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HRTEM images of carbon nanotubes





STM image of a single-walled 

carbon nanotube



AFM image of SWNTs and SWNT bundles



No dangling bonds

Clean interface



Size

Density

Tensile Strength

Resilience

Current Carrying 

Capacity

Field Emission

Heat Transmission

E-beam lithography can create lines 
50 nm in wide, a few nm thick

SWNT

0.4 to 4 nm in diameter

By comparison

1.33 to 1.40 g/cm3

45 billion pascals 

Can be bent at large angels and 
restraightened without damage

Estimated at 1 billion amps 
per square centimeter

Can activate phosphors at 1-3 V if 
electrodes are spaced 1µm apart

Predicted to be as high as 6,000 

W/m•K

Stable up to 2,800ºC in vacume, 

750 ºC in air

Al: 2.7 g/cm3

High-strength steel alloys break 
at 2 billion Pa

Metals and carbon fibres fracture 
at grain boundaries

Copper wires burn out at about   
1 milion A/cm2

Mo tips require fields of 50-100 
V/pm and have limited lifetimes

Nearly pure diamond transmits 
3,320 W/m•K

Metal wires in microchips melt at 
600 to 1,000 ºC 

Temperature 

Stability

Properties of Single Walled Carbon Nanotubes







Structure-Determined Bandgap of SWNTs
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Band structure of SWNTs
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半金属

n-m=0, metallic; 

(n-m)/3=i, semi-metallic; 

(n-m)/3i, semiconducting

Statistically: 67% s-SWNTs + 33% m-SWNTs



Methods for Preparation of SWNTs

Arc-Charge

Laser Ablation

Chemical Vapor Deposition

Flame synthesis



Laser Method

Arc Method CVD Method



Arc-Charge
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Laser Ablation

C target (2% Ni:Co)



Chemical Vapor Deposition (CVD)

Precursor gases (often diluted in carrier

gases) are delivered into the reaction

chamber at approximately ambient

temperatures. As they pass over or come

into contact with a heated substrate (with

catalysts), they react or decompose to

form solid phase products.



CH4 C + H2

600-1000ºC

SiH4 Si + H2

600-800ºC

Ni(CO)4 Ni + CO
140-240ºC

3SiH4 + 4NH3 Si3N4 + 12H2

750ºC

CH4 C (diamand)+ H2800-1000ºC

Plasma

Some reactions used in CVD process



CVD processes such as:

Atmospheric Pressure Chemical Vapour Deposition (APCVD)

Low Pressure Chemical Vapour Deposition (LPCVD)

Metal-Organic Chemical Vapour Deposition (MOCVD)

Plasma Assisted Chemical Vapour Deposition (PACVD) or 

Plasma Enhanced Chemical Vapour Deposition (PECVD)

Laser Induced Chemical Vapour Deposition (LCVD)

Photochemical Vapour Deposition (PCVD)



Vapor-Liquid-Solid Growth of 1D materials

Chem. Mater., 16 (12), 2449 -2456, 2004.

The growth of Ge nanowires 

catalyzed gold nanoparticle (in 

situ TEM



FeedStock Gas: CO, CH4, C2 H5 OH etc.

Catalyst: Fe, Mo, Ni, Co, Cu etc.

Temperature: 700 – 1100 ºC

Chemical Vapor Deposition





Substrate

CH4

Top-growth Base-growth



• Advantage:

– Easier to scale-up; 

– More parameters to control;

– Suitable for both bulk synthesis and surface-
growth



2)     2CO (g)  CO2(g) + C (nanotube)

rHm
 = 74.81 kJ·mol-1

rSm
 = 0.077 kJ·mol-1·K-1

rGT
 = rHm

 - TrSm
< 0

T 转= rHm
 / rSm

 = 971K        T>971K,   rGT
 <0

1)      CH4 (g)  2H2(g) + C (nanotube)

rHm
 =  -172.5 kJ·mol-1

rSm
 = -0.176 kJ·mol-1·K-1

rGT
 = rHm

 - TrSm
< 0

T 转=rHm
 / rSm

 = 980K        T<980K, rGT
 <0



HiPco — High Pressure CO  CVD 

Developed in Rice





CxHy

C C

catalyst

substrate

Base Growth

Tip Growth

Roles of the catalysts: 

