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 Single-walled carbon nanotubes (SWCNTs) have attracted much 
interest for their unique nanostructural and electronic proper-
ties, which have a wide range of potential applications. The key 
barrier that prevents SWCNTs fulfi lling their potential in elec-
tronic applications is the understanding of the growth mecha-
nism and, as a consequence, the inability to control the tube 
size, chirality, and hierarchy in the structure on a bulk scale. 
The synthesis of SWCNTs in general requires metal nanocom-
pounds to catalyze the growth. Notably successful catalysts 
include Fe, Ni, and Co. Noble metals (Au, Ag, Pt, and Pd) have 
recently been reported to catalyze the growth of carbon nano-
tubes as well. [  1  ,  2  ]  While recent improvements in yield, purity, 
and selectivity were obtained by using a variety of bulk syn-
thesis techniques, individual chemical processes have rarely 
been observed. 

 Nano-test tube chemistry uses the hollow space inside 
SWCNTs as a controlled local environment to perform syn-
theses. The hollow space inside SWCNTs can be utilized for the 
encapsulation of atoms and molecules in a highly controlled 
manner. A large variation of fullerene materials and organic 
molecules have thus far been encapsulated inside carbon nano-
tubes. [  3–12  ]  Such fi lled nanotubes allow chemical reactions to 
be confi ned at the nanometer-scale such that novel chemistry 
processes can occur and the individual chemical events can be 
observed at the molecular level. 

 Preliminary research on nano-test tube chemistry includes 
the transformation of SWCNTs encapsulating molecules into 
double-walled carbon nanotubes (DWCNTs). [  11–15  ]  It has been 
reported that the encapsulated reactions can also lead to func-
tionalization of the original carbon nanotubes. [  16  ,  17  ]  These 
papers highlight the potential merits of encapsulation and 
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nano-test tube chemistry for the study of carbon nanotube 
growth as well as for their functionalization. 

 In this paper, using the highly confi ned and controlled volu-
metric space within a nano-test tube we study the growth prop-
erties of SWCNTs. Two types of metals used frequently in the 
catalytic growth of carbon nanotubes, Pt and Fe, are chosen as 
model catalysts to grow inner tubes. To this end, two organo-
metallic compounds, Pt(II) acetylacetonate (PtAc), Pt(C 5 H 7 O 2 ) 2 , 
and ferrocene, Fe(C 5 H 5 ) 2 , are encapsulated inside SWCNTs as 
precursors (see Supporting Information). The growth process 
of the inner tube is traced by high-resolution transmission 
electron microscopy (HRTEM) which allows monitoring of 
an individual tube as it grows out of a Pt nanocrystal. Raman 
spectroscopy reveals that the inner tubes grow differently based 
on the catalytic reaction temperature. At the low temperature 
limits, DWCNTs of optimal interwall distances are found to 
grow. In such DWCNTs the intertube interaction is too small to 
be resolved by Raman scattering. It means that the inner tubes 
are well distanced from the outer tubes and the growth process 
is solely determined by the nature of the catalytic metal. It is 
found that thinner tubes grow at lower temperatures, which 
points to a lower activation energy for the thinner SWCNT 
growth. Furthermore, the catalytic tube growth with Fe occurs 
at lower temperatures than with Pt. As an example, the (6,4) 
tube growth is found to be activated at 700  ° C with Pt catalyst, 
while it grows well at 500  ° C with Fe catalysts. The assigned 
activation temperature for catalytic tube growth is fundamental 
when the diameter of the carbon nanotubes is a requirement 
that needs to be controlled on a bulk scale and, therefore, the 
growth mechanism needs to be well understood. Only studies 
that utlize nano-test tube chemistry allow the growth para-
meters to be determined for a given chirality with high accu-
racy. Hence, the outcome of this study opens a pathway for the 
control of the growth of carbon nanotubes as building blocks 
for future nanotechnology. 

