J, et al. Science, 2000, 287 Nanotechnol., 2009, 4(12) ; 830 ~834.

(5453) ; 637 ~640. [62] LiQ, Zhang X, DePaula R F, et al. Adv. Mater., 2006, 18
[50] Wu Y, Huang M, Wang F, et al. Nano Lett., 2008, 8(12) : (23) : 3160~3163.

4158 ~4161. [63] Miyata Y, Shiozawa K, Asada Y, et al. Nano Res., 2011, 4
[517 Chang C C, Hsu 1K, Aykol M, et al. ACS Nano, 2010, 4 (10) ; 963~970.

(9) : 5095~ 5100. [64] Franklin A D, Luisier M, Han S J, et al. Nano Lett., 2012,
[52] Peng B, Locascio M, Zapol P, et al. Nat. Nanotechnol. 12(2) ; 758 ~762.

2008, 3(10) : 626~631. [65] Shulaker M M, Hills G, Patil N, et al. Nature, 2013, 501
[53] Zhang R, Wen Q, Qian W, et al. Adv. Mater., 2011, 23 (7468) : 526~ 530.

(30) : 3387~3391. [66] Tulevski G S, Franklin A D, Frank D, et al. ACS Nano,
[54] Wei N, Liu Y, Xie H, et al. Appl. Phys. Lett., 2014, 105 2014, 8(9) : 8730~ 8745.

(7): 073107. [67] Rutherglen C, Jain D, Burke P. Nat. Nanotechnol., 2009, 4
[55] Dienwiebel M, Verhoeven G S, Pradeep N, et al. Phys. Rev. (12): 811~819.

Lett., 2004, 92(12) ; 126101. [68] Cao Y, Brady G J, Gui H, et al. ACS Nano, 2016, 10(7) :
[56] Hirano M, Shinjo K. Phys. Rev. B, Condens. Matter, 1990, 6782 ~6790.



