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a b s t r a c t

The purification process we propose is a one-pot gas-phase treatment; the CNT powder is simply sub-

mitted to a chlorine/oxygen atmosphere at around 1000 !C for 2 h. By varying the oxygen content in an

excess of chlorine, the conditions were optimized in order to efficiently remove both metal (catalyst) and

carbon impurities from DWCNT samples. Even if a high amount of sample is lost under the oxidative

conditions used, a selective elimination of the carbon impurities obviously occurs and a metal impurity

removal yield of 99% is obtained from thermogravimetry. Based on a multi-technique approach, we show

that the purified DWCNTs are of high structural quality without any surface functionalization. This

improvement of the wall quality through the chlorine/oxygen action is seen in particular with a division

by 15 of the D over G band intensity of the Raman spectra. Among the existing procedures, the ad-

vantages of our purification method are indisputably its simplicity, low time-consuming and high effi-

ciency combined with an enhanced quality of the purified CNTs. Such quasi-pure DWCNTs have high

interest since they offer a unique opportunity to study the intrinsic properties and effects of the nano-

tubes themselves.

1. Introduction

Carbon nanotubes (CNTs) possess unique properties and carry

an immense hope for future applications in a wide variety of do-

mains [1]. Among CNTs, double walled carbon nanotubes

(DWCNTs) that consist of two concentrically nested single-walled

nanotubes are a particular class. Such structure makes DWCNTs

the simplest system for studying the effects of inter-wall coupling

on the physical properties of CNTs [2e4]. Although it is conceptu-

ally a type of multi-walled nanotube, DWCNTs show a combination

of outstanding properties only usually encountered for SWCNTs.

Regarding their chemical properties, selective functionalization of

DWCNTs is particularly interesting because it modifies only the

outer wall; the properties of the inner-tube being preserved [5].

DWCNTs are consequently particularly interesting as a model ma-

terial for CNTs in general. However, like other kinds of CNTs,

DWCNTs have drawbacks preventing their large scale imple-

mentation; purification is one of the most recognized issues in the

domain. Both metal-based residues and carbon byproducts have

negative and non-controlled effects for academic study and scale-

up processes. Purification is a long-term issue not really solved

currently [6e8]. Because the metal-based particles are protected by

carbon shells, the strength of the chemical treatments (increase in

duration, concentration, or temperature) has to be amplified in

order to weaken this protecting carbon coating, this induces

however unavoidable damaging of the CNT structure. Damaging of

CNTs can be minimized by combining several chemical treatments

[9e13]. They are based on the use of i) strong oxidants in liquid

medium (HNO3, H2SO4 or KMnO4) and/or gas-phase oxidation even
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in the more recent works [8,14,15], see also review papers [7,12]; ii)

halogens [16e18]; iii) microwave assisted methods that enhance

the efficiency by reducing the exposure time [19,20], and see for a

review paper [21]. For such approach, the operating conditions

used for each treatment have to be optimized depending on the

CNT type and source. And, they all use at least one liquid-phase

treatment which needs afterwards washing, filtration and drying.

Besides that, functional groups are often introduced at the CNT

surface and an additional step of annealing of the CNTs is then

required in order to remove these introduced defects and recover

the CNT structure and properties. Such methods are not really

satisfying because they are tricky, multi-step, their selectivity is

low, they are not versatile and they are highly time-consuming.

Pure gas phase treatments can be preferred but nevertheless

they have been poorly studied. They are either based on high

temperature annealing [22,23], or assisted by halogen gases

[24e29]. The advantages of these gas-phase methods are several,

they are simple (one-step), they do not introduce defects in the CNT

structure but they fail to remove carbon impurities. In a previous

study performedwith arc-discharged SWCNTs, we have shown that

a thermal treatment under oxygen added to chlorine could increase

the stability of SWCNTs and slightly improve the yield of metal

removal compared to a pure chlorine-based treatment from 65% to

75%, but this treatment failed in removing carbon impurities [27].

By applying this single step treatment to DWCNTs prepared by CVD,

even if a high amount of sample is lost, both metallic and carbon

impurities are removed from the DWCNTs without creating neither

defects nor functional groups at the surface of the purified

DWCNTs. For the first time, we show that it is possible to prepare

high-purity and high-quality DWCNTs by using a straightforward

one-pot and entirely gas-phase purificationmethod. It is possible to

avoid henceforth the multi-step purification procedures that are

time-consuming and involve an inescapable strong attack of the

CNT walls.

The paper is organized as follows: after some experimental

details, the characterization of the raw sample is firstly presented.