  Figure    1a   shows a room-temperature HRTEM micrograph of 
the PtAc-fi lled SWCNTs (PtAc@NT) annealed at 700  ° C. It is 
observed at the atomic scale that a thin tube is connected with 
its open end to a nanocrystal inside a SWCNT. The interplanar 
distances of the nanocrystal agree with those of a Pt crystal 
within the limits of experimental error, and are signifi cantly dif-
ferent from the Pt carbide crystal structures reported thus far. 
Analyses from electron energy-loss spectroscopy (EELS) also 
demonstrate the encapsulation of Pt particles inside SWCNTs 
(see Supporting Information). Further HRTEM observations 
with in-situ annealing up to 760  ° C confi rm that the inner tube 
wall remains terminated at a Pt crystal even at the growth tem-
perature of 760  ° C, as shown in Figure  1b . The growth stops 
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      Figure  2 .     a) FT Raman spectra obtained at a wavelength of 1064 nm for 
the empty SWCNT (NT) and PtAc@NT before and after being annealed 
at various temperatures and durations. b) Raman spectra obtained at 
590 nm for the annealed PtAc@NT samples (lower set of spectra) and for 
the annealed ferrocene-fi lled SWCNTs (upper set of spectra). c) Raman 
spectra collected at 782 nm for the empty SWCNT (NT) and the pristine 
and annealed PtAc@NT samples.  

      Figure  1 .     TEM micrographs for PtAc@NT ex-situ annealed at 700  ° C for 
2 h (a) and in-situ annealed at temperatures up to 760  ° C (b).  
when the entire carbon source is exhausted with the tube 
end remaining on the Pt surface. This is unlikely to be seen 
in SWCNT samples obtained from conventional bulk-scale 
synthesis where catalytic particles are usually observed to be 
encapsulated by graphitic carbons. On the bulk scale synthesis 
the growth of SWCNT stops when the catalytic nanoparticle 
becomes inactive because of graphitic layers and/or closed tube 
ends formed around the surface. In contrast, inside a SWCNT 
acting as a perfect nano-clean room, the growth condition is 
homogeneous and constant. Any unfavourable fl uctuations in 
growth conditions that usually cause graphitization of the nano-
particle surface are absent inside SWCNTs. As a consequence, 
the inner tube can continue to grow until all the carbon atoms 
are used up. The reaction stops at this point, but the encapsu-
lated system remains at this point at which the HRTEM snap-
shot is obtained.  

 FT Raman spectra of the empty SWCNT (NT) and PtAc@NT 
before and after annealing at different temperatures in the 
range from 300 to 1200  ° C are compared in  Figure    2a  . The 
radial breathing mode (RBM) lines for the original SWCNT 
appear as two peaks located at frequencies ranging from 150 
to 200 cm  − 1 . A double peak located around 310–370 cm  − 1  can 
be assigned to the second order for the original tube RBM 
lines. By inspecting the spectra of the samples annealed at dif-
ferent temperatures, the inner tubes are found to grow at tem-
peratures higher than 600  ° C. The growth properties depend 
strongly on the temperature. After annealing at a high tem-
perature of 1200  ° C many sharp peaks appear at frequencies 
ranging from 300 to 340 cm  − 1 . The line distribution is very 
similar to that observed previously for DWCNTs transformed 
from ferrocene-fi lled SWCNTs and is attributed to the RBM 
lines for the inner tubes grown from the encapsulated PtAc 
molecules. [  11  ]  Due to the van der Waals interaction between the 
inner tube and outer tube, an inner tube in a thinner outer 
tube gives rise to the RBM line at a higher frequency. From 
a comparison to the extended tight-binding model, the peaks 
© 2010 WILEY-VCH Verlag Gm
located around 312 cm  − 1  and those at frequencies higher than 
325 cm  − 1  can be assigned as the RBM lines for the (6,5) and 
(7,3) inner tubes in different outer tubes, respectively. [  18  ,  19  ]  
On the contrary, after annealing at 600 and 700  ° C only one 
prominent peak appears at 325 cm  − 1 . This line is assigned as 
the RBM of the (7,3) tubes inside the outer tubes with diam-
eters larger than 1.40 nm. The RBM lines for the (6,5) tubes 
are hardly observed in these samples. These results show that 
at low temperatures thinner inner tubes with larger intra-tube 
distances grow predominantly.  

