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M ulti- W all C ar b o n N a n ot u b e s ( M W C N T s) w er e a n al y z e d o n cr y st alli n e sili c o n s u b str at e s (t y p e P) u n d er o pti m al 

t e m p er at ur e c o n diti o n s, u si n g diff er e nt s y nt h e si s ti m e s ( 2, 3, 4, 5, 1 0, 2 0, 3 0, 6 0, 1 2 0, a n d 1 8 0 mi n) i n or d er t o 

e x a mi n e t h e eff e ct o n t h e str u ct ur al q u alit y a n d l e n gt h of t h e C N T s pr o d u c e d b y ultr a s o ni c s pr a y p yr ol y si s, u si n g 

p ur e  t ol u e n e  a n d  f err o c e n e  a s  pr e c ur s or  s ol uti o n s  u n d er  ar g o n  fl o w.  Str u ct ur al,  o pti c al,  a n d  m or p h ol o gi c al 

diff er e n c e s of t h e M W C N T s gr o w n w er e a n al y z e d. R a m a n s p e ctr o s c o p y e vi d e n c e d t h e M W C N T s' hi g h q u alit y, 

n ot e d b y t h e I D /I G (f r o m 0. 4 1 t o 0. 6 8) a n d I 2 D /I G i nt e n sit y r ati o s ar o u n d 0. 7 5. M or p h ol o gi c al diff er e n c e s of t h e 

M W C N T s gr o w e v al u at e d b y Fi el d E mi s si o n S c a n ni n g El e ctr o n Mi cr o s c o p y ( F E- S E M); t h e mi cr o gr a p h s e x a mi n e d 

t h e t hi c k n e s s of C N T s' l a y er s. Hi g h- R e s ol uti o n Tr a n s mi s si o n El e ctr o n Mi cr o s c o p y ( H R T E M) t e c h ni q u e w a s u s e d 

t o d et er mi n e t h e di a m et er s of C N T s, w hi c h w er e f o u n d fr o m 1 5 t o 1 4 0 n m. X- R a y Diffr a cti o n ( X R D) s h o w e d t w o 

c h ar a ct eri sti c p e a k s ar o u n d 2 6 ◦ a n d 4 4 ◦ , w hi c h c o r r o b or at e d t h at t h e M W C N T s w er e w ell- gr a p hiti z e d. T h e i n-

fl u e n c e of t h e ti m e i n t h e s e C N T s d e m o n str at e d t h at t h e fi n al l e n gt h of t h e s e n a n ot u b e s c o ul d e a sil y r e a c h mi -

cr o m et er s.  T h e  ali e n ati o n  w a s  b ett er  a s  ti m e  i n cr e a s e d,  a n d  t h e  gr a p hiti z ati o n  e xt e nt  i s  g o o d  i n  m o st  c a s e s 

c o m p ar e d t o ot h er m or e e x p e n si v e s y nt h e si s m et h o d s.   

1. I nt r o d u cti o n 

C ar b o n i s a n el e m e nt t h at c a n b e h y bri di z e d i n s p., s p 2 , o r s p3 f o r m s. 

I n r e c e nt d e c a d e s, n e w cr y st alli n e f or m s s u c h a s gr a p h e n e, f ull er e n e s, 

a n d c ar b o n n a n ot u b e s h a v e attr a ct e d att e nti o n. T h e C N T s, r e pr e s e nti n g 

a n all otr o pi c f or m of c ar b o n, h a v e b e e n st u di e d e xt e n si v el y si n c e t h e y 

w er e di s c o v er e d i n 1 9 9 1 [ 1 ]. B e si d e s, c ar b o n n a n ot u b e s c o m e i n t w o 

m aj or  t y p e s:  si n gl e- w all  a n d  m ulti- w all.  B ot h  str u ct ur e s  h a v e  b e e n 

a p pli e d t o diff er e nt br a n c h e s of s ci e n c e a n d e n gi n e eri n g. I n el e ctr o ni c s 

fi el d s,  it  i s  r e p ort e d  t h e  d e v el o p m e nt  of  diff er e nt  d e vi c e s  s u c h  a s 

c h e mi c al  s e n s or s  [ 2 ],  p h ot o v olt ai c  d e vi c e s  [ 3 ],  m e m or y  d e vi c e s  [ 4 ], 

fi el d  eff e ct  tr a n si st or s  [ 5 ],  pri nt e d  el e ctr o ni c s,  s u p er c a p a cit or s,  ultr a- 

li g ht c o m p o sit e s [6 – 8 ], o wi n g t o t h e diff er e nt C N T pr o p erti e s s u c h a s 

m e c h a ni c al, el e ctri c, t h er m al a n d c h e mi c al. M or e o v er, t h e c o m bi n ati o n 

of t h e s e c o m p o sit e s c a n h el p t o i m pr o v e t h e pr o p erti e s of t h e m at eri al s, 

a n d t h e n a n ot u b e s ar e p ot e nti al c a n di d at e s t o b e e m pl o y e d i n t h e f or -

m ati o n  of  c o m p o sit e s.  F or  e x a m pl e,  Ali  et  al.  [ 9 ]  h a v e  r e vi s e d  h o w 

c ar b o n  n a n ot u b e s  h a v e  b e e n  e m pl o y e d  t o  cr e at e  c o m p o sit e s  t h at  c a n 

i m pr o v e t h e r e q uir e d c h ar a ct eri sti c f or a s p e ci fi c a p pli c ati o n a s n a n o-

p arti cl e i nt e gr ati o n i nt o a n e p o x y m atri x a n d it s fi b er-r ei nf or c e d c o m -

p o sit e s [ 1 0 ]. T hi s pr o p ert y i s o n e of t h e m ai n st u di e s i n t h e l a st d e c a d e, 

a n d  t h er ef or e,  c o m p o sit e s  f a bri c ati o n  c o ul d b e  a p pli e d  i n  el e ctr o ni c s, 

e n gi n e eri n g pl a sti c s, e n er g y st or a g e, a n d t h e e n er g y h ar v e sti n g i n d u str y. 