The removal of the metallic impurity by Cl2 alone and Cl2/O2 will be

investigated before the behavior of carbon species under both pu-

rification methods. The focus will then be given on the wall quality

of the purified DWCNTs. Finally, we summarize our results and

discuss the performance of our method in comparison with those

reported in the literature.

2. Material and methods

2.1. Raw DWCNT sample

The used DWCNTs were synthesized by catalytic chemical vapor

deposition (CCVD) at 1000 !C from amixture of CH4 (18mol%) in H2

on a Co:Mo MgO catalyst [30]. MgO is eliminated after synthesis as

well as most of Co and Mo-based particles but some of them are

tightly encapsulated in graphitic shells and represent the main

metal impurities in the raw DWCNT samples (r-DWCNT). Disorga-

nized carbonwith a morphology close to crumpled graphene is also

present in these samples, and is thought to originate from self-

decomposition of CH4 on the MgO catalyst support [8].

2.2. Chemical treatments

The purification treatment mainly consists of heating the

DWCNT powder at the desired temperature for 2 h. Two different

processes were applied: the rawDWCNT powder (~90mg) is placed

(i) in a stream of chlorine at a flow-rate of 200 mL/min for 2 h, this

process is called PCl; (ii), in an excess of chlorine for the first hour,

and oxygen at a controlled flow added to chlorine for the second

hour of treatment, the temperature being maintained at 950 !C for

the 2 h, this process is named PClO. The treated samples using PCl at

900 !C, 950 !C and 1100 !C are referred as PCl-900, PCl-950 and PCl-

1100, respectively. For the treatment under Cl2/O2 (PClO), oxygen

flow-rates have been chosenwith respects to the amount of carbon

expected to be removed. At the high temperature used (950 !C),

assuming that the combustion of carbon is rapid and complete (the

combustion temperature of the raw DWCNT sample is around

500e600 !C, see TGA results), the combustion is expected to simply

follow the reaction: C þ O2 / CO2.

The samples purified under Cl2/O2 are referred as PClO-1, PClO-2

and PClO-3 depending on the content of O2 in Cl2. For PClO-1, the

flow-rate was chosen to burn 30 wt% (F1) of the carbon of the

sample, for PClO-2, oxygen content is expected to burn 100% (F2) of

the carbon species and for PClO-3, oxygen is in excess and the

oxygen over carbon ratio is here 170% (F3).

For example for F1 (PClO-1), the weighted raw DWCNT powder

was 90 mg, the amount of oxygen required for the combustion of

27 mg (30%) of carbon is then: 27.10#3/12¼ 2.25.10#3 mol of O2 or a

volume of 50mL of O2. The flow-rate was then fixed at 0.83 mL/min

during the second hr of the purification treatment. For PClO-3, the

flow rate was equal to 4.7 mL/min. The used operating conditions

are close to those used in the previous study [27] for which the

oxygen flow ranged from 0.45 to 4.1 mL/min. The experimental set-

up used for the purification treatment is shown in Fig. 1. The

chlorine gas was produced in situ by the reaction between potas-

sium permanganate (KMnO4) and concentrated hydrochloric acid

(HCl). The chlorine gas was fed into the system by a nitrogen

stream. Empty vials were distributed throughout the installation to

avoid any contact that may arise (in case of overpressure or

depression) between the various reagents used. Several vials con-

taining chosen compounds were placed along the chlorine stream

in order to remove remaining HCl by the saturated solution of NaCl

or moisture by CaCl2 and concentrated sulfuric acid. The purified

chlorine gas came into contact with the DWCNT sample heated in

the furnace at the desired temperature. In powder form, the sample

was previously placed in a silica crucible (10 cm long and 1 cm

wide) positioned in the center of a silica tube in the furnace. After

reactionwith the sample, the excess of chlorine was conducted into

another column containing CaCl2, in order to prevent the diffusion

of moisture from the output of the circuit to the furnace. Finally,

several solutions of sodium hydroxide were used to decompose all

unreacted chlorine in chloride and hypochlorite ions and neutralize

it. For the oxygen/chlorine-based treatments, the oxygen was fed

into the system with a fixed flow-rate by means of a valve. After

cooling down the sample was ready for analysis.

After being purified under chlorine alone (PCl), the samples

appeared homogeneous; the whole sample was consequently

analyzed. On the contrary, after the Cl2/O2 procedure, the samples

showed two different aspects (visible to the naked eyes) depending

on the location in the silica crucible. The part situated at the input of

the Cl2 stream is less dense and some holes are noticeable while the

other part appears much more homogeneous. For this reason the

samples were separated into two parts and characterized sepa-

rately. The aspect of the sample was certainly influenced by its

reaction with oxygen since the frontier of this aspect change was

more and more located far from the input of the oxygen stream in

the oven as the oxygen content was increased. “Entrance” or “ent”

is mentioned for the part of the sample which was located on the

input side of the Cl2/O2 flow-rate and “exit” for the part of the

sample which was located on the output side of the Cl2/O2 flow.

