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Abat lac t -A high yield purification method was developed for multi- and single-walled carbon nanotubes, com- 
bining both the gas-phase purification using H2S mad O2 mixture to reanove impurity carbon particles mad the acid treat- 
ment to remove meta! parlacles. For the pm-ification of MWNTs, the pmification yield was about 54%, much higher 
than the yield previously reported. For the SWNTs, the combined liquid-gas purification process resulted in a high 
purity of >95% and a high yield of 20-50%, depending on the quality of raw materia!. Hydrogen sulfide played a role 
of enhmlcing the removal of carbon particles as welI as suppressing the oxidation of carbon nmlotubes. Overall, the 
purification method developed in this work is simple and quite effective for reanovmg m~wanted carbon and metal pa -  
ficles out of MWNTs and SWNTs. 
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INTRODUCTION 

Carbon nanotubes have ate-acted much attention because of their 
fascfflating ele~onic and med~aaical properties, such as high mod- 
ulus [Yakobson et al., 1996; Salveta et al., 1999] and s~uc0mal di- 
versity [lVImtmire et aI., 1992; Hanada et aI., 1992], effective field 
emission chara~erisfics [Collins et al., 1997; Fan et al., 1999], and 
capability for hy&-ogen storage [Dillon et aI., 1997; NutzenadeI et 
al., 1999]. There are two kinds of carbon nanotubes: multi-walled 
and single-wailed. ConventioilaI dc arc discharge method is gener- 
ally used to produce multi-wall carbon nanotubes (MWNTs) in Iarge 
qu~ltity [Ebbessen and Ajayan, 1992; Joumet et al., 1997]. How- 
ever, this method also produces a large amount of impurity parti- 
cles such as graphite and amorphous carbon particles, which are 
always mingled ruth carbon imotubes [Ando et al., 1993; Colbert 
et aI., 1994]. Single-wall carbon nanotubes (SWNTs) are produced 
by several methods, such as arc-discharge method m the presence 
of a ~aan,sition metal catalyst, pulsed laser vaporizatioil, chemical 
vapor deposition, and catalyst-assisted decomposition. However, 
the SWNTs produced by these methods also contain a Imge amount 
of impurities such as graphite, amorphous carbon and catalytic me- 
tal parhcles. As these imp~afies cause a serious impediment for their 
detailed characterization and applicatiom, they have to be removed 
for further physical and chemical processing 

There are several ways of purification of IvEVNTs such as fil- 
tration, chi-omatography, centrifugation, thezanal oxidation m air, 
and infiared radiation heating method [Ebbesen, 1997; Yoshinon 
et al., 1998; Park et al., 2001 ]. It is known that MWNTs are purified 
to sane extent by using the methods mentioned above, but still con- 
tain impurities and thus the yield is very low m most cases (<20%). 
Furthermore, these methods have some difficulty in con~olling the 
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oxidation rates between carbon nanotubes and impurity particles. 
The purification methods for the IvIWNTs proved to be inapplica- 
ble to the SWNTs because coml~-ed to the MWNTs, the SWNTs 
have Iaiger curvatures and higher chemical reactivity, resulting in 
SWNTs being des~-oyed prior to impurity particles [Shelimov et 
al., 1998]. 

Several methods for the purification of SWNTs, such as ultra- 
cei~-ifugation, micTofiltration, cross-flow fiI~-ation, and oxidizing- 
acid reflux method [Shelimov et aI., 1998; Jeong et al., 2001] have 
been studied. Howevei; it ks known that sonicam~g nanombes for a 
long time and at high fi-equency can cause damage by brealdng the 
nanotubes into smaller pieces. The ffl~-ation method also has the 
disadvantage that it leaves some amorphous carbon particles and 
multishell nanocapsules fi-om SWNT samples, and is a quite com- 
plicated precess. Hence, a gas-phase or a combined liquid- and gas- 
pt~ase purification methed needs to be develolzed [Jeong et al., 2001]. 
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Fig. 1. Process flow of the imrification of SWNTs. 
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In this work, we pt~ent a simple mid efficient meflaod for pt~ifi- 
cation of carbon nanotubes: aflaolnal oxidation using aH2S-O~ mix- 
ture for MWNTs and a combined liquid- and gas-phase purifica- 
tion for SWNTs. The thermal oxidation using hydrogen sulfide and 
oxygen gas mixture was used to remove impurity carbon pmticles, 
and file liquid Ireament usitlg 3 M HC1 solution to eliminate cata, 
lyric metal pmlicles. After the purification process, file nanotubes 
were examined by SEM (scanning eleclron microscopy), EDS (en- 
ergy di~pex~ive spectroscopy), mid Raman spectroscopy. 