• to catalyze the decomposition of carbon feeding stocks

• to initiate the nucleation and growth of nanotubes

VLS growth of SWNTs catalyzed by metallic nanoparticles



A B C

On Silicon Surface

A) original nanoparticles B) after CVD  C) after heated in air

Base-Growth of SWNTs

Unpublished results



On Al2O3/Si surface

A) original nanoparticles B) after CVD  C) after heated in air

Base-Growth of SWNTs



Control on diameters of SWNTs
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Fe-Mo Catalysts

Fe-Mo nanoparticles prepared by the decomposition of carbonyl 

compounds in solution, and the SWNTs grown from these particles

Y. Li, J. Liu, Y. Wang, Z. L. Wang, Chem. Mater., 2001, 13(3), 1008-1014.
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No. A B C D E F G H I

Size/nm 3.3 4.2 4.5 5.0 5.9 6.7 7.6 8.5 10.6

Tube On surface N Y Y Y N N N N N

growth powder N Y Y Y/N N N N N N

Sizes of the monodispersed Fe-Mo nanoparticles and the 

CVD result by using the particles as catalysts



Hongjie Dai, et al., J. Phys. Chem. B 2001, 105, 11424

Catalysts for Surface growth of SWNTs (2)



Hongjie Dai, et al., J. Phys. Chem. B 2001, 105, 11424;  

J. Phys. Chem. B, 2002, 106, 12361-12365

Control SWNT diameter by catalysts

碳纳米管

1.5±0.4nm

3.0±0.9nm

催化剂

1.9±0.3nm

3.7±1.1nm



Using polyacid cluster as catalyst precursor

Jie Liu, et al., J. AM.CHEM.SOC, 2002, 124, 13688



Orientation



Growth of Oriented ultra-long SWNTs on surfaces

“Kite” Mechanism

Fast-heating; Large feeding gas flow

By Jie Liu et al.

http://ah.people.com.cn/GB/channel9/126/200605/19/32323.html
http://ah.people.com.cn/GB/channel9/126/200605/19/32323.html


2/Ri vgh 

μρvdRe /

Question: Is fast-heating and large feeding gas flow 

really essential for the growth of ultralong SWNTs?

Fluid Mechanics tells us: NO

Buoyant effect is strong enough to 

lift the tube up

Stable lamellar flow is favorite for 

the growth

?



Ultra-low feeding gas guided non-fast-heating CVD growth 

of oriented ultra-long SWNTs (1)

(d)
(c)

1.5~6 sccm

0.3~1.2mm/s 

Z. Jin, H. Chu, J. Wang, J. Hong, W. Tan, Y. Li*; Nano Letters 2007, 7, 2073-2079.

(a)



Ultra-low feeding gas guided non-fast-heating CVD growth 

of oriented ultra-long SWNTs

Z. Jin/ Y. Li*; Nano Letters 2007, 7, 2073.

1.5~6 sccm       0.3~1.2mm/s 

How long can an individual SWNT be?

18.5 cm

X. Wang/Q. Li*/Y. Li     Nano Lett. 2009, 3137



(a)

(b)

(c) (d) (e)

(f) (g)

(h)

Ultra-low feeding gas guided non-fast-heating CVD growth 

of oriented ultra-long SWNTs (3)

Z. Jin, H. Chu, J. Wang, J. Hong, W. Tan, Y. Li*; Nano Letters 2007, 7, 2073-2079.



Ultra-low feeding gas guided non-fast-heating CVD growth 

of oriented ultra-long SWNTs (4)

(a)

(c) (d)

(e)

(f

)

(g

)

(b)

(h)

Z. Jin, H. Chu, J. Wang, J. Hong, W. Tan, Y. Li*; Nano Letters 2007, 7, 2073-2079.



Ultra-low feeding gas guided non-fast-heating CVD growth 

of oriented ultra-long SWNTs (5)