With the increasing content of O2, the position of this change

progressively shifted from the entrance to the exit of the flow. It

was located after the first 20% of the crucible length for F1, at

around 40% of the crucible length for F2 and at around 80% for F3.



The consumption of the sample, including metal based impurity

removal, was estimated from the weight of the powder before and

after the submitted chemical treatment. In agreement with the

presence or not of oxygen and the oxygen flow-rate, It was around

31 wt% after the PCl process whatever the used temperature and

increased to be around 36, 82 and 95 wt% for PClO-1, PClO-2 and

PClO-3, respectively. Consequently, it was not possible to collect

enough treated DWCNT powder located at the exit for F3 for TGA

analysis.

2.3. Characterization techniques

The thermogravimetric analyses (TGA) were performed in a

Setaram Setsys evolution 1750 Thermal Gravimetric Analyser.

Temperature is increased from room temperature to 900 !C at

5 !C/min under dry air (20 mL/min). The remaining weights

correspond to the metallic residues that have been oxidized. The

carbon weight losses are determined from the thermograms by

the magnitude of the weight lost around the combustion tem-

perature. The derivative curves, dTG, have been normalized to 1;

they evidence the ratio between the weight losses at each com-

bustion temperature.

Raman spectra were collected at room temperature (300 K)

with a LabRAM HR 800 micro-Raman spectrometer. We have used

an incident wavelength of 632.8 nm focused on the samples with

a %50 microscope objective. Typical power densities on the sam-

ples' surface were not higher than 0.25 mW/mm2 in order to avoid

over-heating and damaging of the DWCNTs. For analysis, a small

amount (around 1 mg) was dispersed in ethanol using a low-

power sonication bath (to avoid any introduction of defects) dur-

ing 5 min. Three spectra were recorded at least on three different

zones for the same sample. After subtraction of a baseline, the

intensity of the D band over that of the G band, ID/IG is calculated

for each sample from the maximum intensity of the D and the G

band. ID/IG is the obtained average values from the recorded data

for the same sample and error bars are given in the figure. For

comparison of the spectra in the figures, a representative spectrum

which ID/IG is close to the average value of ID/IG of the sample was

chosen. The intensity of the spectrum was normalized to the

maximum of the G band.

The TEM observations were performed using a Jeol ARM 200F

apparatus at an operating voltage of 80 kV, or a JEOL TEM 1400 and

2100 operating at 120 kV. For the observations, raw and treated

samples were dispersed in ethanol in a low-power sonication bath

for a few minutes and deposited on a holey grid (200 mesh size).

Micrographs shown are representative of the 30e40 images taken

for each sample. Energy-dispersive X-ray spectroscopy (EDXS) was

performed on several zones of the same samples, focusing of

nanotube-rich zones, in order to estimate the content of chlorine in

the purified samples.

Magnetic measurements have been performed with a SQUID-

VSM magnetometer from Quantum Design.

X-ray Photoemission Spectroscopy (XPS) measurements were

performed with a monochromatic AlKa source and a 150 mm

hemispherical detector VSW under a base pressure of

5 % 10#9 mbar. Other details about data recording and analysis are

reported elsewhere [27].

3. Results and discussion

3.1. The raw DWCNT sample

As for CVD synthesis of SWCNTs, DWCNT formation requires the

use of catalysts. These metallic catalysts remain in the sample as an

impurity that is widely known to be highly difficult to efficiently

remove without damaging the CNTs. In our DWCNT samples, mo-

lybdenum and cobalt used as catalyst have been quantified by

elemental analysis by Atomic Absorption Spectroscopy to be pre-

sent at around 1 wt% and 3.5 wt%, respectively [8].

