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Abstract 
 
Single-walled carbon nanotubes have been synthesized by a gas-phase CO 

decomposition (HiPCO) process, involving high-pressure disproportionation of CO as 
carbon feedstock and catalytic iron particles were obtained from pyrolysis of Fe(CO)5. The 
diameter and diameter distribution of as grown material dependents on various parameters, 
the strong is the pressure of CO cold transverse the Fe(CO)5, nozzle geometry and position 
for the injection of the reactant in the reaction chamber to produce smaller diameter (about 
0.9 nm) at higher CO pressure. The HiPCO materials containing iron were purified by a 
two-step process of oxidation in oxygen atmosphere and successive washing the mixture of 
hydrochloric and nitric acids neutralised and distilled water (1:1:1). The optical and 
electronic properties were studied using optical absorption and infrared spectroscopy; in 
addition, high-resolution transmission electron energy-loss spectroscopy was used to 
analyse the loss function, electron diffraction and core level excitations. The degree of 
purification achieved was estimated using transmission electron microscopy. Furthermore, 
the present procedure has a no sufficiently change in the diameter and diameter distribution 
after Gaussian fit of the optical absorbance spectra. The estimation of the degree of 
purification is possible by the analysis of core level excitation; finally high purity SWCNTs 
were obtained. 
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1. Introduction 
  

Single-wall carbon nanotubes (SWCNTs) [1], have attracted interest as a new one-
dimensional material, due to their exceptional electronic [2] and mechanical properties [4] 
which make them promising candidates for applications in nano-scale technologies. Many 
methods of production have been studied. SWCNTs have been produced by laser ablation 
[5-7] and arc discharge [8-9], catalytic decomposition of hydrocarbons [10-11] and 
microwave plasma assisted by CVD with [12] and without hot filament [13]; in addition 
SWCNTs and MWCNTs by SHS and electro-thermal explosion reactions [14]. The 
SWCNTs with purity about 90 wt % have been formed from the gas phase using the 
Ferrocene Fe(CO)5 with high pressure of CO through the high-pressure disproportionation 
of CO process (HiPCO ) [15, 18].  
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In this process, Fe (CO)5 is injected into a stream of CO gas at high temperatures 
between 900 and 1150°C and pressures between 1 and 40 bar The iron forms metal clusters 
that act as catalytic sites to promote the Boudouard reaction. 

 
 

 COc+ COh → C (solid) + CO2 (gas)                                   (1) 
 
 

And when the metal clusters achieve a size near that of C60, they nucleate and grown 
SWCNTS. The SWCNTS will continue to grow until the metal cluster, which is also 
growing with addition of residual free iron atoms. The average diameter of SWCNTs grown 
using the HiPCO method is a function of CO pressure, but is usually < 1 nm, which is pure 
and smaller than SWCNTs synthesized by the laser vaporisation process. The as-grown 
synthesized carbon nanotubes contain a considerable amount of impurities such as iron 
cluster catalyst particles, amorphous and other forms of carbon [23-29] These impurities 
represent a serious impediment to a detailed surface characterization and the transformation 
of the nanotubes in regard to their potential applications. Several purification procedures 
[16-23] including acid treatments and annealing in air [25-29] , oxidation in an oxygen 
atmosphere and wet with argon and washing with different solvent and acid [25, 26, 30-32], 
high temperature annealing [33-34] and finally oxidation of the iron clusters with flash 
ignition [34]. All these purification procedures were been aimed at removing particular 
impurities and without loss weighs, previous study of the evolution of the surface area and 
absorption isotherm of the gas [36-37] and evolution of the pore structure [38] are also 
related. Much effort has been applied to use for increase the yield and purity can be 
improved by addition of gases such as hydrogen and acetylene [39]. In this work we report a 
purification procedure with a high yield (about 90%) and minimum weight loss using 
oxidation in an oxygen atmosphere followed by washing in the neutralised HCl  (36 % MU), 
HNO3 (60 %) distilled water (1:1:1) sonicated at 80 C° above experimental 15 mn and then 
neutralised. The bundles of the SWCNTs contain metallic iron impurities with 5 to 10 nm 
size of nanoparticles is encased in carbon shells and with 10 wt % and other form of carbon. 
We have demonstrated that this leads to SWCNTs materials without carbonacious 
impurities and express complete removal of the catalyst iron and iron oxide present in the 
sample The aim of our purification is to oxidise the iron, amorphous carbon and 
carbonaceous species by selective oxidation in an oxygen atmosphere and successive 
washing with the purification solution sonicated above experimental 15 mn at T= 80 C°. In 
order to dissolve iron catalyst metallic and oxide form from the as grown carbon nanotubes 
with minimal loss of SWCNTs is obtain. 
  
