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The utility of ion beam analysis (IBA) techniques to quantitatively determine impurities in carbon nanotubes
(CNTs) over a wide range of atomic numbers is demonstrated. Such techniques have not previously been
used to monitor impurities and their effects in this unique material. Despite the difficulty in mounting the
samples (which generally are formed into a powdery aggregate rather in a thin film), it is shown that reliable
and accurate measurements of impurity concentrations can be achieved. Particle-induced X-ray emission (PIXE)
and elastic recoil detection (ERD) analyses were used to characterize both metallic and very light (e.g.,
hydrogen) impurities in CNTs. This paper reports the first direct measurement of hydrogen in CNTs using an
IBA technique. This is significant because CNTSs are being actively investigated for hydrogen storage technology
for energy applications.

Introduction It is clear that impurities and their effects in CNTs are an
important area of interest in the understanding and com-
mercialization of this unique material. To this end, we have
used a variety of ion beam analysis (IBA) techniques to

Carbon nanotubes (CNTs) were discovered in 1991 by lifima.
They are long, thin cylinders of carbon that can be thought of

as a_sheet of graphite_ (a hexagonal lattice of car_b_on) rolled into characterize CNTs. To our knowledge, this is the first report
a cyl_mder. These unique magromolecules e>§h|b|t remarkable detailing the analyses of this material using IBA techniques.
physwal anq e!ectncal properties. The properties depend on theParticle-induced X-ray emission (PIXE) analysis was done to
d'fferef.“ varieties of nanotube (defined by its diameter, I_ength, identify impurities and their concentrations in the various
and chirality), as V\.’el.l asthe nL_meer Of. wa!ls that comprise the samples. PIXE is sensitive to impurities with atomic number
tube. A tl.Jbe consisting of a single cylindrical wall is referred >12, which includes most metallic impurities found in CNTSs.

to as a single-walled nanotube (SWNT), whereas multiwalled PIXE measurements were done in different forms of CNTs
nanotubes (MWNTS) consist of an array of cylinders inside other including SWNTs, DWNTs, and MWNTSs, as well as material

cylinders. A double-walled nanotube (DWNT) is a multiwalled from different vendors. Additionally, direct measurements of

twbe cl?ns?tlng of cl)nlygtwo C)(/jlln(;jrlcatl)llwall_rsh Carbon nar(ljotulbe? hydrogen using elastic recoil detection analysis (ERDA) were
are ‘utrastrong, €lastic, and durable. Thé measured elas I':performed. This is the first report of a direct measurement of

strength of SWNTS.’ i.e_., Young’_s modulus,_ has yielded a value hydrogen in CNTs. Other techniques, such as weight analysis,
close to 1 TPa, which is approximately 5 times larger than the residual gas analysis, etc., do not directly measure hydrogen

value for stee?.AIso,.CNTs have unique electronlc Properties. 1+ rather measure another parameter that must be related to
They can behave either as a metal or a semiconductor. (For

example, see http://www.ugc.edu.hk/rgc/rgcnewsS/Pages/'-[he amount of stored hydrogen. Application of a direct measur-

i 4 ing technique such as ERDA has the potential to resolve some

Nanol-EN_.htmI and http.//www.a|p.org/png/htmI/nanotube.htm_.) of the ambiguities in the monitoring process for hydrogen
Contamlnqnts can greatlly mﬂuenge the m_easured prOp?rt'esabsorption and release in CNTs.

of CNTs (as in other materials), making it difficult to determine
intrin_sic effects. Com_merci_a_lly a_lvailat_)Ie CNTs co_ntain sub- pywE Analysis
stantial amounts of impurities including metals, introduced
intentionally as a catalyst during growth, and carbonaceous PIXE is a well-established analytical method for multiele-
material other than nanotubes. Alternatively, impurities such mental determination that is based on ion bombardment to
as hydrogen in CNTs have been intentionally introduced to produce characteristic X-rays of the elements present in the
determine the potential of CNTs for use in a hydrogen storage material?
technology. Because hydrogen has great potential as an energy In the present experiment, samples were irradiated with 1.5
source, an efficient storage medium is required before hydrogenMeV protons using a 2.5 MV van de Graaff accelerator at the
becomes useful in energy applications. The unique architectureUniversity of North Texas. As shown in Figure 1, the HPGe
of CNTs makes them potentially the best carbon-based absorbenX-ray detector was positioned at a backscattering afigte
for hydrogen. Several research groups have reported storagel45’, and the beam’s incident angle on the sample was
capacities of~4 wt % in SWNTSs. Unfortunately, these results 17°. Samples were electrically insulated and biase#2@0 V
have not been reproducible, partly because of lack of control to collect secondary electrons during current integration, which
in the synthesis of the SWNTs and the ambiguity in the is used for determining the number of incident protons on the

monitoring process for hydrogen absorption/desorption. sample N,) during spectral acquisition.
Because electronic excitation occurs along much of the ion
* Corresponding author. E-mail: fun001@unt.edu. range, the total X-ray yield is a result of depth-dependent factors
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Figure 1. Experimental setup used for the PIXE measurements. Figure 2. Absolute efficiency curve of the X-ray detector. The