Z. Jin, H. Chu, J. Wang, J. Hong, W. Tan, Y. Li*; Nano Letters 2007, 7, 2073-2079.



Y. Liu, J. Hong, Y. Zhang, R. Cui, J. Wang, W. Tan, Y. Li*; Nanotechnology 2009, 20,185601

first growthsecond growth

Flexible orientation control of SWCNT arrays  by gas flow (1)



Y. Liu, J. Hong, Y. Zhang, R. Cui, J. Wang, W. Tan, Y. Li*; Nanotechnology 2009, 20,185601

Flexible orientation control of SWCNT arrays  by gas flow (2)



Cu-SiO2

177 kcal/mol 

Fe-SiO2

390 kcal/mol 

Copper Catalyzing Growth of SWNTs on Substrates

W. Zhou, Z. Han, J. Wang, Y. Zhang, Z. Jin, X. Sun, Y. Zhang, C. Yan,  Y. Li*; 

Nano Letters 2006, 6 (12): 2987-2990.

MD simulation
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Raman shift/cm-1

Raman shift/cm-1

Fe

Cu

Carbon source: ethanol

Copper Catalyzing Growth of SWNTs on Substrates

Nano Letters, 2006



Comparison between Cu and Fe as catalysts for SWNT growth

R. Cui/Y. Li*; JPCC 2010, 114, 15547

Cu

Fe

<3.0 nm  85%

>3.0 nm  15%

1.5  0.5 nm

80%>1cm

<3.0 nm    58%

>3.0 nm     42%

2.1  0.6 nm

40%>1cm

Cu

Fe

W. Zhou/Y. Li* ; Nano Lett. 2006, 2987            

Y. Li* et al., Adv. Mater. 2010, 22, 1508

SWNTs obtained by using Cu as catalysts are straight, longer, cleaner, 

and with narrower dimameter distribution. 



Cu

Fe

R. Cui, Y. Li* et al., JPCC 2010, 114, 15547.



originally

After reduced in H2 for 

15 min at 900 ºC

R. Cui/ Y. Li* , JPCC 2010, 114, 15547.

Catalyst pre-patterned area





Fe Cu



Si

Zhou, Rogers, Joselevich

Lattice-oriented growth of SWNTs



300m

Y. Li* et al. Adv. Mater., 2010, 22,1508-1515. 

Dense SWNT arrays grown on ST-cut quartz



Gas flow

lattice

Orientation of SWNTs depends on substrate lattice



Achim Muller et al. Angew. Chem. Int.  Ed. 2000, 39, 3413

Mo72Fe30

Identical structure and size

工作二 石英基底上以多酸团簇为催化剂前驱体的单壁碳管直径可控生长

Molecular nanoclusters as catalyst precursors



920 ℃

1nm

工作二 石英基底上以多酸团簇为催化剂前驱体的单壁碳管直径可控生长

SWNT arrays grown at different temperatures



Diameter distribution of SWNTs

With the increase of 

growth temperature, the 

diameter of SWNTs 

increases together with 

a broadened diameter 

distribution.



Diameter distribution of catalyst particles



(a) Diameter distribution of SWNTs grown at 920 ºC using a mixture of Fe and 

Mo compounds as catalyst precursors. (b,c) AFM image and size distribution of 

the mixture of Fe and Mo compounds after H2 reduction at 920 ºC



Super-growth SWNT forests

10mm 50cm

Kenji Hata, Don Futaba et al, AIST

Science 2004, 306, 1362–1364





Role of water in super-growth:

Keep the catalyst nanoparticles active!

---etch carbon

---inhibit Ostwald ripening of catalyst nanoparticles 







Ethanol: C2 H5 OH 



conductivity 



Our strategy:

selectively inhibit metallic

tubes while growing

Semiconducting SWNTs are 

needed for build FETs

Normal SWNT sample is 

the mixture of metallic and 

semiconducting tubes

How can we selectively grow 

pure semiconducting SWNTs? 

The ionization energy of 

metallic SWNTs is smaller. 

Conductivity control: selective growth of 

semiconducting SWNTs



C2H5OH+CH3OH

Quartz substrate

Nano Lett. 2009, 9, 800-805.

1.60.2nm CH3OH  OH

Growing s-SWNTs by adding methanol to the carbon stocks



Nano Lett. 2009, 9, 800-805.  