T h e s e  c ar b o n  str u ct ur e s  ar e  b uilt  u si n g  diff er e nt  c ar b o n- b a s e d  pr e -

c ur s or s  a n d  m et alli c  c at al y z er s,  a n d  s u c h  str u ct ur e s  ar e  o bt ai n e d 

t hr o u g h s e v er al m et h o d s w hi c h all o w C N T s s y nt h e si s, s u c h a s el e ctr ol -

y si s, h y dr ot h er m al m et h o d, b all milli n g, l a s er a bl ati o n, ar c di s c h ar g e, 

c h e mi c al  v a p or  d e p o siti o n  ( C V D)  [ 9 ].  Wit h  t h e s e  m et h o d s,  w e  fi n d 

c o n v e nti o n al  D C  or  A C  ar c  di s c h ar g e  [ 1 1 ]  or  a  m et h o d  m o di fi e d  b y 

a p pl yi n g  a  m a g n eti c  fi el d  [ 1 2 ],  b ut  t h e  pri n ci pl e  i s  t h e  s a m e,  a n d  it 

c o n si st s  of  a p pl yi n g  a  p ot e nti al  b et w e e n  t w o  gr a p hit e  r o d  el e ctr o d e s 

u ntil e v a p or ati n g o n e of t h e c ar b o n r o d s [ 1 1 ,1 2 ]. Wit h t hi s m et h o d, it i s 

p o s si bl e t o o bt ai n hi g h- q u alit y C N T s, t h o u g h t h e m ai n di s a d v a nt a g e i s 

t h e  hi g h  t e m p er at ur e  n e e d e d  f or  s y nt h e si s,  b e si d e s  t h e  f a ct  t h at  a n 

a d diti o n al p uri fi c ati o n pr o c e s s i s r e q uir e d. A n ot h er s uit a bl e m et h o d i s 

l a s er  a bl ati o n,  w hi c h  c o n si st s  i n  t h e  si nt eri n g  of  a  gr a p hit e  t ar g et 
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c o nt ai ni n g  c o b alt  or  ni c k el,  e v e n  a  mi xt ur e  of  b ot h  [ 1 3 ].  H o w e v er, 

pr o d u cti o n i s li mit e d t o t h e l a b s c al e, a n d fl n al p uri fl c ati o n pr o c e s s e s ar e 

al s o n e c e s s ar y. C h e mi c al v a p or d e p o siti o n ( C V D) a n d it s m o di fi c ati o n s 

[ 1 4 – 1 8 ] ar e c o n si d er e d o n e of t h e b e st a p pr o a c h e s f or l ar g e- s c al e pr o -

d u cti o n, a c c or di n g t o T s u n g et al. [ 1 9 ]. T hi s m et h o d u s e s s e v er al c ar b o n 

s o ur c e s f or gr o wt h, s u c h a s a c et yl e n e, a m m o ni a, c ar b o n m o n o xi d e, or 

et h yl e n e. T h e C N T s ar e gr o w n o n diff er e nt s u b str at e s or m et al fil m s t h at 

w or k a s c at al y st s. T h e s u b str at e s or m et al fil m s u s e d ar e ni c k el, c o b alt, 

m ol y b d e n u m,  ir o n,  et c.  T hi s  m et h o d,  w hi c h  w or k s  at  l o w er  t e m p er a -

t ur e s (< 8 0 0 ◦ C), i s m a n a g e a bl e a n d c h e a p wit h hi g h p urit y, l ar g e- s c al e 

pr o d u cti o n, a n d s uit a bl e t o gr o w ali g n e d C N T s. 

H o w e v er, wit h t h e C V D m et h o d, t h e C N T s c o ul d i n cl u d e s o m e d e -

f e ct s, a n d t h e y u s u all y s y nt h e si z e M W C N T s, a n d m u c h m or e, t h er e i s a 

c o n st a nt ri s k wit h t h e at m o s p h er e u s e d i n t h e f ur n a c e. N o w a d a y s, C V D 

i s still b ei n g u s e d f or t h e pr o d u cti o n of C N T s, b ut t hi s m et h o d c a n b e 

si m pli fi e d  a n d  u s e d  f or  l ar g e- s c al e  pr o d u cti o n,  a n d  t hi s  t h a n k s  t o 

i nj e cti n g  m et all o c e n e- h y dr o c ar b o n  s ol uti o n s  i nt o  a  h e at e d  q u art z 

r e a ct or, c at al y st p arti cl e s a n d c ar b o n n a n ot u b e s c a n b e f or m e d si m ul -

t a n e o u sl y [2 0 ]. 