. . . . efficiency has been measured from 0.667 (ff # 25.27 (Sn K) keV.
that must be integrated to yield the average impurity concentra- | this piot The values for the Ktransitions of Se, Rh, and Sn are not

tion in the bulk. The average mass concentration for each included in this plot to show with better detail the curve at low energy.
element is therefore given for every measurable element by theThe curve remains flat between 10 and 25 keV.

following expression . ) .
TABLE 1: List of Nanotube Materials Analyzed Using

PIXE
Ny A, , -
C,= GG Q) material i.d. (nm) o.d. (avg.) (nm) lengthr)
o
N, (R 2 SWNTg 0.8-2(1.1) 0.5-100
B §,(E) buckypearls 1-1.5
DWNTs? 1.3-2.0 <5 0.5-50
a —

whereNy is the number of counts for thefor L, transition in MWNTS >710 60-100 .0'5_50
the X-ray spectruméz is atomic mass of the elemest, is the Vendor: Nanostructured & Amorphous Materials, Inc. (ww-
detector’s absolute efficiency for the,or L, transition, by is w.nanoamor.com}. Carbon Nanotechnologies, Inc.

the intensity fraction of the Kor L, transition? N, is the number

of incident protonsgy is the elemental K-shell or L-shell X-ray
production cross sectiofz is the transmission in the sample
for the K, or Ly X-ray, andSy is the stopping power of the
matrix of the sample. The transmission factor determines the
attenuation of the X-rays along the outward path originating
from within the sample to the detector. This factor is given by
Tz = e B whereu(E) is the mass attenuation coefficient
for the characteristic X-ray of energy &js the sample density,
andx is the length that the X-rays travel in the sample.

The evaluation of the integral in eq 1 requires that values of NLAQG
the various parameters be obtained. To this end, the AXILTode e, =~ "R
was first used to fit the spectra to extract the area of each peak. “ Ngbyoy
Next, it was assumed in the determinationTgfand Sy that
the sample matrix was 100% carbon. Values for the mass where Nx is the number of counts corresponding to thg K
attenuation coefficients were obtained from ref 6, and discrete transition in the X-ray spectrunNg is the number of counts in
values forSy andoz were obtained from the SRIVand ISICS the RBS spectrum for the corresponding elem&f® is the
codes, respectively. A polynomial function was fitted to each solid angle of the SBDgr is the RBS cross sectidi oy is the
of these sets of values to evaluate eq 1 using Mathcad. X-ray production cross section for the K sh&ilk3 and by is

Sample Preparation for PIXE. The CNTs samples were in  the intensity fraction of the Ktransition? A polynomial fit was
two forms: powder and small balls ef1 mm in diameter done usingspline andinterp functions of Mathcad 8.0 to the
(buckypearl nanotubes). These materials were sandwichednatural logarithm of the experimental values. The efficiency
between two plastic foils: 8.am-thick Kapton foil on one side  curve is shown in Figure 2.
and 0.15¢m-thick AP1 MoxteR film on the another side. Each PIXE Results. Table 1 lists the nanotube materials analyzed
foil was mounted on an aluminum frame. The beam entered using PIXE and some of their characteristics. Figure 3 shows
the sample through the Moxtek film. The Moxtek frame was the PIXE spectrum for the sample labeled as SWNT (1.4 nm)
covered with carbon tape to avoid characteristic X-ray produc- in Figure 4a.
tion due to the scattered beam. Secondary X-ray fluorescence The PIXE results are summarized in Figure 4a for the SWNTs
in the frames was completely negligible. The Moxtek films were used in this study (see Table 1). The bar graph in the figure
25 uglcn?, which is thin enough to avoid corrections due to gives the mass concentration as a function of the various
beam energy loss and X-ray attenuation. These films are alsoelements detected in the samples. The results show that all of
virtually free of contaminants. Only a small number of Fe K the SWNTs (independent of vendor and average size) contain
X-rays were introduced by the Moxtek film in each spectrum, large amounts~+9% or less) of metallic impurities. Elemental
which is completely negligible compared to the number of Fe variations among the various types of SWNTS are mainly due
K X-rays coming from the sample. to the different catalytic materials used by the vendors during