E X P E R I M E N T A L  

C~bon nanotubes were prepared by a conventional electric air- 
discharge method under helium ~nosphere using two graphite rods 
with diameters of  10 mm and 25 mm as an mode and a cathode, 

etal. 

re~eetively. Ga-owth conditions were 400 Ton', 20 V md 100 A of 
DC ctm~lt for MWNT~ mid 100 Ton; 25 V and80A for SWNTs. 
The SWNTs were g~xrcv~ by inseafing 5% of  amixture of Ni, Co 
andFe metals (Ni: Co :Fe=l  :1 : 1) into the small hole in a gt~t- 
phite rod. Approximately 100 mg of  t~rcr material was used for all 
pmification experiments as received. 

For pmification ofMWNTs, nanotubes were thermally oxidized 
to remove hnlmrity cabon particles with O~, H2S-O~ mixture, and/ 
or H2S/O~ pl~t~nas at v~ioas conditions. One-~ep oxidation method 
was adopted to oxidize impurity particles in lVlX~q'I's. By contrast, 
the S\~q'I's were purified by a multi-step method, combining the 
liquid-phase treatment using 3 M HC1 to eliminate catalytic metal 
p~licles and the gas-phase oxidation using the H2S-O2 mixture to 
remove carbon pmticles. 

Fig. 1 show'~ the purification method for the SWNTs. As a fn~t 

- L  - -  - i . .  

" "  , ~ 1  L ~ ,  ~, 

I , k v ,  ' ,  I q, "-, l ". 

~ i ~  ~ 

. . . .  , . ' . , .  

~ - ~ . I  ;r --"~ o _ "  

, '1~ - w," ,.- e ~ .  o - . . -  dl ~l 

�9 " I f -  ~ ~ . "  - I ,  

4 
; - I I  I 

-*: .  I I 

; i l ,  t 

Fig 2. SEM micrographs of the FEw mid the ]~VI%VN'rs pm'ified by H2S- O2 oxidation ~t V~l~r'ioli$ temperatures foF t h e e  hours. 
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step of purification, the taw sample (100 mg) of SWNTs was sus- 
pended in 3 M HCI solution at morn tentperatum to remove maals 
and refluxed for 24 h. The s u p e m ~ t t  fiquid was then decanted off" 
and the black sediment was resuspended in deionized waten This 
proce~we was performed more than three times, and the sample 
was dried at 150 ~ for24 h. In order to remove amorphous ca~oon 
mid nanopoJtides, the SWNTs were then oxidized at 500 ~ for 1 h 
by using hy&x~gen s~alfide mid oxygen. The oxidized samples were 
suspended in 3 M HC1 solution for 2 h to further t~emove my metal 
particles remaining alier the oxidation process. The samples were 
then finally dried at 150 ~ for 24 h and weighed for yield data. 