 

2. Experimental 
 

The as grown material with the optimal synthesis parameters containing 90 wt % 
SWCNTs with optimal parameters (average diameter, diameter distribution), (temperature, 
CO pressure and nozzle diameter, geometry and position) reported in the reference [18]. The 
as produced SWCNTs contain catalyst particles (about 10 %), amorphous and other forms 
of carbon. In order to purify the sample, two different steps [43, 44] have been applied. 
Firstly, oxygen (99,999 % purity) was fed into the quartz tube via a leak valve up to a partial 
oxygen pressure of 5x10-6 mbar at a temperature between 200 C° and 800 C°, while the 
annealing time was 12 to 48 h. Within these ranges we have systematically varied the 
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parameters in order to optimise the degree and yield of the purification process. The optimal 
parameter set was found to be a 12 h annealing at 500 C° without loss of SWCNTs.  

Finally, the nanotubes were taken out of the quartz tube and immersed or refluxed in 
the purification solution. The solution was then neutralized and filtered through the Buck 
paper and drained in vacuum. In order to obtain thin films for the microscopy and 
spectroscopic studies, the nanotubes were dispersed ultrasonically in ethanol and dropped 
onto NaCl single crystals. The films were then characterized as regards to their optical 
response using a BRUKER IFS 88 spectrometer. The resolution was set to 2 cm-1 (0.25 
meV). For transmission electron microscopy (HRTEM) including electron high-energy loss 
spectroscopy (HREELS) to analyse loss function, electron diffraction and the core level 
excitation, the films were floated off in distilled water and mounted on standard platinum 
grids. The HRTEM and HREELS studies were performed respectively in a Philips 
CM20FEG electron microscope and in purpose-built high-energy electron energy -loss 
spectrometer in transmission described elsewhere [44]. 
 
          (a) Starting SWCNTs                  (b) Step 1                                 (c) Step 2 

 
Fig. 1: High resolution TEM imaging of, a- the as grown SWCNTs, b- after oxidation in oxygen 

atmosphere at T= 500 °C, P = 5.10-6 mbar during 12h (step1), c- after chemical purification using HCL 
and HNO3 mixed with water (step2). 

 
3. Results and Discussion 
 
Fig.1a shows typical HRTEM pictures of the as grown HiPCO materials, revealing a 

fine and homogeneous distribution of the iron catalyst nanoparticles. This is in agreement 
with the HiPCO-SWCNTs behaviour in oxidation treatments that it is more stable at higher 
temperature, open and exposes the iron to oxidize. The iron oxide is characterized by lower 
density and acid solution has ability to extract it, comparatively to the bigger iron density, 
reported by [25]. The optimal parameter of our oxidation treatments is at T= 500 °C under 
low pressure of 5.10-5 mbar for 12 h (step 1) and after washing in the solution of the 
purification (step 2). From Fig.1 the purification process applied successfully removes most 
of impurities is still seen in Fig.1a as spherical, fine and homogeneous catalyst iron 
nanoparticle (with diameter of 5 nm) are oxidized in the second step of our treatment. The 
oxides are evident in the TEM image (with diameter of 10 nm). After washing in the 
purification solution we can observe no sign of any catalyst nanoparticle, and we see only 
trace of amorphous carbon.  
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In Fig.2 we shows the optical absorbance spectra characteristic of the nanotubes 
before and after oxidation treatments steps at the optimal temperature 500 °C during the 
oxidation time from 12 to 36 hours. The increasing of the absorbance of SWCNTs is result 
of the oxidation of the amorphous carbon observed in the area of the first optical interband 
semiconductor transition peak ( SE11 ) and the presence of the iron clusters oxides in the 
sample decreased the intensity of the second optical interband semiconductor transition peak 
( SE22 ) with more oxidation time the spectra shift to lower energy. This is the consequence of 
increasing of the SWCNTs diameter by oxidation of small diameter. These contribute to the 
decreasing of the absorbance spectra which has been confirmed in previous studies [43, 44]. 
The optimal parameter in this was found at 12 h, remaining of diameter and diameter 
distribution and increasing of the relative SWCNTs absorbance respectively in comparison 
with the as grown HiPCO materials. After immersion of the optimally oxidized SWCNTs in 
the purification solution, we observe the evolution of the relative absorbance of the 
SWCNTs in the sample. This can be explaining by the removal of iron and iron oxide from 
our samples during the purification. The relative nanotubes concentration in the samples 
increase and the diameter remain constant because the SWCNTs are more stable in this 
temperature and time. Optical absorbance spectroscopy is a bulk scale technique, which can 
give information about diameter and diameter distributions of the SWCNTs. The yield of 
SWCNTs is characterized by the area of the absorbance spectra peak, after the Gaussian fit 
of the fine structure of semiconductor peak SE22  [45]  
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Photon energy [eV]

 
Fig. 2: The optical absorbance spectra of as-grown SWCNTs (black), after 12h oxidation (blue), after 