O n  t h e  ot h er  h a n d,  s pr a y  p yr ol y si s  ( S P)  h a s  wi d el y  b e e n  u s e d  t o 

o bt ai n tr a n s p ar e nt c o n d u cti v e o xi d e fil m s ( T C O s) [ 2 1 ] a n d t hi n fil m s of 

m et al s [ 2 2 ]. R e c e ntl y, t hi s m et h o d h a s g ai n e d att e nti o n a n d i m p ort a n c e 

b e c a u s e c ar b o n str u ct ur e s ( gr a p h e n e or c ar b o n n a n ot u b e s, f or i n st a n c e) 

h a v e b e e n o bt ai n e d o n a c o m m er ci al s c al e [ 2 3 – 2 8 ]. M or e o v er, wit h S P, 

t h e C N T s h a v e b e e n o bt ai n e d wit h diff er e nt l e n gt h s, c ert ai n ali e n ati o n, 

a n d c o nti n u o u s gr o wt h [ 2 3 – 2 8 ]. T hi s t e c h ni q u e i s li k e C V D, b ut t h er e i s 

n o ri s k of u si n g d a n g er o u s at m o s p h er e s. K a m al a k ar a n et al. [ 2 6 ] h a v e 

e x pl ai n e d  t h e  s y nt h e si s  m e c h a ni s m s  of  t h e s e  C N T s.  Pr e vi o u sl y,  m et al 

cl u st er p arti cl e s w er e d e p o sit e d o n t h e s u b str at e s urf a c e, a cti n g a s c ar -

b o n tr a p s, l e a di n g t o C N T s gr o wt h. H o w e v er, a n i m p ort a nt c h ar a ct er -

i sti c i s t h e a d h e si o n b et w e e n t h e s u b str at e s urf a c e a n d t h e m et al c at al y st 

p arti cl e si n c e t h e m et al p arti cl e c a n st a y i n t h e b a s e or ti p or e v e n al o n g 

t h e n a n ot u b e d uri n g t h e gr o wt h, a s cl ai m e d b y K a m al a k ar a n et al. [ 2 6 ]. 

I n  t hi s  w or k,  w e  h a v e  st u di e d  t h e  c h e mi c al,  m or p h ol o gi c al,  a n d 

str u ct ur al c h ar a ct eri sti c s of t h e s y nt h e si s of M W C N T s b y S P c o n c er ni n g 

d e p o sit ti m e. Al s o, w e h a v e s h o w n t h at t hi s t e c h ni q u e i s str ai g htf or w ar d 

a n d c a n b e a p pli e d t o gr o w M W C N T s wit h hi g h q u alit y a n d l o n g l e n gt h s 

ali g n e d > 3 0 0 μ m. 

2.  M at e ri al a n d m et h o d s 

T h e C N T s w er e pr e p ar e d b y t h e e x p eri m e nt al s et- u p s h o w n i n Fi g. 1 

( si mil ar t o t h e r e p ort e d s et- u p i n t h e lit er at ur e [ 2 3 – 2 5 ], b ut wit h s o m e 

m o di fi c ati o n s). T h e s et- u p c o n si st e d of ultr a s o ni c e q ui p m e nt o p er ati n g 

at 8 0 0 K H z t o o bt ai n a mi st of ti n y dr o p s of h y dr o c ar b o n / c at al y st, a n 

el e ctri c f ur n a c e e q ui p p e d wit h a q u art z t u b e ( 8. 8 c m i nt er n al di a m et er), 

t w o c oll e ct or tr a p s, a n d sili c o n s u b str at e s pl a c e d i n t h e q u art z t u b e. A 

c o n st a nt a m o u nt of f err o c e n e ( 3 5 g) w a s di s s ol v e d i n p ur e t ol u e n e v ol -

u m e ( 1 0 0 0 ml). T h e q u art z t u b e w a s fir st fi u s h e d wit h Ar t o eli mi n at e 

a n y o x y g e n pr e s e nt a n d al s o w a s u s e d a s a c arri er g a s t o g e n er at e t h e 

f err o c e n e /t ol u e n e mi st i n t h e n e b uli z er. T h e q u art z t u b e w a s h e at e d b y a 

c yli n dri c al f ur n a c e at 7 8 0 ◦ C. Aft e r 4 5 mi n, w h e n t h e f ur n a c e h a d j u st 

r e a c h e d t h e st e a d y st at e t e m p er at ur e, t h e ultr a s o ni c c a vit ati o n pr o c e s s 

b e g a n, a n d a c o n st a nt Ar fl o w at a r at e of 2 ml / mi n d uri n g all t h e e x -

p eri m e nt s w a s fi x e d. Aft er t h e ti m e v ari ati o n, t h e pr e c ur s or s u p pl y w a s 

t er mi n at e d, a n d t h e r e a cti o n c h a m b er w a s c o ol e d gr a d u all y, k e e pi n g a 

c o n st a nt Ar fl o w u ntil r o o m t e m p er at ur e ( R T). Ti m e s of 2, 3, 4, 5, 1 0, 2 0, 

3 0, 6 0, 1 2 0, a n d 1 8 0 mi n w er e e v al u at e d ( s a m pl e s l a b el e d a s M 2, M 3, 

M 4, M 5, M 1 0, M 2 0, M 3 0, M 6 0, M 1 2 0, a n d M 1 8 0, r e s p e cti v el y) o n t h e 

str u ct ur al,  m or p h ol o gi c al  a n d  f u n cti o n al  pr o p erti e s  of  M W C N T s 

o bt ai n e d. 