 The lower set of spectra in Figure  2b  are the Raman spectra 
obtained at 590 nm for the PtAc@NT annealed at 500  ° C for 
3 h, 700  ° C for 2 h, 900  ° C for 1 h, and 1100  ° C for 30 min. For the 
samples annealed at temperatures higher than 700  ° C two peaks 
are predominantly observed around 310 and 331 cm  − 1 . They 
are, as before, [  11  ,  19  ]  assigned to the RBM lines of the (6,5) and 
(6,4) inner tubes. Importantly, again no higher frequency lines 
corresponding to the inner tubes inside thinner outer tubes are 
observed. This is consistent with the FT Raman data and indi-
cates very weak van der Waals interactions between the inner 
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3685–3689
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and outer tubes. This line shape is retained for the DWCNT 
samples transformed at temperatures up to 1100  ° C. In other 
words, for those DWCNTs grown at temperatures between 700 
and 1100  ° C the inner tube diameter is optimally determined 
by the outer tube diameter. From a detailed comparison to the 
extended tight-binding model, we evaluate the corresponding 
outer tube diameters to be larger than 1.40 nm. [  11  ,  18  ,  19  ]  The 
size of the DWCNT observed in the HRTEM micrograph in 
Figure  1a  matches very well with the (6,4) tube encapsulated 
inside a tube with a diameter of 1.5 nm. This result supports 
our conclusion that inner tubes are well distanced from outer 
tubes when they grow at low enough temperatures. 

 It is important to note that DWCNTs with non-interacting 
inner tube–outer tube pairs can only be grown by catalytic reac-
tions. In the present case Pt acts as a catalyst for the inner tube 
growth. It has recently been reported that noble elements (Au, 
Ag, Pt, and Pd) can catalyze the growth of SWCNTs by chemical 
vapor deposition and arc discharge methods. [  1  ]  This is rather 
surprising taking into account that noble metals are relatively 
inert in comparison to Fe, Co, and Ni, which tend to have high 
binding energies with carbon required for the formation of a 
graphitic network. Yet the exact role of metal elements on the 
growth of SWCNTs remains elusive. Our result clearly shows 
that Pt acts as a catalyst and its activation temperature for the 
SWCNT growth can be as low as 600  ° C. It has been suggested 
that the size of the metal particle determines the diameter of 
the SWCNTs to be grown. In the case of catalytic inner tube 
growth, the metal nanocrystals nucleate and grow the inner 
tube, as observed in the HRTEM micrographs in Figure  1 . 
The size of the nanocrystal is defi ned by the confi nement of 
the original tube, and the inner tube growth properties depend 
solely on the type of metal. 

 Based on this fact, it would be interesting to compare the 
encapsulated catalytic properties of Pt with those of a conven-
tional catalyst such as Fe. Corresponding results are depicted 
in Figure  2b , where the RBM lines for the (6,4) and (6,5) inner 
tubes grown from an encapsulated ferrocene precursor (upper 
set of spectra) are compared with those from the PtAc pre-
cursor (lower set of spectra). A feature similar to the Pt case is 
observed for DWCNTs grown at the lowest growth temperature 
of 500  ° C with Fe, which is lower by 200  ° C in comparison to 
the temperature required for the same chirality of inner tubes 
to be grown from PtAc. As shown in Figure  2b , at 500  ° C no 
inner tubes can grow from the Pt precursor. This is direct evi-
dence that the activation temperature for SWCNT growth is 
higher with a Pt catalyst. For the DWCNTs grown with Fe at 
temperatures higher than 600  ° C a variety of inner tube RBM 
lines that correspond to the (6,4) and (6,5) inner tubes inside 
thinner outer tubes are observed, as reported previously. [  11  ]  This 
is in good agreement with the case for the (7,3) inner tubes 
grown with a Pt catalyst at higher temperatures, as observed in 
Figure  2a , and confi rms for both Pt and Fe catalysts that only at 
low temperatures the inner tube becomes well distanced from 
the outer tube. 

 Furthermore, with a Pt catalyst, almost only the thinner (6,4) 
tube can grow at 700  ° C while both the (6,4) and (6,5) tubes can 
grow at higher temperatures, as observed in Figure  2b . This 
means that thinner inner tubes preferentially grow at a low 
temperature, again in accordance with the FT Raman results in 
© 2010 WILEY-VCH Verlag GmAdv. Mater. 2010, 22, 3685–3689
Figure  2a  where the (7,3) tube grows while the (6,5) tube does 
not at 700  ° C. 