Content of s-SWNTs: 95-98%

Growing s-SWNTs by adding methanol to the carbon stocks



Carbon source:

C2H5OH+CH3OH

CH3OH  OH

oxidant

Catalyst: Cu

Substrate: quartz

The content of semiconducting 

SWNTs increases with the 

methanol concentration.

0 sccm 150 sccm

450 sccm 600 sccm

L. Ding/Y. Li*/J. Liu*; Nano Lett. 2009, 9, 800-805



H. Cheng, J. AM. CHEM. SOC. 2011, 133, 5232.

结构控制——半导体管选择性生长
Inhibit the formation of metallic tubes by the addition of O2

增
加

O2 Optimized 

O2 content



Questions: 

 Can we obtain firm evidence for the proposed 

mechanism?

 How can we improve the flexibility and reliability 

of this process?

Oxidative catalyst support ?!

It should be much easier to handle the solid state 

catalyst support than the gas phase oxidants. 



CeO2

Fe/CoOur new strategy:

X. Qin/…/ Y. Li*; Nano Lett. 2014, 14, 512-517.

Oxidative catalyst support ?!

It should be much easier to handle the solid state 

catalyst support than the gas phase oxidants. 



MS SMS SM MS

785nm633nm532nm

Control experiment——Fe/SiO2

72% 84/117 58% 89/154 52% 89/170

The theoretical content of s-SWNTs is 67%. 

X. Qin/…/ Y. Li*; Nano Lett. 2014, 14, 512-517.



10 min 0 min

Ceria supported catalysts at different reduction time

84%  74/88 94%  45/48

532nm

M MS M MS

633nm

99%  102/103 100%  39/39

MS S MS S



Statistics on SWNTs grown with catalysts treated in 

different ways

633nm532nm

X. Qin/…/ Y. Li*; Nano Lett. 2014, 14, 512-517.



Ultralong SWNTs



Chirality selective growth



materials Si Ge GaAs InAs InSb CNT

Electron 

mobility

1600 3900 9200 9200 40000 >100,000

hole 

mobility

430 1900 400 400 500 >100,000

bandgap 1.12 0.66 1.424 0.36 0.7 0.4-2



Slides from www.ITRS.netITRS 2009 edition



A. Franklin et al., Nano Lett. 2012, 12, 758 

Sub-10 nm Carbon Nanotube Transistor

The 9 nm CNT transistor  outperformed the best competing silicon devices 

with more than four times the diameter-normalized current density at a low 

operating voltage of 0.5 V. It also exhibits an impressively small inverse 

subthreshold slope of 94 mV/decade, which is remarkably lower than Si.

http://pubs.acs.org/journal/nalefd
http://pubs.acs.org/journal/nalefd


M. Shulaker et al., Nature. 2013, 501, 525 

Carbon Nanotube Computer

 Grow SWNT arrays on quartz wafer

 Transfer SWNTs onto silicon wafer

 Apply a voltage to burn metallic tubes 

The carbon nanotube processor is 

comparable in capabilities to the Intel 4004 

released in 1971.



 Carbon nanotubes

 0.0001% metallic CNTs

 density: 125 CNTs per m

Electronics: The road to carbon nanotube transistors

27 June 2013Aaron D. Franklin



Phaedon Avouris: Carbon-Based Electronics

Nature nanotechnology, 2, 605, 2007

How soon do we expect to see these developments?

What is the bottleneck in the development of nanotubes,

graphene and indeed in any high-end nanotechnology? The

main hurdle is our current inability to produce large

amounts of identical nanostructures. Nanotubes come in

many sizes and structures and the same is true of many

other nanostructures. …… there is no reliable way to

directly produce a single CNT type such as will

be needed in a large integrated system. ……



Chirality controlled growth of SWNTs

---- Ultimate goal for SWNT growth



R. Smalley, J. Zhang, C. Zhou, R. Falser et al.

Using segments of tubes as seeds to grow SWNTs with 

the same chirality 

Challenge: efficiency



Proposed mechanism:  

The presence of molybdenum oxides stabilized the Co 

nanoparticles and made the particles small and  uniform. 