Diff er e nt  c h ar a ct eri z ati o n  t e c h ni q u e s  t o  e v al u at e  t h e  i n fl u e n c e  of 

s y nt h e si s  ti m e  w er e  u s e d.  R a m a n  s p e ctr o s c o p y  w a s  p erf or m e d  b y 

R e ni s h a w I n vi a R a m a n s p e ctr o m et er. At a m bi e nt c o n diti o n s, a n ar g o n 

Ar + l a s e r of 5 3 2 n m a n d 3 0 m W a s a n e x cit ati o n s o ur c e o p er at e d at 5 % 

p o w er w a s a p pli e d t o e x cit e t h e s a m pl e t hr o u g h a 5 0 × o bj e cti v e l e n s. I n 

a d diti o n,  t h e  s a m pl e s  w er e  a n al y z e d  b y  H R- T E M,  J E O L  J E M- 3 0 0 0 F, 

o p er at e d  at  3 0 0  k V  t o  c orr o b or at e  t h e  f or m ati o n  of  n a n ot u b e s.  All 

s a m pl e s w er e pr e p ar e d b y s cr at c hi n g off s o m e of t h e bl a c k l a y er s fr o m 

t h e sili c o n s u b str at e, di s p er si n g a n d s o ni c ati n g i n p ur e a c et o n e f or 6 0 

mi n, a n d d e p o siti n g a dr o p of t h e s ol uti o n i n a c ar b o n- c o at e d c o p p er 

T E M  gri d,  a n d  t h e n  e x a mi n e d  b y  H R T E M.  F E- S E M  w a s  e m pl o y e d  t o 

c h ar a ct eri z e t h e s a m pl e s' m or p h ol o gi e s, si z e, a n d str u ct ur e u si n g a F EI 

T E N E O  S c a n ni n g  El e ctr o n  Mi cr o s c o p e  i n  cr o s s- s e cti o n.  T h e  X R D  w a s 

o bt ai n e d b y P a n al yti c al X' P ert 3 0 o p er at e d at 4 0 K v u si n g a C u K a r a -

di ati o n ( 1. 5 4 ◦ ) f r o m 2 0 t o 6 0 ◦ i n 2ϴ . 

3.  R e s ult s a n d di s c u s si o n 

B y R a m a n s p e ctr o s c o p y, t h e M W C N T s' gr o wt h wit h ti m e w a s e v al -

u at e d. Fi g. 2 A a n d B s h o w t h e R a m a n s p e ctr a of t h e M W C N T s d e p o sit e d 

o n sili c o n s u b str at e s at diff er e nt s y nt h e si s ti m e s. A s c a n b e s e e n fr o m t h e 

gr a p h s, t h e t hr e e m ai n c h ar a ct eri sti c b a n d s, t h e D- b a n d, G- b a n d, a n d 

2 D- b a n d,  ar e  e vi d e nt  i n  all  s a m pl e s.  T h e  D- b a n d  p e a k  at  1 3 4 3  c m − 1 

c o ul d b e r el at e d t o d ef e ct s a n d l atti c e di s or d er s i n t h e s p 2 - h y b ri di z e d 

c ar b o n a n d / or a m or p h o u s c ar b o n, a s s e e n i n [ 2 8 – 3 2 ]. A n ot h er p o s si bl e 

ori gi n pr o p o s e d b y R a o et al. [ 3 3 ] i s t h at t h e D b a n d i nt e n sit y m a y al s o 

b e  d u e  t o  p ol ari z ati o n  eff e ct s  wit hi n  ali g n e d  C N T s'  b u n dl e s  a n d  n ot 

n e c e s s aril y  ari s e  o nl y  fr o m  di s or d er.  T h e  G- b a n d  ar o u n d  1 5 7 0 

c m − 1 c o r r e s p o n d s t o t h e t a n g e nti al str et c hi n g m o d e of c ar b o n at o m s i n 

t h e gr a p h e n e w all of M W C N T [3 4 ]. H o w e v er, Z o u et al. ar g u e t h at t h e G- 

b a n d i s d u e t o a n u m b er of s p 2 h y b ri d c a r b o n at o m s [ 2 8 ]. H e n c e, it i s n ot 

Fi g. 1. S c h e m ati c ill u str ati o n of t h e e x p eri m e nt al s et- u p u s e d t o o bt ai n M W C N T s.  
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cl e ar w h at t h e ori gi n of t hi s b a n d i s, w hi c h i s al s o a k e y r e s e ar c h t o pi c. 

T h e 2 D- b a n d p e a k at 2 6 7 9 c m − 1 i s a s c ri b e d t o t h e hi g h e st o pti c al br a n c h 

p h o n o n s n e ar t h e K p oi nt at t h e Brill o ui n z o n e b o u n d ar y [ 2 8 ]. T h e r ati o 

of t h e i nt e gr at e d i nt e n sit y of t h e D b a n d t o t h at of t h e G b a n d (I D /I G ) i s a 

g o o d  i n di c at or  of  gr a p hiti z ati o n  i n  t h e  s a m pl e s  [ 2 8 ,3 5 ].  Z o u  et  al. 

p oi nt e d o ut t h at t h e r el ati v e i nt e n sit y r ati o of 2 D a n d G c a n b e u s e d t o 

e sti m at e t h e l a y er s' n u m b er f or gr a p h e n e [ 2 8 ]. T h e i nt e grit y i nt e n sit y 

r ati o s  I 2 D /I G > 2,  I 2 D /I G > 1 – 2,  a n d  I 2 D /I G < 1  c o r r e s p o n d  t o  si n gl e- 

l a y er e d,  d o u bl e-l a y er e d,  a n d  m ultil a y er  gr a p h e n e,  r e s p e cti v el y,  a c-

c or di n g  t o  t h e  lit er at ur e  [ 2 8 ,3 6 ,3 7 ].  T h er ef or e,  t h e s e  r ati o s  c o ul d  b e 

a p pli e d  t o  e sti m at e  t h e  l a y er s'  n u m b er  of  C N T s  gr o w n  i n  o ur  e x p eri -

m e nt s. R a m a n s p e ctr a a n d t h e r ati o s c al c ul at e d ar e s h o w n i n Fi g. 2 , a n d 

T a bl e 1 , r e s p e cti v el y. 