These metal-based impurities were located either close to the

DWCNTs in few-layer carbon shells or embedded in large agglom-

erates of carbon impurities (Fig. 2a and b). These latter due to the

self-decomposition of the carbon source (CH4) on the catalytic

support (MgO) contaminate the DWCNT sample. Their quantifica-

tion can be estimated to be around 30 wt% of the carbon species in

the sample. The description and the classification of these carbon

impurities are not easy. Especially they seem quite well organized

and much more stable than amorphous carbon. These impurities

are partly graphitized, as their combustion temperature falls in the

same range than that of DWCNTs (Fig. 3). High magnification im-

ages evidence the double wall structure of the CNTs, in majority in

this sample (Fig. 2c and d). The thermogram of r-DWCNT mainly

shows one main combustion temperature around 480 !C (loss of

82 wt %) for which both DWCNTs and the carbon impurities are

probably burnt off and a small weight loss is observed around

600 !C (loss of 9 wt%). This could correspond to well organized

carbon species like carbon shells which combustion usually falls in

this quite high temperature range (Fig. 3), but could also be due to

the molybdenum carbide oxidation followed by MoO3 sublimation,

which can occur in a large temperature range starting from 500 !C

[31].

Fig. 1. Experimental set-up used for DWCNT purification with chlorine alone or with a Cl2/O2 mixture.



3.2. Metallic impurity removal using Cl2 alone

The developed one-pot purification treatment consisting of

heating the raw DWCNT powder under a stream of chlorine (PCl)

was applied for 2 h at different temperatures, 900, 950 and 1100 !C.

Thermogravimetric analyses under air have been performed to

quantify the amount of metallic residues left after purification. The

thermograms obtained for DWCNTs treated under chlorine or

Fig. 2. TEM micrographs of the raw DWCNT sample at different magnifications.
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Fig. 3. Thermogram of r-DWCNT and its derivative representation. (A colour version of this figure can be viewed online.)



oxygen/chlorine mixture are shown in Figs. 4 and 5, respectively.

Table 1 gathers the metal content and the metal removal yield (Y)

for the samples being submitted to PCl. The yield of metal impurity

removal is calculated from the residual weight of metal oxides

(from the corresponding thermogram at 900 !C) before (RWb) and

after (RWa) PCl or PClO by eq. (1):

Y ¼
RWb # RWa

RWb
% 100 (1)

Based on TGA results, removal of the metal impurities is sig-

nificant for all the purified samples (Fig. 4). The content of residual

oxides is around 9 wt% for the raw sample and decreases down to

around 3 wt% after purification. The efficiency of PCl is roughly in-

dependent of the temperature used for the treatment; the yield of

removal being in the 60e70% range for all the purified samples (see

also Table 1).

Metal-based impurities in CNT samples are usually difficult to

remove with a high yield without damaging or functionalizing the

CNT walls. These catalytic residues are indeed either surrounded by

thick carbon shells or embedded in carbonaceous impurities. It was

especially observed for the raw DWCNT sample used in this work

(Fig. 2). In our DWCNT sample, cobalt is under metal form and

molybdenum under carbide state [30]. Metal carbides are known to

be quite stable against oxidative agents carried out inwet oxidative

purification processes. The alternative process we have developed

allows high yield elimination of metals, metal oxides and metal

carbides [26]. Under our conditions, i.e. a partial pressure of 0.9 atm

of chlorine, all these commonly encountered kinds of metal based

impurities in CNT samples favorably form metal chloride that is

well eliminated by a sublimation-condensation process [28]; the

limiting parameter for this chlorine-based process being the

accessibility of chlorine to the metal particle and not the chemical

reactions themselves.

The PCl process was shown to successfully remove metallic im-

purities of both arc discharge and CVD as-produced SWCNTs such

as HiPco SWCNTs with high yield (>95% of metal removal [31]). PCl
is obviously less efficient for DWCNTs than for SWCNTs. The pro-

posedmain reason for this difference is the quite different nature of

the impurities in SWCNT and DWCNT samples. In SWCNTs syn-

thesized by the HiPcomethod or by arc discharge, metal particles of

usually several tens of nm are surrounded by multi-layer carbon

shells. Their facile removal by chlorine was previously explained by

a mechanical fracture of the shells due to their dilation after chlo-

rine reaction; metal chloride having lower density than metal,

metal oxide or metal carbide usually present at the raw state in the

SWCNT samples. The remaining catalyst particles in our DWCNT

sample are difficult to observe by TEM because they are quite small

(a few nm) and embedded in large carbon impurity aggregates. In

these conditions, their accessibility to chlorine is expected to be

reduced and the mechanical effect occurring in SWCNT samples is

here probably less pronounced.

3.3. Metallic impurity removal using Cl2/O2 mixture

Oxygen alone or air is commonly used in order to enhance pu-

rification of CNTs. It helps in attacking the carbon shield sur-

rounding the protected metal particles. Usually the temperature of

treatment under such highly oxidative conditions remains well

below the combustion temperature of the CNTs in order to

cautiously and gradually attack the carbon and limit the CNTattack.

In our treatment (PClO), oxygen is fed in the reactor containing the

DWCNT powder at 950 !C under chlorine keeping the whole pro-

cess a one-pot treatment.