X-ray Detector Efficiency. The efficiency of the X-ray growth. Despite these variations, the total amount of metallic
detector was determined using 18 Kansitions of different impurities given on the right side of the figure is nearly the
elements prepared as thin targets according to ref 10. Thesesame in all of the SWNTs samples. Figure 4b gives the impurity

measurements were done using a 1.5 Melé™ beam. The
experimental setup was the same as the one shown in Figure 1
but with the addition of a surface barrier detector (SBD) placed
at an angle of 150to the beam direction (opposite to the X-ray
detector). The X-ray excitation and Rutherford backscattered
(RBS) spectra were taken simultaneously to evaluate the
detector’'s absolute efficiency independently of the target
thickness and the total ion fluence. The efficiency for each K
transition was calculated using the formula

)
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Fe-Ka ions will also be stopped. For low ion energies0(3 MeV/
amu), the scattering cross section can be calculated assuming
Rutherford scattering. For higher energies, experimentally
measured cross sections have to be used in most cases. The
accuracy of this technique-(L0%) is limited by the uncertainties
in the stopping power values of the sample material, experi-
mental cross-section values, and geometrical uncertainties.

The ERD measurements were done using the same beam line
as used for the PIXE measurements. The experimental setup is
shown in Figure 5. The 1.7 Me¥He™™ beam struck the sample
with an incident angle of 75 The scattered hydrogen ions were

50 100 150 200 250 300 350 detected with an SBD at 3Qo the beam direction. A 7.6m
Channel Mylar foil was used to filter out the scattered beam and heavier
Figure 3. X-ray spectrum for SWNTs (1.4 nm). scattered elements from the sample. The beam current on the
sample was~20 nA.

concentrations in the different types of nanotubes (SWNTs, The hydrogen spectra were analyzed using the SIMNRA
DWNTs, and MWNTSs), as well as graphite. Significant differ- code?22?2 SIMNRA is a program for the simulation of back-
ences are observed in these samples. It is clear that both SWNTsind forward-scattering spectra for ion beam analysis with
and DWNTs contain substantially more metallic impurities than megaelectronvolt ions. SIMNRA is mainly intended for the
either MWNTSs or graphite. simulation of spectra with non-Rutherford backscattering cross

The Nanostructured & Amorphous Materials, Inc., Web page sections, nuclear reactions, and ERD analysis.
(www.nanoamor.com) shows the certificate of analysis for some  The results were normalized using a tungsten mesh, which
of the impurites we have detected in the CNT samples. has an open area of 77.4% and wire diameter of 0.0015-in.
Although our results are in very good agreement with their according to vendor specifications. This mesh is placed upstream
analysis, the PIXE results indicated a number of other impurities at~70 cm from the target and is electrically insulated. A fraction

100000+

10000 5

Counts

10004

100

that were not reported in their certificate of analysis. of the beam interacts with the mesh producing a net current
) that is integrated by a current integrator. The mesh is inside a
ERD Analysis cylinder biased at-300 V to avoid electrons escaping from

Elastic recoil detectioi~7 (ERD) is an IBA technique for ~ the mesh. Our test indicates that this voltage is adequate to
quantitative analysis of light elements in solids. The sample to SUpPPress all secondary electrons. The cylinder axis is along the
be analyzed is irradiated with an ion beam (e.g., He, C, or O beéam line and a hole at each base allows the beam to pass
ions) of several megaelectronvolts. Light elements (e.g., H, D) through. Under these conditions, the mesh produced a current
from the sample are scattered in the forward directions through that was 25% of the beam current on the target.
nuclear interactions between the incident ions and the atoms in A Kapton film was used as the hydrogen standard to
the sample. The recoil ions are detected with an SBD. From normalize the results. A Kapton film was irradiated several times
the measured energy spectrum of the recoils, a concentrationbefore and after the sample measurements to check beam
depth profile can be calculaté:2° The detection of scattered  Stability and reproducibility of the data. For each measurement,
ions from the incident ion beam is normally suppressed with & new Kapton foil was used.
the use of a stopper foil in front of the detector in order to avoid = Sample Preparation for ERD. The samples that were
background. Because the stopper foil is thick enough to stop analyzed are listed in Table 2. Each sample was sealed to a
the scattered beam, the recoils heavier than the mass of the bearsilicon wafer, and the silicon wafer was mounted on a rotatable

[] SWNT (1.1 nm)
[ SWNT (1.4 nm)
I SWNT* (1.1 nm)
Il Buckypearls (1.0-1.5 nm)

10" t y
K Ca Ni Cu Zn
(b) ] SWNT* Ti :
10 AR RN
1 DWNT
Ul I MWNT
107 4 Il Graphite

Mass Concentration [ppm]

10'y

Al Si P S Cl K Ca Ti v Cr Mn Fe Co Ni Cu Zn Mo Ba La I\-'Tetals
Elements
Figure 4. Mass concentrations of those elements found in various CNTs and graphite.



