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We have demonstrated that the magnetic susceptibility measurement is a nondestructive, fast, and
accurate method to determine the residual metal catalysts in a few microgram single-walled carbon
nanotubg SWCNT) sample. We have studied magnetic impurities in raw and purified SWCNTSs by
magnetic susceptibility measurements, transmission electron microscopy, and thermogravimetry.
The data suggest that the saturation magnetic moment and the effective field, which are caused by
the interparticle interactions, decrease and increase, respectively, with the decrease of the particle
size. Methods are suggested to overcome the uncertainty associated03cAmerican Institute of
Physics. [DOI: 10.1063/1.1630854

Since the discovery of carbon nanotubeseveral syn- The SWCNT samples were produced by a high-pressure
thesis routines have been developed. Currently, all bulk synearbon monoxidgHiPco) technique’® using Fe as a cata-
thesis methods of single-walled carbon nanotubedyst. One of them was further purified by “soft baking”
(SWCNT9 make use of metal catalysts, which remain as(heating in wet air at 250 °C for 1 day, followed by stirring
impurities in the resulting NT material. Despite considerablein HCI, careful washing and dryingo reduce iron content.
efforts in purifying SWCNTSs, it is practically impossible to The iron particle size distributions were obtained from
remove metal impurities completely, since some of the metadiirect measurements of 200-300 particles in TEM. Mean
particles are protected by graphitic shells. Therefore, charagarticle size ¢) and size distribution widtlio) were deter-
terization of the residual metal impurities in the SWCNTsmined by fitting TEM data with log-normal distributidh.
becomes an important issue. The weight percentage of iron was measured directly in

The nanoparticles of many metals and allqjsr ex-  TGA. Two—three mg of SWCNT were heated to 800 °C at
ample, Co, Ni, Fe, GCoyp, etc) can be described as su- 5 °C/min in flowing air. All carbon(SWCNT, amorphous
perparamagnetitSP) above the blocking temperatur€).>  carbon, etd.and iron oxidize completely, leaving a residue
The SP behavior can be described by a LangevinMise-H  of Fe,0;, from which the iron content was calculated. Each
curve (M is the anhysteretic magnetizatiorin a scaling  sample was measured three times in order to calculate the
form with the reduced magnetizatioM/Ms and {  mean and standard deviation of iron content.
= MgH/kgT: The magnetic momenty) was measured using a Quan-

tum Design MPMS(superconducting quantum interference

device. The magnetic fieldsH) up to 1¢ Oe were applied.
coth(v{) - U_A @) The anhysteretic magnetization is given bylA(H)

=[M,(H)+M_(H)]/2, whereM , andM _ are the magne-
where Ms is the saturation moment, which is also called tization at theH-increase and thél-decrease branches, re-

spontaneous magnetization, ands the volume per nano- spectively. We also define the remanent magnetization
particle. In most cases, especially well above the blocking{\/I r(H) as[M.(H)—=M_(H)]/2; thus,Mg(0) corresponds
temperature, the Langevin law describes MeH behavior — © the remanence usually used to characterize permanent
satisfactorily. However, there are deviations from the LangeMagnets. . .
vin law, which are usually explained by anisotropic, long-  'hrée samples were used: unpurified SWCNT with me-
range interactions between particfes. dium (A) and high(B) iron content, and purified SWCNT

In this letter, we characterized amount and size distribuWith very low iron content(C). In Fig. 1, we display the
tion of iron particles by thermogravimetry analy$iEGA) particle size distributions from the TEM micrographs. Iron
and transmission electron microsco{EM), and compared ~content(wt%) in the samples was determined from TGA
the results to those of magnetic susceptibility measurementgleasurements described earlier. These results are presented
We demonstrated that the magnetic method can detect a feliy Table I.
percent of impurities in raw SWCNT specimens with a total ~ Figure 2 shows the anhystereti€,—H/T curve for the
weight as small as 7Zg. sample A(1.643 mg weightat T=10, 60, and 300 K. It is

clear that the curves fofr=60 and 300 K overlap when

SElectronic mail: fchen@uh.edu plotted againsH/T, while the curve forT=10 K is shifted

bAlso at: Lawrence Berkeley National Laboratory and Hong Kong Univer- [0 _higher H/T. The overlapped curves can b_e fitte_d W?”
sity of Science and Technology. using Eq.(1). We can conclude that iron particles in this