T h e i nt e n sit y I D /I G r ati o i s si mil ar t o t h e M W C N T s gr o w n at s h ort 

s y nt h e si s ti m e s ( t < 2 0 mi n) wit h v al u e s l o w er t h a n 0. 6. I n t h e c a s e of 

hi g h er s y nt h e si s ti m e s ( t > 3 0 mi n), t h e gr a p hiti z ati o n v al u e i s hi g h er 

t h a n 0. 6, e x c e pt f or t h e s a m pl e at t = 1 8 0 mi n, w hi c h pr e s e nt s t h e l o w e st 

gr a p hiti z ati o n  v al u e.  T h e  a v er a g e  of  gr a p hiti z ati o n  f or  all  s a m pl e s  i s 

0. 5 4, w hi c h i n di c at e s t h at t h e q u alit y i n t h e s e s a m pl e s i s g o o d a n d t h e 

a m o u nt of a m or p h o u s c ar b o n c o ul d b e c o n si d er e d l o w. I n f a ct, T a n et al. 

[ 3 8 ] r e p ort e d si mil ar v al u e s I D /I G = 0. 4 3 f o r C N T s pr e p ar e d b y t h e ar c 

di s c h ar g e  t e c h ni q u e.  T hi s  s h o w s  t h at  ultr a s o ni c  s pr a y  p yr ol y si s  i s  a 

s uit a bl e,  e a s y,  a n d  c h e a p  m et h o d  f or  C N T s  s y nt h e si s  wit h  a  hi g h 

gr a p hiti z ati o n e xt e nt. N e v ert h el e s s, t h e r el ati o n I 2 D /I G e n d e d u p a s < 1, 

w hi c h s u g g e st s t h at t h e n u m b er of w all s c o ul d b e hi g h. R e m ar k a bl y, all 

s a m pl e s pr e s e nt t h e I 2 D /I G r ati o a r o u n d 0. 7 3 ± 0. 1 i m pl yi n g a si mil ar 

n u m b er of l a y er s i n t h e C N T s. 

O n t h e ot h er h a n d, it c o ul d h a v e b e e n p o s si bl e t o o b s er v e a w e a k D ′- 
b a n d  or  s h o ul d er  ar o u n d  1 6 1 5  c m − 1 i n  all  s a m pl e s,  a s  i s  r e p ort e d  i n 

[ 3 9 – 4 1 ].  T hi s  i s  attri b ut e d  t o  di s or d er  i n d u c e d  i n  t h e  c ar b o n  d u e  t o 

p arti cl e si z e di stri b uti o n or l atti c e di st orti o n [ 4 2 ]. T hi s s h o ul d er i s m or e 

e vi d e nt  i n  t h e  s a m pl e s  M 1 2 0,  M 6 0,  a n d  M 3 0,  c orr e s p o n di n g  t o  t h e 

s a m pl e s wit h t h e w or s e gr a p hiti z ati o n e xt e nt a b o v e 0. 6. T h er ef or e, t hi s 

s h o ul d er c o ul d b e a n ot h er o pti o n f or k n o wi n g t h e q u alit y of t h e s a m pl e s. 

If w e di vi d e t h e s a m pl e s i nt o t w o gr o u p s, w e c a n fl n d a c orr el ati o n 

b et w e e n t h e i nt e n sit y r ati o s of D / G a n d gr o wt h ti m e. F or e x a m pl e, t h e 

s y nt h e si z e d s a m pl e s fr o m 2 t o 1 0 mi n h a v e r e d u c e d t h e r ati o, i n cr e a si n g 

t h e gr a p hiti z ati o n e xt e nt. T h er ef or e, a s t h e s y nt h e si s ti m e i n cr e a s e s, t h e 

r ati o d e cr e a s e s. Afr e et al. [ 2 3 ] ar g u e t h at t h e d e cr e a s e i n t h e r ati o i s 

attri b ut e d t o a l ar g e a m o u nt of a m or p h o u s c ar b o n pr e s e nt i n t h e gr o w n 

fll m s. H o w e v er, t h e d e cr e a s e i s attri b ut e d  t o t h e i n cr e a s e of gr a p hiti -

z ati o n i n t h e s a m pl e s; it m e a n s t h e D b a n d i s s m all er t h a n t h e G b a n d d u e 

t o s m all r ati o s b et w e e n t h e s e t w o b a n d s [2 8 ,3 5 ,3 8, a n d ]. W hil e t h e r ati o s 

of i nt e n siti e s ar e s m all or t h e D- b a n d i s s m all, t h er e will b e a hi g h e xt e nt 

of gr a p hiti z ati o n. 

F or t h e s e c o n d gr o u p wit h t h e s y nt h e si s ti m e s, 2 0, 3 0, 6 0, 1 2 0, a n d 

1 8 0 mi n, t h e r ati o i n cr e a s e s ( e x c e pt f or t h e M 1 8 0 s a m pl e), i n di c ati n g 

t h at t h e gr a p hiti z ati o n e xt e nt d e cr e a s e s, gi v e n t h e M 1 2 0 s a m pl e' s w or s e 

gr a p hiti z ati o n  e xt e nt.  H o w e v er,  t h e  M 1 8 0  s a m pl e  s h o w e d  t h e  b e st 

gr a p hiti z ati o n e xt e nt, w hi c h c o ul d b e d u e t o t h e p erf e ct f or m ati o n a n d 

ali g n m e nt of C N T s i n c o m p ari s o n wit h ot h er s a m pl e s. T hi s will b e di s -

c u s s e d l at er. 

