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Fig.1 Types of carbon nanotubes: (a) single-walled (SW),
(b) double-walled (DW), and (c) multi-walled (MW)/!
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Tablel Parameters of arc discharge method for preparation of carbon nanotubes
CNTs Inert gas Pressure/x133.3Pa Current/A Voltage/V Diameter/nm Ref.
SW CHs&Ar 10,40 200 20 0.7-1.6 [9]
SW He 600 80-100 - 1.27 [10]
SW CO&He 225 100 50 1.5-1.7 [11]
SW Ar-H, 225 90 60 1.05-1.9 [12]
SW H,&Ar 200 70-120 10-30 [13]
SW Open air 375 90 - 1.29-1.62 [14]
SW H, 240 120 2500 3 [15]
SW Open air 500 100 36 1.62-2 [16]
SW He 375 55 23-25 1.32-1.46 [17]
MW Ar 100 100 5-20 [8]
MW H, 300 100 - 15-50 [18]
MW Open air 60 80 20 - [19]
MW CH4 100, 300, 500 90 10-20 [20]
MW Ar 1034 25 4.78 [21]
1995 4, 3EHT K 2E 1 Smalley A0 7 & 8L, I AL SIS ALV O G R L AR K CNTs #7548 =

WOETIR AL T LLSRAFPERE AR 52 1) SWCNTs. 5 B
FREL, O Rk R i m Rk R R R, AR R
VIFATEHEMR 4K CNTs. Roch 252330 %2 3] fik o H 3iK
JBCHEL V25 A0 K Ok B ki 2B K (8 SWCNTs k% < T
. REHGRAHLE. Bk, A1k E gk
JBCHL % Jik i ol e v EL A ARBLE) CNTs et A A Kbl
. WOt beh BT 75 A8 & B O o A LR A 8
BURLR AL, 1 HLOR B ihik AT LU 47 # CNTs i E
AR AR A, BRI CNTs IR &5 w2, ok
8 (O Be i A K CNTs 1) 32 B 25 J Hk R L
2.

WA BT MOGBREE X CNTs BELARMRIREI, R I
KOG 5 B T DU K B4R CNTs(1.4 nm) 4 K251,
HAh, CO, BOGRHI %M CNTs BLAE 2B 5 3 Ak
RN A N
1.3 ESHEAIRE (CVD)

BN EHT, W ER™Y, L2EHEE R, £
FRA o AEESARUIRGE S & CNTs J2 $8 Bk it ) A4 7E
e U AN AT JEG PR AR A TR A A T 0 il o vt P ik DR 1
M A CNTs 777, 2SS AHYIRLNE A S CNTs
BAREM. #ERR. T2EHRm. H &R
SRS HIRE A e T mER AL BT M TR
ff) CNTs Bl 4 57 A 22 S AR TR I o] DAAR H5
SR SEA A [8] 43 R # A 22 S TTA(TC VD). Tl 5
BT URPUB(MPCVD)., 558 7 AR R A U
JIR(PECVD). (K EAL S AHPTA(LPC VD) ¥l i
A = SAHUTR(FCCVD)AE 7 5

CVD Vil % CNTs ) E 2 T 2S5 K HEReinR 3
Fias. W FHRH1% CNTs AR FEEH k. LEE.
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J& K EAECS BT oM, B R %
CNTs T i ZE R B AR, ReFERE/h, HIRM A CNTs
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Table2 Parametersof laser ablation for preparation of carbon nanotubes and diameter characteristics of carbon nanotubes
CNTs Inert gas Pressure/x133.3Pa  Laser source Temperature/’'C ~ Diameter/nm Length/um Ref.
SW Ar 600 CO, Ambient 1.2-1.4 30-70 nm [27]
SW Ar 150-760 CO; Ambient 1.2-1.4 20-200 nm [28]
SW N,/Ar 750 CO, 1100 1.2-1.3 [29]
SW Ar 200-400 CO, Ambient 1.1-1.6 20-200 nm [30]
SwW Ar/Ne/Kr/N, 100-1500 Nd:YAG 1200 [31]
SW Ar 13510 Nd:YAG 1020 1.2 [32]
SW Ar 500 Nd:YAG 1000 1.25-1.3 [33]
SW Ar 525 CO; Ambient 1.23-1.46 1-2 [26]
MW 02/N, 2 KrF Ambient 100-200 1-3.5 [34]
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Table3 Parameters of chemical vapor deposition for preparation of carbon nanotubes and diameter characteristics