D. E. Resasco, J. Am. Chem. Soc. 2003, 125, 11186;  JPC B 2006, 110, 2108.

Co-Mo Catalysts

The Highest Selectivity Ever Reported 



1200C Furnace

catalyst
Feed gas

Feed Stock Gas: CO, CH4, C2H5 OH  etc.

Catalyst: Fe, Ni, Co, Cu, Pb etc.

Temperature: 800 – 1100 ºC

Chemical Vapor Deposition





CxHy

C C
catalyst

substrate

Base Growth

Tip Growth

VLS growth of SWNTs catalyzed by metallic nanoparticles

> 800 C

Roles of the catalysts: 

• to catalyze the decomposition of carbon feeding stocks

• to initiate the nucleation and growth of nanotubes



1. Composition of catalysts



Proposed mechanism:  

The presence of molybdenum oxides stabilized the Co 

nanoparticles and made the particles small and  uniform. 

D. E. Resasco et al., JPC B 2006, 110, 2108.

Selective growth of (6,5) SWNTs with Co-Mo Catalysts

The highest chirality 

selectivity ever reported. 



FeCuCAT:    (6,5) 
Fe: Cu: 
MgO=2:0.4:40
600°C, CO 50sccm

He, M*,Carbon, 2012, 52, 590

He, M.*; Kauppinen, E. I*, Chem. Mater., 2012, 24, 1796

Proposed mechanism:  

SWNTs grew from Fe nanocrystals, Cu made Fe 

nanocrystals small and uniform. 

In situ TEM image 
showing the growth of 
SWNTs on metallic Cu-
supported Fe particles

Cu play an important 
role in the Fe reduction 
process.

Selective growth of (6,5) SWNTs with Fe-Cu Catalysts



2. Carbon stocks



Y.  Chen et al., J. Am. Chem. Soc. 2007, 129, 9014

CoMo

Tune the chirality composition by carbon precursor



3. Carbon feeding & active catalyst particles



1600 ppm 

140 ppm

ethane 

14400 

ppm 

0.91±0.18 nm

1.07±1.12 nm

1.78±1.02 nm

J. Liu et al., J. Phys. Chem. B 2006, 110, 20254

Tune the diameter of SWNTs by carbon feeding



Diameter distribution of FeMo catalyst particles and SWNTs

NPs

SWNTs

F.Peng/…/Y. Li*

SWNTs often show narrower size distribution 

than catalyst particles.



4. Catalysts are mobile



originally

After reduced in H2 for 

15 min at 900 ºC

R. Cui/Y. Li* , JPCC 2010, 114, 15547.

Catalyst pre-patterned area

W. Zhou/Y. Li* ; Nano Lett. 2006, 2987            

Catalysts’ behavior during CVD: Cu

Catalyst nanoparticles may be vaporized and 

re-nucleated.



5. Structure of catalysts



Vapor-Solid-Solid

VSS growth of SWNTs

Use the catalyst as a structural template for SWNT



Using Ni-Fe alloy to adjust the chirality distribution

Ni fcc (111)

Fe bcc (110)

XRD spectra of NixFe1-x nanoparticles

bcc+fcc

Sankaran*, Nat. Mater., 2009, 8 (11), 882
Sankaran, Bhethanabotla*,  Carbon, 2012, 50 (10), 3766

PL

40% (8,4) 



Growth of SWNTs on Lattice-Mismatched Epitaxial Cobalt NPs

M. He, H. Jiang et al., Scientific Reports 2013, 3, 1460

53% (6,5) tubes



catalyst (n,m) selectivity literature

Co-Mo

(6,5)

(7,5)

28% (PL)

28% (PL)
J. Am. Chem. Soc. 2003, 125, 11186.

(6,5) 55% (Abs) J. Phys. Chem. B, 2006, 110, 2108.

Fe-Co (6,5) Unknown Chem. Phys. Lett., 2004, 387, 198.

Fe-Ru (6,5) Unknown J. Am. Chem. Soc., 2007, 129, 15770.

Fe-Ni (8,4) 39.2% (PL) Nat. Mater., 2009, 8, 882.