The shape of the recorded thermograms and combustion tem-

peratures will be discussed in the following section.

By using PClO, the addition of oxygen leads to an enhancement of

the removal yield of the metal-based impurities for the higher

oxygen content F3 as deduced from TGA (Fig. 5 and Table 1). For the

oxygen flow-rates F1 and F2, except for the sample located at the

entrance of the gas flow-rate, the oxygen addition does not affect

negatively the efficiency of the metal removal and the removal

yield remains in the 60e70% range especially for the samples

located at the exit of the oven. From TGA, the yield of purification is

dramatically increased and reaches 99% for F3 containing only

0.1 wt% of metal residue which corresponds to 4.10#3 at.% of metal

impurities. Oxygen is probably able to attack the carbon impurities

protecting the metallic particles and improves that way the

accessibility of chlorine. Metal chlorides are much more easily

formed which is responsible for their good elimination as oxygen is

present in chlorine. Furthermore, metal oxychlorides can be also

formed due to the presence of oxygen; these latter being also very

volatile [32], their formation may improve metal elimination using

PClO compared to PCl. We point out that such low metallic residue

content was not reached by using a similar treatment applied on

arc-discharged SWCNTs ([27] and Supporting Information Section

1).

The nature and the estimation of the content of the residual

cobalt-based impurities in PClO-3 ent have been investigated by

magnetic measurements (see also Supporting Information, Section

2). The results show that the content of cobalt under metal form is

as low as 0.01 wt% (the cobalt content in the raw sample is of 3.5 wt

%). The amount of metallic cobalt from magnetic measurements in

PClO-3-ent is clearly lower than that obtained from TGA (see

Supporting Information, Section 3 and Table 1). This discrepancy

can be understood thanks to low temperature magnetic measure-

ments showing the presence of a paramagnetic signal attributed to

the residual cobalt at an oxidation state of þII (Fig. S2). This CoþII

could belong to cobalt chloride (CoCl2) compound remained trap-

ped in the sample. Moreover, the observation of a peak around 9 K

in a low field temperature measurement reveals the presence of an

ordered CoCl2 intercalated compound, coexisting with para-

magnetic CoþII (Fig. S3). The superimposition of these magnetic

phases, and the existence of a spin crossover (Fig. S2) prevent any

quantification analysis. However, these results show that 99.9% of

the Co present in the starting sample has reacted with chlorine to

form cobalt chloride. The efficiency of PClO can be undoubtedly
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attributed to the very high reactivity of cobalt with chlorine under

the used conditions. Cobalt particles that remained embedded in

carbon impurities/shells become accessible with the help of

oxygen.

3.4. Behavior of the carbon species under Cl2 and Cl2/O2

The combustion temperature determined from TGA investiga-

tion was also analyzed because it allows to compare the stability of

each sample against combustion, which can be related to the

structural quality of the carbon species.

After the PCl treatment, all samples show a similar behavior

regarding their combustion under dry air (Fig. 3); their combustion

begins at around 400 !C and the main combustion temperature is

around 480 !C (T1). The combustion temperature was not highly

changed after purification using PCl. There is a small upshift of

~10 !C, which could also be due to the smaller amount of metal

available to catalyze the combustion. Another weight loss of weak

intensity is visible around 600 !C (T2). It is not possible to assign

this high temperature combustion to well graphitized carbon im-

purities or DWCNTs. Their content of only 5e10% is very low before

and after PCl (Table 2).

Regarding the aspect and the (relative) content of DWCNTs and

carbon species, no significant modifications were noticed by TEM

for the 3 samples after PCl (Fig. 6) compared to the raw sample

(Fig. 3). Fromhighmagnification images, DWCNTwalls do not seem

damaged by the treatment. This result is in agreement with pre-

vious studies on similar treatment conditions (heating at high

temperature under chlorine) applied on HiPco and arc-discharge

SWCNTs [24].

Representative TEM images with different magnification of the

samples treated using PClO are shown in Fig. 7. As for PCl, at high

magnification, a careful analysis of numerous TEM images reveals

that DWCNTs in all the samples treated with PClO do not seem to

have suffered from any damage due to the applied treatment

(Fig. 7b, d, f, h, j and l). Raman spectroscopy investigation results

(Section 3.5) will allow giving more details regarding the charac-

terization of the structure of the DWCNTs upon the applied

treatment.