Fi n all y, t h e r ati o of 2 D / G di d n ot pr e s e nt a r el ati o n li k e D / G, b ut t h e 

r ati o s f o u n d i n t h e s a m pl e s d e m o n str at e d t h at t h e C N T s ar e f or m e d b y 

m ulti- w all s. E v e n t h at s m all diff er e n c e b et w e e n t h e r ati o s c a n s h o w t h e 

diff er e n c e i n t h e di a m et er of t h e C N T a c c or di n g t o t h e n u m b er of gr a -

p h e n e s h e et s wr a p p e d. All t h e s a m pl e s g e n er all y h a d a 2 D / G r ati o < 0. 8, 

pr e di cti n g t h e C N T s f or m ati o n wit h m ultil a y er s of gr a p h e n e. 

S E M  mi cr o gr a p h s  of  v erti c al  cr o s s- s e cti o n s  of  C N T s  gr o w n  o n  t h e 

sili c o n  s u b str at e ar e p oi nt e d  o ut i n Fi g. 3 A t o 3 J. I n t h e i m a g e s,  it i s 

p o s si bl e t o o b s er v e v erti c al c ol u m n s t h o u g h s o m e ar e m or e v erti c al t h a n 

ot h er s. T h e s e arr a y s c o n si st of c o u ntl e s s n a n ot u b e s s elf- or g a ni z e d i nt o a 

fi b er-li k e str u ct ur e. A s c a n b e s e e n i n Fi g. 3 C t o 3 J, a fi b er-li k e str u ct ur e 

i s e vi d e nt, c o ntr ar y t o t h e C N T s arr a n g e m e nt e x hi bit e d i n Fi g. 3 A, a n d B, 

Fi g. 2. R a m a n s p e ctr a of C N T s gr o w n o n sili c o n s u b str at e s A) f or 2, 3, 4, 5 a n d 1 0 mi n B) 2 0, 3 0, 6 0, 1 2 0, a n d 1 8 0 mi n.  

T a bl e 1 

R a m a n s p e ctr o s c o p y of C N T s: G, D, a n d 2 D p e a k i nt e n sit y r ati o.  

S a m pl e M 1 8 0  M 1 2 0  M 6 0  M 3 0  M 2 0  M 1 0  M 5  M 4  M 3  M 2 

Ti m e c a vit ati o n pr o c e s s i n mi n 1 8 0  1 2 0  6 0  3 0  2 0  1 0 5 4 3 2 

R ati o 

I D / I G 

0. 4 1  0. 6 8  0. 6 5  0. 6 5  0. 5 0 0. 4 9  0. 5 1  0. 5 1  0. 5 2  0. 5 5 

R ati o 

I2 D /I G 

0. 7 8  0. 7 2  0. 7 8  0. 7  0. 7 2 0. 7 4  0. 7 3  0. 7 1  0. 7 8  0. 7 3  
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which show structural arrangements not well-defined. It is interesting to 
note this disorder since it can lead to a presumable relation between the 
structural disorder and the growth time parameter. We emphasize that 
this disorder is more evident in Fig. 3B, even though some nanotubes 
neither grew in a well-defined vertical way nor took a curved form 
(Fig. 3A and B). 

According to the SEM pictures, we tried to get the CNTs' layer 
thickness measured from the substrate base to the top tip of CNTs; in 
some cases, it was not easy due to the not well-defined arrangement 
found (Fig. 3B). However, some measurements vary approximately from 
17.5 � 3.1 �m up to 389.5 � 10.3 �m. In Table 2, the length of CNTs is 
shown. Such variations originated due to the different growth times 
used. On the other hand, the use of silicon substrates as supports results 
advantageously since on the surface of silicon, there is always a native 
SiO2 layer, which plays the role of strong support, where the catalytic 
activity together with the carbon atoms helps nanotubes to grow longer 
[43]. Starting from Fig. 3C up to 3 J, a very flat surface of the film is 
shown, which allows us to observe that the length of aligned nanotubes 
varies. Moreover, something to note is that from Fig. 3F until 3 J, the 
lengths of CNTs start to be the same, indicating a saturation in the 
carbon nanotube length. Another point of interest is that some films 
showed different deformations (crushed structure or non-adherence on 
the substrate, for instance) generated perhaps during the deposit process 
or while the films were manipulated in the measurement stage. 

The ordered packing of CNTs from the effect of the Van der Waals 
interaction results in the CNTs' alignment formation. In the literature, 
several works report the growth of CNTs on silicon substrates using 
different methods, but few of them speak of the effect of varying time 
from short to long times in the growth process. 

Afre et al. observed that the growth process of CNTs takes place 
preferentially on the bottom side of the substrate rather than on the top 
side [23]. However, an interesting feature can be observed in Fig. 3H 
where the growth process does not occur preferentially as Afre et al. 
observed [23]. The CNTs grew on different sides of the substrate, 
including on the edge, creating a problem since we had to scratch its 
edges to measure and identify the silicon substrate. 

The slow flow of the solution's vapor is responsible for this growth, as 
only one Fe particle is necessary to start the growth, which facilitates 
this effect on the silicon substrates. On the other hand, something 
interesting is the CNTs' growth density, as this density increases as time 
increases due to the density of catalytic Fe particles deposited on the 

silicon substrate. Looking at Fig. 3D) through 3 J), the CNTs density is 
higher than in other samples. Table 2 shows the CNTs layer thickness 
estimated. 