Co-Mn (6,5) 47.4% (PL) J. Phys. Chem. C, 2009, 113, 21611.

Co-Cr (6,5) 30.9% (PL) Appl. Catal. A, 2009, 368, 40.

Fe-Cu
(6,5) Unknown J. Am. Chem. Soc., 2010, 132, 13994.

(6,5) 43% (ED) Chem. Mater., 2012, 24, 1796.

Au (6,5) Unknown J. Am. Chem. Soc., 2010, 132 , 9570.

Co-TUD-1 (9,8) Unknown J. Am. Chem. Soc., 2010, 132, 16747.

Co-Pt (6,5) 30% (PL) Chem. Commun., 2012, 48, 2409.

Co-MgO (6,5) 53% (ED) Sci. Rep., 2013, 3, 1460.

Co-MCM-41 (7,5) 30.1% (PL) Carbon, 2014, 66, 134.

PL: Photoluminescence ED: Electron Diffraction Abs: Absorption

Chirality selective growth of SWNTs with different catalysts



Our understanding on Crucial issues for 

catalysts in structure-controlled growth of SWNTs

 Catalytic activity

 High meting point

---- to maintain their crystal structure

 Unique structure

---- to ensure the high selectivity



W-based intermetallic compounds !

Our understanding on Crucial issues for 

catalysts in structure-controlled growth of SWNTs

Trigonal W6Co7

 Fixed composition

 Unique crystal structure

 Stable at high temperature



Reconstruction

1) O2,   2) H2

Preparation of W-Co alloy nanocrystals at moderate 

conditions by using molecular clusters as precursors

Tungsten and cobalt atoms are already 

well mixed in the precursor

Nano-scaled precursors 

Na15[Na3⊂{Co(H2O)4}6{WO(H2O)}3(P2W12O48)3]·nH2O

reported by E. Wang et al.
{W39Co6Ox}



Characterizations of the catalyst nanoparticles

m.p.  ~2300 oCCo7W6

2θ (degree)
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Raman spectra of the control sample
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Raman spectra of our sample

CVD temperature: 1030C



Surface-enhanced Raman measurements



dt =240.5/(νRBM-2.3) 

Chirality assignments

(12,6) tube

d= 1.24 nm 
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Chirality from electron diffraction and Raman 

(12,6) tube

d= 1.24 nm 



4507x/[4507x+151/0.85]=x

X = 94.4%

category result

Total tube number by AFM 122

Total area AFM scanned 15550 μm2

Number of (12,6) SWNTs 214

Total area Raman mapped 28746μm2

(12,6) content 94.9%

Raman RBM counting

UV-Vis- NIR

7 SWNTs under the laser spot, lasers cover 

~85% of all types of SWNTs ，

AFM-RamanAbsorption

92.5%

(12,6) content

Quantification of the population for (12,6) SWNTs



The interface between (12,6) tube and Co7W6 nanocrystal



On Carbon thin film

In situ TEM at 1100 o C in vacuum

F. Yang/Y. Li*, Acc. Chem. Res. 2016, 49, 606 



(0 0 12)

Co

(0 0 1)

Co7W6



Formation energy of SWNTs with around (0 0 12) 

plane of W6Co7 and (0 0 1) plane of fcc-Co.

F. Yang/Y. Li*, Acc. Chem. Res. 2016, 49, 606 
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Is this strategy valid for other chiralities?  

F. Yang/Y. Li*, Nature 2014, 510, 522-524

Besides catalyst, are there any other factors 

important for chirality specificity?  



F. Ding, B. Yakobson, Proc. Natl Acad. Sci. 2009, 106, 2506

Population of SWNTs is approximately in direct 

proportion to chirality angel.

zig-zag 

tubes!



DFT simulation of tubes around (1 1 6) plane

JACS 2015, 137, 8688



XRD characterization of the catalyst



Abundance of (16,0) SWNTs

Relative abundances from 357 RBMs: 79.2%

JACS 2015, 137, 8688



Content of (16,0) tubes at different conditions

The growth of (16,0) tubes is kinetically unfavorable. 



(16,0) SWNT Other (n,m) SWNT

Growth 10 min

Growth 40 min

Raman mapping

b

c

a
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