 This point is further investigated for other chirality tubes. 
Figure  2c  shows the Raman spectra collected at 782 nm for the 
pristine and annealed PtAc@NT samples. At this wavelength 
the (11,0), (9,1), and (7,2) inner tubes are in resonance and their 
RBM lines appear at 268, 313, and 348.5 cm  − 1 , respectively, after 
annealing. At a low temperature of 700  ° C only the thinner 
two tubes, (9,1) and (7,2), are grown. Similarly, from Raman 
spectroscopy using a wavelength of 514 nm, the (8,2) tube is 
found to grow only at temperatures higher than 700  ° C with 
Pt catalyst. Among those inner tubes grown at 700  ° C with Pt, 
the (9,1) tube has the largest diameter of 0.754 nm. It is, there-
fore, the largest diameter of the inner tube grown at 700  ° C. The 
presence of a maximum threshold for the inner tube diameter 
at a fi xed reaction temperature is of great importance. It tells 
us about the nature of the SWCNT growth in a sense that the 
activation energy is lower for thinner diameter tubes. This is 
in line with previously reported observations on the bulk scale 
synthesis of SWCNTs where thinner tubes tend to grow at 
lower furnace temperatures. [  20–24  ]  Our nano-test tube chem-
istry combined with resonance Raman spectroscopy allows the 
activation temperatures to be precisely assigned for pure metal 
catalysts and for tubes of specifi c chiralities. This fi nding is 
visualized on the map of chiral vectors in  Figure    3  . The (9,1) 
tube with a diameter of 0.754 nm is found to grow at tempera-
tures higher than 700  ° C with Pt catalyst. In other words, only 
the tubes thinner than the (9,1) tube within the blue shaded arc 
can grow under these conditions. At higher temperatures, the 
larger diameter tubes in the red shaded area can also grow. The 
activation temperature for the (9,1) tube growth with Pt catalyst, 
    T

(9,1)
Pt   =  700  ° C, can be denoted by the arced arrow whose length 

is proportional to the tube diameter assumed to follow a linear 
relation to each other and is scaled depending on the type of 
catalyst, i.e., T (9,1)

Pt > T (9,1)
Fe

.  
 According to the vapor–liquid–solid model, the activation 

energy of the tube growth is determined by the thermody-
namics of the catalyst particle, the solubility of carbon, the 
kinetics of carbon diffusion, and their interactions with sub-
strates. In our test tube experiments the outer tube confi nes 
the precursor elements and growth process, and the growth 
temperature is determined at the thermodynamic equilib-
rium. In this case, the carbon diffusion kinetics that infl u-
ence the growth rate is insignifi cant to the growth properties 
for different tube diameters. Hence, the catalytic activity of 
the metal–carbon system is predominantly correlated with the 
eutectic point that varies for different particle sizes and metal 
elements. [  25  ]  The reduction of the melting point of a spherical 
metal nanoparticle is known to be proportional to the inverse 
of the particle radius, as described by the model based on the 
Gibbs–Thomson equation:

   
Tm(∞) − Tm(r ) = 2Tm(∞)σSL

�Hf (∞)ρs

1

r   
(1)

    

 where  T  m ( ∞ ),  σ  SL ,  Δ  H  f ( ∞ ), and  ρ  s  are the bulk melting tempera-
ture, the solid–liquid interfacial energy, the bulk latent heat of 
fusion, and the number of the solid phase, respectively.  T  m ( r ) 
represents the melting point of a freestanding spherical particle 
3687bH & Co. KGaA, Weinheim
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      Figure  3 .     On the map of chiral vectors the green open circles are the tubes (7,2), (6,4), (7,3), (8,2), and (9,1) that can grow at 700  ° C with Pt, while 
the red solid circles are the tubes (6,5) and (11,0) that need temperatures higher than 700  ° C to grow. At 700  ° C only the tubes in the blue shaded 
area can grow with Pt catalyst. At higher temperatures the thicker tubes in the red shaded area can also grow. The activation temperature for the (9,1) 
tube growth with Pt catalyst,T (9 ,1)

Pt   =  700  ° C, is represented by the green solid arced arrow. In a similar way, the activation temperature for the (6,4) tube 
growth with Fe, T

(6 ,4)
Fe        =  500  ° C, can be represented by the blue solid arced arrow.  
with radius  r . The linear slope of the temperature reduction 
against the inverse radius gives the Gibbs–Thomson coeffi -
cient that is reported to be about 2  ×  10  − 7  K m for pure iron 
particles. [  26  ,  27  ]  Using the Fe-C liquefaction point of T F eC

m (∞)   =  
1403 K, reduced from T F e

m (∞)  =  1811 K for a pure Fe, we obtain 
a melting point of about 823 K for a freestanding iron carbide 
nanoparticle with a radius of 0.345 nm. Provided that the inner 
tube has a similar radius to the catalyst particle, this value is 
in line with the activation temperature of 773 K for the (6,4) 
tube of the same radius as the Fe catalyst. The further reduc-
tion by 50 K could be attributable to the predominant surface 
diffusion [  28  ]  that competes against the reduced solubility [  29  ]  and 
the interaction with the substrate. 