Lower magnification TEM images reveal some differences

regarding the carbon impurity amount in the samples. In images of

PClO-1 (both parts) and the part of PClO-2 situated at the flow exit,

the typical aspect of the DWCNT sample is recognized (Fig. 7a, c, g)

while for the part of PClO-2 located at flow entrance and PClO-3

(both parts), almost no carbon impurities could be observed

(Fig. 7e, i, k). These observations are confirmed by low magnifica-

tion TEM images (Fig. 8).

While for all the other samples, no obvious modification
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Table 1

Metal oxide content in the raw and purified samples and corresponding yield of

metal impurity removal deduced from TGA.

Sample name Content of metal

oxides (wt%)

Yield (%)

Entrance Exit Entrance Exit

Raw DWNT 9.0 e

PCl 900 3.7 59

PCl 950 3.0 67

PCl 1100 3.7 59

PClO_1 5.4 3.5 40 61

PClO_2 2.5 3.0 72 67

PClO_3 0.1 e 99 e



regarding the aspect or the amount of the carbon impurities was

noticeable from low magnification TEM observations (Fig. 8), for

PClO-2 located at the entrance of the gas in the oven and for PClO-3

(both parts), carbon impurity have almost completely disappeared

from the samples (Fig. 8a, c and d). For the sample PClO-2 situated

at the exit of the gas stream, carbon impurities have not been

removed (Fig. 8b). Even if a significant part of the sample has been

lost during the treatment (82 wt% for PClO-2 and 95 wt% for PClO-

3), a pseudo-selective combustion of the carbon impurities seemed

to occur as the reaction medium was richer in oxygen, either by

increasing the used oxygen flow-rate or by the position of the

sample in the furnace. The part of the sample located upstream

indeed experiences a surrounding medium more rich in oxygen

than the part of the sample located downstream since at the set

temperature (950 !C) the combustion reaction is expected to be

very fast.

From TGA, the main behavior regarding the combustion occur-

rence of the purified samples was almost unchanged after PCl and

after PClO for the samples located at the exit of the furnace; they are

mainly gasified around 450e500 !C as for the raw DWCNT sample

(Table 2 and Figs. 2, 3b and d). For the samples located at the

entrance of the oxygen stream, significant modifications related to

the content of carbon species burnt off at each mentioned com-

bustion temperature T1 and T2 are observed under oxygen flow-

rates F2 and F3 (Table 2 and Fig. 5a and c). The observed behavior

seems to be enhanced as the oxygen content is increased in the

vicinity of the DWCNT sample; this effect of combustion tempera-

ture upshift seems to appear for the sample located at the exit of

the furnace for the F2 oxygen flow-rate (Fig. 5d) and it is highly

emphasized for the other part of the sample treated under F2

conditions and it is even more pronounced as F3 is used. The

recorded combustion temperature upshift is as high as 150 !C.

In the purified samples, the combustion temperature change

could be partly attributed to the reduced content of metal impu-

rities after treatment; metal impurities arewidely known to act as a

catalyst for carbon combustion. Their removal by purification

Table 2

Combustion temperatures and corresponding contents of carbon species removal.

Sample name Combustion temperature

1 T1 (!C)

Weight loss by

combustion at T1 (wt%)

Combustion temperature

2 T2 (!C)

Weight loss by

combustion at T2 (wt%)

Entrance Exit Entrance Exit Entrance Exit Entrance Exit

Raw DWNT 481 80 590 5

PCl 900 491 81 598 7

PCl 950 498 81 570 10

PCl 1100 486 75 585 8

PClO_1 464 479 72 81 589 560 20 10

PClO_2 435 438 14 55 633 600 64 30

PClO_3 480 e 4 e 617 e 82 e

Fig. 6. Typical TEM images of PCl-950 (a, b and c) and PCl-1100 (d, e and f) with different magnifications.



usually leads to a significant upshift of the combustion temperature

especially for samples that contain high amount of metal species

such as HiPco SWCNTs for which the raw samples contain more

than 35 wt% of iron-based impurities [26]. After purification by a

standard or a chlorine-based process, the combustion temperature

of purified CNT samples is significantly higher compared to the raw

sample, sometimes 100 !Ce200 !C or more especially depending

on themetal content in the starting sample [33e37]Moreover, here

it cannot be the main reason since the amount of metal based

impurities is not so high in the raw DWCNT samples and for two

samples having close metal-based impurity content, for example in

the 2 samples (entrance and exit) treated using PClO under oxygen

flow F2, namely 2.5 and 3.0 wt%, there are more than 150 !C dif-

ference between the two combustion temperatures (Table 1); T2

becoming the main combustion temperature for PClO-2 situated at

the entrance of the oven. From both TEM and TGA investigations,

we attribute this high temperature to the purified DWCNTs that

have experienced oxygen-rich atmosphere in chlorine. These

highly-purified DWCNTs show a remarkable resistance to oxidation

recorded around 600 !C.