R E S U L T S  A N D  D I S C U S S I O N  

1. Pur i f i cat ion  o f  M u l t i - w a l l e d  Cm'bon N~motubes  

Fig. 2 shows a typical SEM image taken at the :'~v rumple of 
MWNTs synthesized by the arc-disch~ge method (a), and the nano- 
tubes I~'ified by oxidation using the H~8-02 mixture at various ten> 
peratures (450-700 ~ for fltree houtx During these ex-periments, 
the flow rates of H:S and 02 were kept constant at 9ml/min and 
22 mbinin, respectively. The raw sample seems to show no carbon 
nanotubes on the surface because rite MWNTs were mostly enl- 
bedded inside the carbonaceous pmticles. This indicates that there 
exists a large amount ofin~ptwity p~licles, mostly amorphous cm'- 
bon. With oxidizing at 450~ some of the carbon palticles were 
removed out of  the smface. At 500 ~ most of the in~pmity pm'- 
ticles were removed and the yield was about 54%, much higher film 
the yield previously reported Ho~vever, at temp~atmes higher than 
500 ~ some part of  cmbon nanotubes was also oxidized atd showed 
broken or shorten nanotubes together with soot sitting on fire sur- 
face. At higher tempen~ures, the hnpurity c~bon particles are ini- 
tially burned out, but as tile time proceeds, more carbon nanotubes 
are exposed on the surface and thus have more chance to be ~tacked 
by reactive gas spedes, resulting in oxidation ofnanotubes and low 
yield of  pmi_fication. 

The poss~ole chemical reaction of hydrogen sulfide w~h amor- 
phous carbon and oxygen is: 

C(s)+H2S(g)+Ch(g ) ,COS(g)+H20(g), AG~~ kl/mol. 

This reaction was confnmed with water w-apor condenshlg at the 
exit of  the reactor We believe flint some of oxygen reacts with anlor- 
phous ca?oon, which results in formation of cmbon dioxide or car- 
bon mono-oxide, mid tile rest of  the oxygen reacts with hydrogen 
sulfide and ano~phons carbon, remlting in fonnation ofcabon oxy- 
sulfide (COS) mtd water w-apor. Hence, the hydi'ogen sulfide may 
play arole of enhancing the t~noval of cmbon pmticles as well as 
conlrolling the oxidation rate of  caPoon with oxygen. 

Fig. 3 shows a compmson of SEM hnages of  MWNTs, pmi- 
fled with pure oxygen (a) mid file I-I28 and 02 mbam~ (b), respec- 
tively, at 500 ~ for 3 h. Although the pure (xygen purl.tic,on meth- 
od seems to be competitive with the H2S-O2 method, nalosize cm'- 
bon pafides are still lett on file nanotube sa.trface and the yield of 
the fmTner (20%) is much lower than the latter (54%). 

Fig. 4 represents FT-Ran an spectra o f t~v  and pmified MWNTs 
at various tenlpemtures. Re, nan sloectm of both taw mid purified 
MWNTs clearly show the peaks centered at 1,583 an -~ (G-line), 
indicating the fonnaion of well-groom carbon ne~lotubes. The peaks 
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Fig. 3. Comparison of  S E M  hn~,oes of the MVCNTs, pu i~ ied  with 
p~we oxygen (a) m~d the H2gO~ mix~cre 0b) at 500oC for 
3 h .  
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Fig. 4. Fs speolra of  ~ e  r~w and the purified ~ at 
various temperaUwes.  

located at 1,605 an -1 suggest that these caPoon nalotubes are mul- 
tiwalled [Eklund et at, 1995; Park, 2001]. The peaks at 1,290 cm -1 
(D-liue) are attributed to amorphous carbon and defects such as pent- 
agons and heptagons in gmptfite [I-Iim'a et at, 1993; Li et at, 1997]. 
Compared to file raw and other samples, file MWNTs pttrified at 
500~ showed a substantial increase in peak imensity of  the G-lhle, 
but a decrease in the D-line intensity. This Rmnan study also in- 
dicates that 500 ~ is an opthnmn temper'aure for the pmitication 
of MWNTs with the H2S and 02 mixture. 
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In order to see the feasibiSty ofutilizhlg a plasma for the purifi- 
cation nanotubes, r a w  samples were treated in H2S/O2 discharge at 
500 ~ for i h, ~vtfich was an inductively coupled plasma gene~'- 
ated by amdio frequency generator (13.56 MHz). Fig. 5 shov~ the 
effect of r f  sout~ce power on the purification of  MWNTs in terms 