 Little is known about the melting point of Pt nanoparticles. 
From a linear fi t of the previously reported data, [  30–32  ]  a Gibbs–
Thomson coeffi cient of 8.4  ×  10  − 7  K m can be obtained for a 
freestanding platinum nanoparticle. Substituting the melting 
point of the bulk Pt-C system, T PtC

m (∞)   =  2011 K, we obtain 
a melting point of 797 K for a Pt-C nanoparticle with a radius 
of 0.375 nm. It was reported that the Gibbs–Thomson coeffi -
cient increases with increasing melting point. [  33  ]  Extrapolating 
a linear fi t of the previously reported melting point data for 
Cr, Fe, Mo, and W nanoparticles to the Pt case, we can obtain 
another value of 2.5  ×  10  − 7  K m and the melting point of 1334 K 
© 2010 WILEY-VCH Verlag G
for a Pt-C nanoparticle with a radius of 0.375 nm. Both melting 
points do not coincide with the present study, where the activa-
tion temperature of 973 K for the (9,1) tube with a radius of 
0.375 nm is obtained for the Pt catalyst. These discrepancies 
are likely a result of the inaccurate Gibbs–Thomson coeffi cient 
values estimated from the limited number of data from the 
multiple references. To the best of our knowledge, no Gibbs–
Thomson coeffi cient value for Pt has been reported so far. In 
other words, using the activation temperature of 973 K for the 
(9,1) tube, a real Gibbs–Thomson coeffi cient value for Pt is esti-
mated to be 3.64  ×  10  − 7  K m. 

 To conclude, it is crucial to lower the growth temperature 
in order for better compatibility of carbon nanotubes with 
electronics. [  34  ,  35  ]  The inside of carbon nanotubes is free from 
contamination. Encapsulated molecules provide both catalysts 
and carbon sources in a highly controlled proportion. Hence, 
our nano-test tube chemistry offers a very effi cient and con-
trolled route to SWCNT synthesis. There is also the intriguing 
possibility for a follow-up study on material fi lling the SWCNT 
and seeding further growth once the caps of the outer layer 
have been removed. Further studies using various organome-
tallic compounds as precursors will facilitate a comprehensive 
understanding of the mechanism for the catalytic growth of 
SWCNT.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 3685–3689
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 Experimental Section 
 SWCNT material with a diameter range of 1.4  ±  0.1 nm was synthesized 
by laser ablation and purifi ed by H 2 O 2  treatment. [  36  ]  The tube material 
was pre-treated by annealing in air at 400  ° C for 20 min to open the tube 
caps. The open-ended SWCNTs were then dipersed in acetone with PtAc 
and sonicated overnight for fi lling. Filling with ferrocene was performed 
by exposure of the SWCNT fi lm to a vapor phase of ferrocene at 150  ° C 
for several days in a sealed Pyrex glass ampule. [  11  ]  The fi lled SWCNT 
fi lms of the same batch were transformed into DWCNTs by annealing in 
vacuum at different temperatures. Raman spectra of the empty, fi lled, and 
annealed samples were recorded at room temperature using a Bruker 
FT Raman spectrometer with a wavelength of 1064 nm and a Renishaw 
2000 microRaman spectrometer with wavelengths of 782 and 514 nm, 
and at 80 K using a Dilor XY triple spectrometer at 590 nm. HRTEM was 
performed with a JEM-2010F microscope equipped with a Cs corrector 
at an accelerating voltage of 80 kV. Gatan ENFINA adjusted for a 60 kV 
incident electron beam was used for EELS chemical analyses on a JEOL-
2100F equipped with an aberration corrector (the DELTA-corrector).  

   Supporting Information
 Supporting Information is available online from Wiley InterScience or 
from the author. 
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