CNTs Inert gas Carbon source Catalyst Temperature/‘C Time/min Diameter/nm Ref.
SW Ar-H, Ar-H, Fe 900 30-60 1.31-2.25 [38]
Ethanol, Ar,
SW H,-N, Fe/Co 850 10, 60, 120 0.8-1.5 [39]
AI‘-Hz
Ethanol, Ar,
SW H,-N, Fe(CsHs): 750-1100 30 0.84-1.29 [46]
AI‘-Hz
SW H, H, Fe 550-800 8.33 0.7-1.9 [47]
SW He He Al, Fe, Mo 1000 5s 1.3 [48]
Fe, Al/Fe,
SW N> N> 550-750 10 1-3 [49]
A1203/Fe, A1203/C0
MW H, H, MgMoO, 1000 10-60 9.5-20.5 [40]
MW Open Air Air Ni 600 - 20-40 [50]
MW 0, 0, Ni 630-830 5-7 50-60 [51]
MW Ar Ar Fe(CsHs): 750 5-240 37.2,33.8 [52]
MW Ar-H, Ar-H, Fe(CsHs): 500-800 40 22-36 [53]
MW Ar Ar Fe(CsHs)2 850 60 31-36 [41]
Fe(CsHs)z,
MW N, N, 750-830 - - [54]
Mo(CO)s
MW Ar, H, Ar, H, - 450 5 25 [55]
MW H, H, Ni/Cr 750 5,10,20 30-50 [56]
MW H,, N, H,, N, Fe 650 - - [57]
304 stainless steel
MW Ar, H, Ar, H, 500-800 - ~12 [58]
sheet
CNTs H, H, Fe-Si - 2-10 6.2,9.2 [59]
CNTs H,, Ar, N» H,, Ar, N» Ni 500-750 10 30-70 [60]
CNTs H, H, Fe-Si 450-625 0-20 - [61]
CNTs - - Co-CaO <550 60 10-60 [62]
CNTs Ar, H, Ar, H, Fe 750 30 30-40 [63]
CNTs NH; NH; Fe 825-875 1-5 - [64]
CNTs N> N> Fe(CsHs): 750 - 20-50 [65]
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Fig.2 FESEM images of CNTs on diamond-like carbon film with different pretreatment time: (a) 6 min, (b) 10 min, and (c) 18 min
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Fig.3 SEM images of CNTs on different Al,Os substrates: (a) Ni/y-Al,03 and (b) Ni/a-AL,05"%
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Fig4 FESEM images of TiO2/CNTs@Ni-F (a) and CNTs@Ni-F (b)"®
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Fig.5 SEM morphologies of MWCNTSs under different deposition conditions (a-c) and growth data of MWCNTSs (d)!'*: (a, a’) S1 sample,

(b, b") S2 sample, and (c, c') S3 sample
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battery-supercapacitor hybrid energy storage devices (b

Energy storage structure and schematic diagram of battery-supercapacitor hybrid energy storage device (a) and classification of
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Fig.12 SEM image of MWCNTs/nano-copper matrix composite after etching (a) and schematic diagram of series connection (b)!'*
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Resear ch Progress on the Preparation and Application of Carbon Nanotubes

Zhang Yingxiao, Zhou Fan, Lai Chen, Zheng Zhenghui, Wang Ying, Zhou Wenyuan, Wang Jinshu
(Faculty of Materials and Manufacturing, Beijing University of Technology, Beijing 100124, China)

Abstract: Carbon nanotubes (CNTs) are tubular structures composed of highly graphitized atoms. Due to the sp2 hybrid electron orbital
structure, CNTs possess a variety of unique physical and chemical properties, such as high mechanical strength, excellent optical
anisotropy and good electrical conductivity. Therefore, CNTs are promising advanced materials that can be used in areas of material
strengthening, energy conversion and electronic devices. The structures and properties of CNTs can be tuned by regulating the growth
environment of CNTs. Nevertheless, the growing process of CNTs is very complicated, and highly depended on raw material, preparation
method and growth environment, which consequently determine the growth rate, microscopic morphologies and final properties of CNTs.
In the present paper, the effects of fabrication methods, substrates, catalysts, and growth environment on the microscopic morphologies and
properties of CNTs were reviewed, and the growth mechanisms of CNTs are discussed. We also pay attention to the application of CNTs in
the areas of energy storage, material toughening and catalytic hydrogen production. The present deficiencies and future development
directions on the preparation and controlled growth of CNTs are figured out, which provides guidance for the controlled growth and
large-scale preparation of CNTs.

Key words: carbon nanotubes; preparation method; substrate; catalyst; growth mechanism
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