of SEM images. Compared to lhe rav./sample (a), file samples were 
purified to some extent at low power of 30 W (19). By contrast, the 
samples weave over-etched at higher source powea~ (c and d) and 

showed a spongeqike sttuctuie. This may be attributed to over-oxi- 
dation ofceabon nealotubes as well as impurity particles with i~eac- 
tire spedes such as oxygen, hydrogen, said sulfide radicals at higher 
source power. Howev~', the result at 30 W lem, es die possibility 
that we may have good purification by controlling the reaction time, 
ternper~ut~e, and the source powei: 
2. P u r i f i c a t i o n  o f  S i n g l e - w a a e d  C a r b o n  N a n o t u b e s  

Based on file optimtma condition for removing die ancrphous ca'- 
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Fig. 5. SEM micrographs of the raw and the purified MWNTs with H~S/O~ plasmas at various r f  powers. 
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Fig. 6. SEIVI microgr-aphs of the raw (left) mid the pm'itied (light) SWNTs with the combined acid treatment mid H2S-O2 oxidation. 
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bon particles of IvIWNTs, the purification process depicted in Fig. 
1 was carried out for the S\VNTs. Fig. 6 shows typical microgmphs 
of SEM taken at the zaw (left) and the purified (zight) S\VNT sam- 
pies. In general, the SWNTs are coexisting ruth a Ia~ge amount of 
amorphous carbon, ornonated and metal particles embedded into 
the amo:phous carbon. The amount of SWNTs produced by the 
arc-discharge method was esttmated at less than 30%. After acid 
Irealment and thezTnal oxidation using HaS and Oa at 500 ~ for 1 h, 
high density SWNTs were obsen~ed at random oiiez~tation with no 
carbon nanoparticles and amorphous carbon but with a few of me- 
taI particles, as shown in Fig. 6 (right). The purification yield ob- 
tained vmed fi-om 20 to 50%, dependitg on the purity of the starting 
raw matelial. The cleaned SWNTs showed a high puaity of >95%, 
which was defined as the ratio of the area of impurity partides to 
that of S\VNTs. DetaiIs in terms of Rarnan spectroscopy of each 
step of the purification process are available in our previous work 
[Jeozg et at., 2001], in which the role of HaS was desczibed as en- 
hancing the removal of carbon parhcles and suppressing the oxida- 
tion of nanotubes. 

Compared to purification methods reported previously, the pro- 
cess developed in this work is quite simple and effective to remove 
unwanted carbon and metal particles out of MWNTs and SWNTs. 
However, for a better understanding of the mechanism of selective 
oxidation of carbon particles fion: na:otubes, a further study is needed 
in tem:s of  oxidation kinetics of the HaS-Oa mixtu:e. 

S U M M A R Y  AND CONCLUSIONS 

We developed a new purification process of multi- and smgle- 
waIIed carbon nanotubes, combining both the gas-phase puaifica- 
tion using HaS and Oa mixtare to remove impurity carbon particles 
and the acid Ire~'nent to remove metal particles. HaS played a role 
of eilhancing the removal of carbon particles as welI as supv-ess- 
ing the oxidation of nanotubes. For the purification of MWNTs, a 
one-step V-ocess of thea~nal oxidation using the H2S-O2 mLx~-e was 
suitable, and at 500 ~ most of the impurity particles in IvlIVNTs 
were removed The purification yield was 54%, much higher than 
the yield previously reported Howevez; at tempem~-es greater than 
500 ~ some parts of carbon nanotubes were also oxidized and bro- 
ken or shortened. For the SWNTs, the combined liquid-gas puaifi- 
cation process resulted in a high purity of >95% and a high yield 
of 20-50%, dependitg on the quality of raw matezial. Overall, the 
purification method developed m tim work is simple and quite ef- 
fective for removing unwanted carbon and metal particles out of 
MbgNTs and SWNTs. 
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