Mg
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E 0.2 < TI™N FIG. 2. Scaling effect of unpurified HiPco SWCNAR). The curves above
& ’ i the blocking temperature scale into one curve and show Langevin behavior.
; . , ! }D\n\ For sample B(0.918 mg, Mg is set to 144 emu/g in
g &t 2 2 4 3 & 4 order for TGA and magnetic measurements. The dedyed
Dlamefter, nm is 1.23 in order for the particle size values from TEBI32

FIG. 1. The size distribution of iron particles in all SWCNT samples, mea-nm) and magnetic measurements to coincide.

sured from TEM micrographsi@ sample A(unpurified HiPco NT§ (b) o

sample B(unpurified HiPco NTs with higher Fe contgntc) sample C In contrast, purlfled sample G"6'69 mg showed much

(purified HiPco NT$. larger Mg=0.4 emu per gram of carbofemu/gog, and
much smallefM s=1.6 emu/godFig. 3b)]. In iron, single-

sample are typical SPs, with a blocking temperature betweeﬂOmaln par'ug:les exist when the size is less thah0 nm,
10 and 60 K. and the particles should be5 nm to haveMg>0 (using

H R _ 11 R bulk
Figure 3a) compares the remanent magnetizatidn, magnetic anisotropyK =450 000 erg/cf).** Using Mg

and the anhysteretic magnetizatilh, for the sample A. For 100 emu/g and\/l.sz 1.70 emu/g(from .the. measurements
bulk Fe, M2k is about 220 emu/g ant2¥ is about 100 of nanoparticles with different mean size in samples A and
emu/g? 'Ehatsis Mgulk/Mgulk% 45%  The rat?d\/IR/Msfor the B), we can estimate that 42% of Fe nanoparticles have diam-
sample A is very small £0.5%), which also confirms the eter greater than 5 nm, in rough agregment with TEM mea-
SP behavior of Fe particles. Assumis= Mgmk’ we cal- surementsq=3.68 nm,o=0.9 nm). This shows that aggre-

culated that the sample A contained 15 wt % Fe particles opation of iron part|c!es occurreq during purification. . .
average size 3.2 nfashed line in Fig. 3 is the fitting to Eq. We have also tried to consider the effect of particle size
(1)]. On the other hand, iron content measured by TGA Waéﬂistribution. Dashed lines in Fig. 3 show the fit of the experi-

26.5 wt %. This suggests thitg of the iron nanoparticles is {pental Salta W'th a rl]__?n?ﬁvm fllﬂdnﬁt'on ut|I|z||_ng smglef_teffe(t:_-
about 125 emu/g, about half Mgu'k, which contradicts pre- V€ particie size, whiie the Sofid ines are Langevin 1its utl-

vious reports on transition metals. For instance, Co nanopa!*'—zmg the log-normal distribution of particle diameters

ticles haveM ¢ 25% larger than bulk C&°This is probably obtained from TEM measuremeritsig. 1). It is obvious that
due to the fact that our particle size is considerably smaller

than that reported by others. In order to obtain the particle 40
size value of 2.89 nnithe mean size measured in TERKom

Eq. (1), we need to haveM =319 emu/g, which is larger
thanM 2% This suggests that the interaction between nano-
particles is strong, which results an effective magnetostatic

@

M (emu/g)
)
=)

energy larger thaM sH. Thus, we propose to rewrite E€L) 10
into 0
= t ! 2
Me™ coth(Bv ) Boz|’ 2

where the effective permeabilitg=1 indicates strong fer-
romagnetic interparticle interactions. For sample Mg
=125 emu/g angB=2.55.

TABLE |. Summary of the parameters for the samples studidnjean
diameter,N: number of particles counted

Sample A(raw HiPcg B (raw HiPco C (purified HiPcg 0.0000 0.0005 0.0010 0.0015 0.0020
Fe(TGA)  26.46:2.89%  50.6&2.52% 1.526:-0.33% pH/ley T (emu g/nm’)
d (TEM) 2.89-0.06 nm  3.320.04 nm 3.680.05 nm FIG. 3. (a) Mg (triangle$ is much smaller compared 5 (circles for
o (TEM) 0.83 nm 0.97 nm 0.91 nm unpurified HiPco SWCNTA); (b) Mg is comparable tav, for purified
N 268 283 183 HiPco SWCNT(C). Filled and open symbols are data obtained at 300 and
Mg 125 emulg 144 emulg 170 emu/g 60 K, respectively. The dashed line is the Langevin fit with a single particle
B 2.55 1.23 ~1 size, while the solid line is a better fit considering the log-normal particle

size distribution.
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15 tization value around 1-2 T at room temperature. Thus, this
10 s—o ° method is very fast and we estimate that the iron content
& o determined this way is reliable within 10%.