3.5. Wall preservation and structural quality of the purified

DWCNTs

Raman spectroscopy is a powerful characterization technique

for CNTs, including DWCNTs, since the intensity of the D band

(around 1350 cm#1) is sensitive to both the structural quality of the

CNTs and the presence of carbon impurities in the sample [38e40].

Raman spectroscopy will be useful for studying both (i) the possible

damaging that the DWCNT walls could undergo due to the quite

aggressive treatment applied (presence of oxygen at temperatures

higher than the combustion temperature) and (ii) the efficiency of

the carbon impurity removal. The second main feature is the Radial

Breathing Modes (RBM) ranging within the 120- 270 cm#1 range,

typically separated in two forest bands; at low frequency for the

outer walls and at a higher Raman shift corresponding to the inner

diameter of the DWCNTs. The third feature is the G band (1500-

1600 cm#1) corresponding to the tangential vibration modes. The

value of the ID/IG ratio is usually used to compare the structural

quality of the samples. Fig. 9 shows typical spectra of the raw

DWCNT sample and after PCl and PClO purification process.

Regarding the RBM domain, the Raman spectra of the raw and

all the purified samples do not show any strong modifications. The

two frequency domains around 150 and 220 cm#1 are visible for all

the treated samples. That means that the applied purification

treatments do not lead to the elimination of a particular population

of the DWCNTs that fall in the same range of diameters. The relative

intensity of some RBM contributions is however modified. After

both PCl and PClO treatments, those corresponding to the outer di-

ameters of the DWCNTs, at low frequencies, are more pronounced

in the purified samples, in particular for PClO-3-ent. Even if the

resonant rules and the coupling effects occurring in such CNT

samples, i.e. DWCNTs in bundles [41] are not simple to apply, it is

possible that the purified DWCNTs were cleaned by either Cl2 or

Fig. 7. Typical TEM images with different magnifications of the samples purified using PClO. PClO-1: a, b, c and d; PClO-2: e, f, g and h; PClO-3: i, j, k and l. Images a, b, e, f, i and j

being of samples located at the entrance of the gas stream and images c, d, g, h, k and l being of samples located at the exit of the gas stream.



Cl2/O2. Carbon impurities that were deposited on the DWCNT sur-

face may be removed enhancing that way the Raman signal from

their outer tubes.

Some modifications are noticeable on the D band feature,

especially a slight diminishing of the intensity as the temperature of

PCl is increased. After PClO, the D band is a little bit more pro-

nounced for the oxygen flow-rate F1 and its intensity is highly

decreased for F2 and F3 oxygen flow-rates. ID/IG ratios for raw and

all the treated samples are shown in Fig. 10.

First, ID/IG ratio of the raw sample is higher than that recorded

for all the treated samples. It is the sign that the DWCNT walls have

not been attacked by the treatments. ID/IG gradually diminishes

from 0.18 for the raw sample to 0.14, 0.11 and 0.07 as the temper-

ature is increased from 900 !C to 1100 !C under chlorine. However

only the decrease observed for PCl-1100 can be considered as sig-

nificant. It is attributed either to removal of a part of the defects of

the DWCNT walls or a cleaning effect leading to the removal of a

little part of disorganized carbon in the samples due to the high

temperature used [42]. Less stable carbon species might be indeed

removed by the formation of CCl4. For the samples purified by the

PClO process with the oxygen flow-rate F1, the sample located at the

entrance of the furnace that experiences more oxygen than the part

of the sample located at the exit has similar ID/IG than the raw

sample. For that sample, a lower metal removal yield was also

observed (Table 1) as under this low oxygen content condition,

DWCNTs were preferentially damaged. For PClO-1-exit, a slight

decrease in ID/IG is observed compared to that of the raw DWCNTs

but it remains quite similar to that of PCl-950 treated at the same

temperature without oxygen. ID/IG reduction is becoming signifi-

cant for oxygen flows F2 and F3, being of a factor of 20 for PClO-2-

ent, PClO-3-ent and PClO-3-exit. Interestingly, PClO-2-exit shows a

different behavior than these three latter samples as it could also be

observed by TEM (Fig. 6). This is the reason why this drastic

reduction of ID/IG can be related to both removal of carbon impu-

rities from the DWCNT samples and elimination of the much more

defective DWCNTs. The purified DWCNTs that are able to withstand

the highly oxidative conditions used are very clean and of high

structural quality. The Raman results are in agreement with the

observed combustion temperature upshift observed for the sam-

ples PClO-2-ent and PClO-3-ent in which the DWCNTs show an

increase of stability against combustion [32,19]. These highly pu-

rified DWCNTs have not been attacked and functionalization seems

to be avoided by the chlorine/oxygen treatment in agreement with

the low content of chlorine in the purified samples found from

EDXS and XPS analyses (see Supporting Information, section 4).