24 h oxidation (green) and after 36 h oxidation (navy) and after chemical purification (red). Gaussian fit 
of the SE22  peak dashed line, which is presented in the inset. 
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 As grown HiPCO materials are characterized by a larger distribution of the diameter 
compared to SWCNTS made by laser vaporisation technique. This can be explained by the 
fluctuation of the synthesis temperature and by the position of nozzle in the reaction 
chamber. The structures seen in the optical absorbance spectra are related to interband 
excitations between the π derived van Hove singularities in the density of states (DOS) of 
the nanotubes [49].  
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Fig. 3: Infrared response of HiPCO SWCNTs after oxidation treatment (blue). 
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Fig. 4: Electron diffraction spectra of the as grown SWCNT, of as-grown SWCNTs (black), after 12h 

oxidation (blue), after 24 h oxidation (green), after 36 h oxidation (navy) and purified (red). 
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Fig.3 shows typical infrared absorbance spectra response of the iron oxide hematite 
(Fe2O3) after oxidation treatments, located at the vibration phonons 2321, 2334 and 2363 
cm-1 according to the reference [3], correspond to the longitudinal and transverse optical 
phonon modes. In Fig.5 we show the electron diffraction pattern of the as-grown nanotubes, 
the SWCNTs after the oxidation steps and after immersion in the purification solution. The 
as-grown SWCNTs are characterized by small electron diffraction intensity of the triangular 
lattice small rope; the features are located at 2.87 and 4.92 A-1 corresponding to (100) and 
(110) graphite in-plane reflections [48, 49]. After oxidation, the diffraction is dominated by 
the appearance of new features at 1.25, 2.13, 2.41, 3.12, 3.67, 3.98, 4.01, 4.32, 4.59, 4.85, 
5.16 A-1 corresponding to Fe2O3 (confirmed by infrared spectroscopy response and 
represented in the HRTEM pictures). With more oxidation time the oxide became dense. 
After immersion in the purification solvent this oxide is completely removed and the peaks 
intensity of ropes is increased, diffraction located at about 0.45, 0.83 and 1.24 A-1, 
corresponding to the reflection planes (100), (110) and (210) which are reflecting the 
structure of the individual tubes with small bundles [49]. These results assigned the degrees 
of the proposed purification procedure (Fig.4).  
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Fig. 5a: High energy-resolution EELS core level excitation of C1s, as grown SWCNTs (black), after 12h 

oxidation (blue) and after purification (red). 
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Fig. 5b: High energy-resolution EELS core level excitation of Ok, as grown SWCNTs (black), after 12h 

oxidation (blue) and after purification (red). 
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Fig. 5c: High energy-resolution EELS core level excitation of Fe2p, as grown SWCNTs (black), after 12h 

oxidation (blue) and after purification (red). 
 
EELS spectra confirm the presence of carbon, iron and their oxide (Fig.5):-C1s 

(carbon seuil) of SWCNTs (sp2 hybridation) characterized by the excitations, 1s→π* and 
1s→σ* (excitations from s seuil to orbitals molecular π and σ) at 285.2 and 293 eV 
respectively (Fig.5a) see reference [50] of (as grown SWCNTs, oxidized and purified). The 
electron density of the unoccupied stat π* after purification demonstrate the purity of 
SWCNTs, without defect and high electronic excitation assigned by the occupied stat π 
bond.  

-Fe2P shows the excitation of the iron in metallic and oxide forms corresponding to 
the as grown, oxidized and purified SWCNTs (Fig.5a). Only metallic Fe2p1/2 and Fe2p3/2 
asymmetric peaks characterize the as-grown materials, because the iron is not bonded with 
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oxygen and it is related to the density of states at the loss energy of 708 and 721 eV, 
respectively [51, 52]. On the other hand, the oxidized sample shows the typical Fe2P peak of 
hematite Fe2O3, confirmed by IR spectra (Fig.3) in which the peak became symmetric, with 
same remaining metallic iron in the sample after oxidation.  

In the range of energy 711 and 724 eV [51, 52]. This is also confirmed by X ray 
photoelectron spectroscopy in the previous studies [40, 53].  
-Ok shows the excitation of the oxygen peaks located at 530 and 540 eV, this have been 
observed in loss function spectra after washing in the purification solution has no signature 
of oxygen and iron metallic or oxide peaks (Fig.5c).. 
 

3. Summary 
 
In summary, we have express purified SWCNTs using purification procedure 

manufactured a two-step, consisting of oxidation in oxygen atmosphere and subsequent 
immersion in mixed and neutralised acid HNO3 and HCl with distilled water. We proved 
that after an optimisation of the oxidation treatments parameters the purification 
successfully removes amorphous carbon as well as iron catalyst nanoparticles. The high 
overall yield of the purification renders the procedure applicable for large-scale purification. 
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