E 3 Note that magnetization measurement has two major
% 0 limitations. First, one needs to ensure that particles are in-
= o deed single-domain and SP; that is, their size does not ex-
ceed~5 nm in the case of iron. This requirement complies

-10 ° with what has been observed for all unpurified HiPco NTs,

0 50 100 150 whereas particle aggregation effects are found in purified

HIT (Oe/K) HiPco NTs. The particle size is known to be significantly

larger in NTs produced by other techniqyésr example, it
FIGI. g. Mé\ for 7( ,uglldof ur:p;rifif]d :—|iPco iWCNT(A) at 300 ﬁ(open is 10-50 nm in NTs produced by pulsed-laser vaporization
circles and 60 K(solid circleg. The line is the Langevin fit in the region . o
where data taken at 60 and 300 K overlap. (PLV) tgchmqué. Seco_nd, it is not clear as yet how to pro-
ceed with catalysts being a mixture of two or more metals.
S . . . _ For example, PLV grows NTs efficiently in the presence of
the Langevin fits with single particle size slightly underesti- 1.1 mixture of Co and Ni, and it is not known whether these
mate the iron content. The value obtained from the Lange- metals form alloy particles or segregate. Therefore, magneti-

vin fit utilizing log-normal distribution is also larger than the zation measurements can be considered reliable only for
one obtained using a single particle size. This confirms thgyipco NTs.

aforementioned conjecture and shows that the magnetic in- | conclusion, we have demonstrated that magnetization

teractions are enhanced with the decrease of the particigeasurement is a fast, sensitive, and nondestructive way to
SIZes. determine the average size and amount of iron nanoparticles
To demonstrate the sensitivity of the magnetic method i, Hipco NTs!® We have also found tha¥ 5 for the iron
determining iron content, we conducted the test on a part hanoparticles with-3 nm mean size in HiPco NTs is about
sample A that weighs only %g. Figure 4 shows the anhys- p5if of that of bulk iron. The magnetic interactions are much
teretic magnetization for this sample at 60 and 300 K. Bestronger for the smaller particle sizésarticle size of 2.89

cause of the small sample size, the diamagnetic backgroungh, nas twice of the magnetic interactions than particles of
due to the sample holder is relatively large. At higher fields gyerage size 3.32 nm

this diamagnetic background dominates the signal, making

the total magnetic moment negative. However, at lower This work is supported by NSF Grant No. DMR-
fields (where curves taken at 60 and 300 K coingidee 9804325, the T. L. L. Temple Foundation, the John J. and
diamagnetic background contribution is relatively small. WeRebecca Moores Endowment, the State of Texas through the
have fitted data from that region with a Langevin function, Texas Center for Superconductivity at the University of
and found that Fe content is underestimated by a factor dflouston; and at Lawrence Berkeley Laboratory by the U.S.
only 2, and the average particle size~i8.4 nm(compared Department of Energy under Contract No. DE-ACO03-
to 2.89+0.06 nm from TEM and~2.9 nm from magnetic 76SF00098; and NASA Cooperative Agreement No. NCC-1-
measurement on a larger sample usfhg2.55). This com- 02038 through TiiMS, and Lockheed Martin contract NAS9-
parison demonstrates that diamagnetic background is a maj@®100.
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TGA. Combined magnetic and TGA measurements allow’For the example of Fe and Nig"* differs by four times, we can deter-
one to avoid measuring hundreds of particles in TEM, which ming the percerjtage of the catalyst impurities with high sensitivity, with

. . . . . relative uncertainty of-50% to +2100%.

is a rather time-consuming and tedious procedure. In addig . , ,

. . . . For example, TGA requires at least three runs with 2—3 mg specimens,
tion, if one only wants to determine the weight percentage of ang becomes unreliable for samples with very low iron content due to

the Fe impurities, it is sufficient to measure just one magne- baseline drift.
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