3.6. Purification efficiency

According to the studies on CNT purification, five aspects are

relevant to evaluate the efficiency of a CNT purification method: i)

elimination of metal-based impurities (coming from the catalysts),

ii) elimination of carbon impurities, iii) preservation/enhancement

of CNT quality without functionalizing/damaging their walls, iv)

sample/CNT consumption, v) simplicity and time consumption of

Fig. 8. Typical low magnification TEM images of PClO-2 (a and b) and PClO-3 (c and d) at lowmagnifications; a and c: samples located at the entrance of the gas stream and b and d:

samples located at the exit of the gas stream.



the method. Table 3 gathers the results obtained from the litera-

ture. Among the high number of published papers on the purifi-

cation of CNTs, the selected papers are those showing high

efficiency regarding both metal removal (metal impurity removal

yield or Ym) and structural quality of the purified CNTs and inwhich

the sample consumption (sample yield or Ys) was reported. For the

sake of clarity of the discussion, the papers have been ordered in

Table 3 depending on the number of steps of the method (N) which

allows to appreciate the criterion v). Preservation of the quality of

the purified CNTs is conventionally quantified by ID/IG ratio from

Raman spectroscopy (ID/IG of the raw sample is also reported as

reference).

Among the methods with a low number of treatment steps

(N< 3), excluding the present study, only the treatment reported by

Ko et al. [43] allows to remove the carbon impurities by keeping

good catalyst removal and sample yield (93 and 75%, respectively).

Nevertheless, the CNT quality is rather poor (ID/IG 0.15) compared to

the other works. An improvement of the CNT quality together with

a good carbon impurity elimination (and a good catalyst yield)

suffers from multi-step and complex preparation methodologies

[13,46]. The number of treatments is indeed often quite high in the

reported approaches and they include at least one liquid phase

treatment which requires subsequently filtration and washing

(often several times with different solvents) and the washed CNTs

have also to be carefully dried. Moreover, as expected, standard acid

attack or thermal oxidation under air/oxygen inevitably induces a

decrease of sample yield [8,45]. Li et al. [46] found an improvement

of CNT quality (ID/IG decreasing by a factor 2) with a sample yield of

only 38% and Sheng et al. [13] could even more enhance the quality
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Fig. 10. ID/IG ratios for raw and all the treated samples. (A colour version of this figure

can be viewed online.)



of the purified CNTs with their method (decrease of ID/IG by a factor

5) by keeping the catalyst removal yield quite high (around 99%)

but the sample yield reported falls to 20% and even down to 13% for

a further improvement of catalyst removal yield (99.8%). By com-

parison, the one-pot gas-phase treatmentwe propose appears as an

original method with indisputable advantages of simplicity and

low-time consuming. Moreover, the observed metal removal yield

(up to 99%) is among the best yields reported coming along with an

efficient elimination of carbon impurities from DWCNT samples.

Amazingly, the quality of the purified DWCNTs is dramatically

improved in this work since ID/IG is decreased by a factor of 15 after

purification.

4. Conclusion

A one-pot gas-phase purification treatment was applied to a

DWCNT sample. It simply consists in heating the CNT sample under

a chlorine/oxygen atmosphere at around 1000 !C. An advantageous

selective character of the combustion occurring during the purifi-

cation stage favored the preparation of high-purity and high-

quality DWCNTs. These latter contain very low content of both

carbon and metal impurities. Interestingly, the removal of metal

and carbon impurities comes with an improvement of DWCNT

quality. We could show that the DWCNT surface is very clean

without any functional group grafting. However, high amount of

sample is consumed by such treatment. Compared to the existing

methods, the overall yield of the treatment we propose considering

several characteristics (including number of steps, metal removal

yield, carbon impurities removal ability and sample consumption)

is among the best purification approach already reported. More-

over, this method is versatile since by tuning the Cl2/O2 ratio,

progressive catalyst and carbon impurity removal yields could be

shown. We prove that our treatment is particularly suitable to treat

CNTs of poor quality and containing high impurity content whereas

numerous studies use rather good quality raw CNTs. Our developed

method is particularly interesting to be applied to CNTs prepared by

CVD which is the synthesis method adapted to large scale pro-

duction and to CNTs dedicated to specific applications, such as

magnetic or electrical properties.
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