We believe that irregularities found in Fig. 3A and B could be due to 
the mechanism of CNTs growth from solution drops in the mist fed to the 
reaction chamber. After the typical reaction of pyrolysis on catalyst/ 
hydrocarbon mixture drops, particles of Fe and amorphous graphite are 
formed, and after that, these nanoparticles reach the surface of the sil-
icon or incorporate into CNTs which are already growing. Even the 
irregular CNT walls become aligned during the synthesis due to the 
temperature. Hence, with the short times, the sufficient amount of 
particles to saturate the substrate surface is not reached, and the sub-
strate does not stay the necessary time at the optimal temperature, 
resulting in the CNTs not well-aligned like the one shown by the samples 
with longer times. In other words, the thickness and the alignment of the 
CNTs depend strongly on the synthesis time, which means there is an 
alignment for t > 4 min while the growth temperature is maintained. 

According to Table 2, from 20 min to 180 min, the length almost 
stays constant. This effect could be due to the formation of an additional 
layer of carbon on the tip-growth (Fig. 3H and I), producing a discon-
tinuity in the growth and avoiding the increase in the length like that 
shown in Fig. 3F, G, H and I. Another alternative to explain this behavior 
is the high density in the sample, as the tips of CNTs start to agglomerate 
and take a fiber-like structure, and the tips are closed or bent, preventing 
new iron seeds for continuous growth. On the other hand, different 
growth mechanisms exist where nanotubes are formed, and more than 
one mechanism might be functional during this stage. Chen and Zhang 
[44] proposed a mechanism of three steps. First, a precursor is formed on 
the surface of the metal particle. Second, the CNT is rapidly formed by 
the metastable carbide particle. Lastly, there is slow and continuous 
graphitization. 

Another growth mechanism for CNTs was postulated by Sinnot et al. 
[45]; they infer that metal particles are supported on the substrate or are 
introduced as floating particles. If the particles are spherical or pear 
shape, the deposition of these particles will take place on only half of the 
surface. Then the carbon diffuses along the concentration gradient and 
precipitates onto the opposite half, around and below the bisecting 
diameter. However, it does not precipitate from the apex of the hemi-
sphere, which accounts for the hollow core that is characteristic of these 
filaments [45]. For supported metals, filaments can form either by 
‘extrusion��or root-growth in which the fiber grows upwards from metal 

Fig. 3. FESEM cross-section of CNTs grew on silicon substrates varying the growth times: (A) 2 min, (B) 3 min, (C) 4 min, (D) 5 min, (E) 10 min, (F) 20 min, (G) 30 
min, (H) 60 min, (I) 120 min, and (J) 180 min. 

Table 2 
Thickness of CTNs layer with cavitation times evaluated.  

Time cavitation process (min) 180 120 60 30 20 10 5 4 3 2 

Labeled sample M180 M120 M60 M30 M20 M10 M5 M4 M3 M2 
CNTs layer thickness (�m) 389 � 23 377 � 20 355 � 15 344 � 18 334 � 10 142 � 5 80 � 8 78 � 6 29 � 3 16 � 1  
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particles that remain attached to the substrate, or the particles detach 
and move at the head of the growing fibers, labeled ‘tip-growth��[45]. 
According to Fig. 4, it is observed that the majority of metal particles 
were found on the substrate (that indicates a good adherence between 
the substrate and the particles, and the zoom-in image can appreciate 
the iron particles deposited), and some particles were found along the 
CNTs. Therefore, the metal particles work as a base for the growth of 
CNTs, and the extrusion or root-growth model fits this synthesis process. 
The inset in Fig. 4 shows the particle size and some CNTs grown. R. 
Andrews et al. [46] have suggested that the catalyst particle size de-
termines the size of the CNT. In the TEM images, this hypothesis will be 
assessed. 

Fig. 5 shows the TEM images of CNTs synthesized at 780 �C with 
Ferrocene/Toluene. As can be seen, it consists of a fiber-like structure 
containing metal nanoparticles and not any amorphous carbon. The 
particles are distributed mainly on the top of the CNTs, but sometimes it 
is possible to find these metal particles inside of the CNTs. These 
nanoparticles sometimes show a diameter bigger or smaller than the 
nanotube (Fig. 5A, B); hence the hypothesis by Andrews et al. [46] could 
not be acceptable to all. This is due to the samples are composed of fi-
bers. Noticeable iron particles can be seen inside the fibers, which are 
made up of many carbon nanotubes. The iron particles can be removed 
by liquid-phase oxidation using HNO3 or H2SO4:HNO3; However, the 
problem is the reaction with the CNTs themselves, which can cut and 
even open the walls and insert functional groups. Also, HCl as non- 
oxidative acid, has been used with good results in the purification of 
CNTs. However, these nanoparticles can help for the formation of 
composites as fiber reinforced, which has been a feature very studied in 
the last decades, as we mentioned previously in the introduction [47]. 

On the other hand, in Fig. 5 it is possible to observe two formations of 
CNTs'. In Fig. 5B many CNTs are entangled and bending, which makes 
agglomerates of these nanotubes. These agglomerates can produce the 
effect observed in the Raman measurements as a high intensity in the 
spectra. Fig. 5C can be appreciated well-defined nanotubes without 
agglomerates nir fibers; Fig. 5D shows nanotubes with the biggest di-
ameters around 70 nm; this corresponds to the sample with the longest 
synthesis time (180 min). In this last sample, fibers could not be iden-
tified as in other samples due to the high graphitization extent. More-
over, metal particles were found in the tip and inside of the nanotube. 
The diameter of the nanotubes increases as time increases, being able to 
be related to the metal particle size. The particle size rules the smallest 
nanotubes, but as time increases, the metal particles create agglomerate, 
and the diameter increases. The particles found inside nanotubes could 
be floating debris that were introduced during the synthesis process. 