1418 J. Phys. Chem. B, Vol. 109, No. 4, 2005 Naab et al.

Normal to
sample surface Surface barrier il M sperhuw
| detector 207 —— SIMNRA simulation
. \O ¢
\ B=75 //\ 3
SR ©
a=75 7 . _-*" Collimator and
/ \ P stopper foil
___..___-'_____/\:’_z___l _______________
}Hlyg‘:;m Sample 300 Kapton spt_ectrum_
. ) —— SIMNRA simulation
Figure 5. Experimental setup used for the ERD measurements.
TABLE 2: List of Materials Analyzed Using the ERD ‘a‘gn
Technique and Their Hydrogen Weight Concentrations B
material concentration (%)
SWNTS 0.031 e A D A <WAAID
0.022 200 300 400 500 600
833; Proton energy [keV]
DWNTs 0:058 Figure 6. ERD spectra and SIMNRA simulations. Top: Multiwalled
MWNTs? 0.050 carbon nanotube (0.050 wt %, 0.6 at. %). Bottom: Kapton standard
0.042 (2.62 wt %, 25.6 at. %). The conditions for the simulations are according
0.033 to the sketch in Figure 5. The stopper foil was #r&-Mylar. Spectrum
CNFsb 0.150 broadening due to geometrical effects in the experimental setup was
Zyvex film¢ 1.50 included in the simulation program.

aVendor: Nanostructured & Amorphous Materials, Inc. (http://

www.nanoamor.comyf 0.d. = 240-500 nm.¢ Functionalized CNTs. .
Zyvex Corporation. (http://www.zyvex.com/index.html). different batches. Although the measurements were done only

on samples as supplied by the vendor and no attempts were
made to absorb additional hydrogen, carbon nanofibers (CNFs,
'see structural characteristics of this material in ref 26) were
found to contain a substantially higher hydrogen concentration
0.15 wt %) than any of the nonfunctionalized CNTs (0.622
.058 wt %). Although the concentration is well below the
. > Efargeted concentration established by the Department of Energy
to fgrm a smoot.h surfacel. The thickness of the material was of 6.5 Wt % (www.energy.gov), the results are encouraging and
sufficient to avoid producing protons on the tape that would suggest that this material might offer more potential as a storage
reach the detector. medium than the CNTs.

ERD Results. Five spectra were acquired for each sample . . . '
: L The high hydrogen concentration measured in the Zyvex films
and standard. Each spectrum was acquired usiQ ihtegrated 1.5 wt %) is attributed to the binder used to form the nanotubes

charge through the mesh. For each Sample and Kapton standar hto a thin film. The Zyvex film is not considered as a viable
we found that the total hydrogen count in the spectrum decrease§1ydr0gen storage medium.

linearly for each successive run down /0% for the fifth
run relative to the first one. This effect might be because of _
diffusion of hydrogen from the beam spot due to a temperature Conclusions

gradient® or ion-induced releas¥. To obtain the hydrogen . )

concentration in the sample, the total spectrum corresponding Resutltzouon bga:m afnalys:es _of<t3||ff(ra1re_nt types of CN_':'sbvlverte

to the five runs was used to decrease the statistical uncertainty.presfan ed. A varety of analysis lechniques are avaiiabe to
provide elemental analyses over an extended range of atomic

The calculation of the hydrogen concentration for each of the - . -
five runs gave the same result. The average hydrogen concentra[]u.mber including hydrogen. Hydrogen profiling of the CNTs

tion obtained for the five runs was extrapolated linearly to zero using ERDA proy|ded t_he first direct measurement of hydrogen
charge to account for the out diffusion of the hydrogen. Figure in this technologically important material. Such measurements

6 shows a typical spectrum for the Kapton foil and MWNT should 'help in the understanding .Of. hy'drogen gbsorptipn/

sample corresponding to the five spectra added together. AISc)’desorptl_on in CNTs and lead to optimization of this material

Figure 6 shows the SIMNRA simulation to fit each spectrum. for use in hydrogen storage technology.

The proton elastic recoil cross sections used were those in ref
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