Fig. 6 shows the HRTEM images, and the inset images correspond to 
the diffraction patterns of a CNT or a metal particle. HRTEM images 
confirm that CNTs are formed by many graphene sheets following the 
parchment model, corroborating the 2D/G intensity ratio as the CNT 
formation by many graphene layers. It could be observed that these 
CNTs are inside each one, causing the increase in the diameter (Fig. 6B). 
The perfect alignment and parallelism among the graphene sheets are 
evident, which indicates a high graphitization extent of the samples. 

Moreover, Fig. 6C presents the metal particles covered by carbon. In 
general, the MWCNTs are closed structures, and for that reason, the 
metal particle is covered. However, as could see in the images of low- 
magnification, these particles can be present along the CNT or at the 
end of the nanotube. With most of the growth times, the particles are like 
spheres, but sometimes, a slight agglomeration among the particles ex-
ists and causes deformation. The smallest particles form bigger ag-
glomerates, producing CNT with diameters above 20 nm of a like-fibers 
structure due to entanglement among these nanotubes. Moreover, as the 
2D/G intensity ratio showed, the CNTs are composed of many layers of 
graphene; Fig. 6A can corroborate that at least there are 5 graphene 
layers for the thinnest nanotubes and >20 graphene layers for concen-
tric nanotubes that form little fibers (Fig. 6B). 

On the other hand, for the diffraction patterns, all samples present 
continuous rings and diffused halos. It is well-known that the continuous 
rings indicate a random orientation of neighboring crystallites, and 
diffused halos indicate an amorphous background, which could be due 
to the presence of amorphous carbon in the thin layer that covers the 
CNT. 

XRD patterns of some samples of MWCNTs are shown in Fig. 7. Some 
patterns displayed an intense diffraction peak around 2�� � 26� in 
orientation (002); also, a low intensity was shown in 44� with prefer-
ential orientation (100). In the literature, other peaks around 53� and 
78� are reported [44]. However, these diffraction peaks could not be 
found in the samples. Besides, these results confirm that MWCNTs are 
well graphitized [48]. Therefore, this corroborated the high graphiti-
zation extent observed from Raman spectra and HRTEM images. 
Moreover, XRD showed a slight shoulder around 43� due to the metal 
particles, but the intensity of this peak was extremely low. Hence, this 
indicated that the amount of these metal particles was reduced 
compared with CNTs, as observed in the HRTEM, and thus, these metal 
particles preferred to stay attached and anchored on the silicon sub-
strate. These results showed that a purification process is not necessary. 

4. Conclusions 

Carbon nanotubes were obtained successfully by ultrasonic spray 
pyrolysis using Ferrocene/Toluene precursor solution and at low- 
temperature (780 �C) synthesis. CNTs were grown perpendicularly on 
silicon substrates; for some cases, these nanotubes were highly aligned, 
as the SEM images corroborate. Something important that could be 
noted is that for times above 20 min, the length of these arrays almost 
kept constant (~350 �m). The Raman spectra show the three charac-
teristic bands, and the ratios between D-band and G-band intensity 
revealed a high extent of graphitization, which is comparable with other 
more expensive methods. Additionally, the 2D-band and G-band ratios 
and HRTEM images have confirmed that the CNTs are formed by some 
graphene layers. The SEM images show a high alignment and a fiber-like 
structure and reveal the thick layer of the CNTs. SEM images exposed a 
better alignment from 5 min to 180 min samples than the 2, 3 and 4 min 
ones, but times <20 min except 180 min demonstrated the better 
graphitization extent according to the Raman measurements. Some 
closed variations indicate that the growth times do not affect the 
diameter of CNT very much. 

Further, metal particles were observed at the end of the CNT and 
inside the CNT. The metal particle size adhered on the silicon substrate 
was around 30 nm (according to SEM images), but the TEM images 
showed that these particles can or cannot create agglomerations 
resulting in bigger or smaller particles inside the CNT. TEM images in 
high magnification revealed the multi-walls of the CNTs, their perfect 
alignment, and parallelism among them. Furthermore, it is possible to 
observe some graphene sheets forming the CNTs following the parch-
ment model. The diffraction patterns obtained by TEM images showed 
rings demonstrating the crystallinity and diffused halos indicating 
amorphous background like amorphous carbon. The XRD diffracto-
grams supported the good graphitization extent previously discussed Fig. 4. Planar view of iron particles and aligned CNTs on the silicon substrate.  
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a c c or di n g  t o  R a m a n  s p e ctr a  a n d  T E M  i m a g e s.  L o n g er  gr o wt h  ti m e s 

d e m o n str at e d  t h at  r e a c hi n g  l e n gt h s  ar o u n d  t h e  mi cr o m et er  s c al e  i s 

p o s si bl e, wit h a g o o d ali e n ati o n a n d e v e n a hi g h gr a p hiti z ati o n e xt e nt. 

I n c o n cl u si o n, t hi s w or k s h o w s t h e gr e at o p p ort u niti e s of ultr a s o ni c 

s pr a y p yr ol y si s f or t h e C N T ś i n d u st ri al p r o d u cti o n si n c e it i s e a s y, c h e a p, 
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