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Electron spin resonance of carbon nanotubes under hydrogen adsorption
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Carbon nanotubes provided by different manufacturers and synthesized by a variety of methods were
subjected to the same oxidative purification procedure. Electron spin resaiEBRewas used to investigate
changes in the electronic structure before and after purification and exposure to hydrogen gas at a pressure of
136 kPa. The ESR signal in single-wall carbon nanotubes was due to paramagnetic impurities and diminished
in intensity upon hydrogen adsorption. The conduction electrons of multiwall carbon nanotubes gave rise to
signals with Dysonian line shapes. Here, the signal intensity increased upon hydrogen adsorption and the
asymmetry parameter as well as théactor were affected, suggesting a decrease in band gap. In samples with
large metal content a ferromagnetic resonance was observable which disappeared upon purification. Some
samples yielded no observable ESR signal due to an increased relaxation time of the electrons upon interaction
with residual metal catalyst particles and possibly a large proportion of semiconducting nanotubes.
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[. INTRODUCTION spected using transmission electron microscofgM). For
most samples, the metal content decreased significantly upon
Carbon nanotubes have been suggested as safe hydrogaurification (see Table )l Two samples(CNI and CLey
storage media for fuel-cell powered vehicle§he Depart- showed an impossible metal content of more than 100 wt %
ment of Energy set the benchmark for an economically vi-which is related to the high viscosity of the solution in the
able hydrogen storage medium to a capacity of 6.5% byiltration process. While the metal content could not be quan-
weight (wt %) and a volumetric density of 63 kg,im®.? To titated for these samples, it must be very high in agreement
date, the hydrogen uptake capacity of carbon nanotubes igith the information provided by the manufacturers. Reso-
still contested, and reports from experimental and theoreticatant Raman experiments for the distinction between metallic
studies cover a wide range® The nature of the sorption and semiconducting tubEsvere not conclusive due to limi-
mechanism is also uncle&f. With three major production tations of the instrument used. Electron spin resonance
methodg(laser ablation, chemical vapor deposition, and elec{ESR data were recorded on a Bruker EMX ESR spectrom-
tric arc dischargeas well as numerous chemical and me-eter at a typical microwave frequency of 9.4 GHz and a
chanical purification methods, the identity of samples invesimicrowave power of 0.152 mW. The modulation amplitude
tigated by different researchers is expected to varyas5 G and the time constant 10 ms. Spectra for all samples
considerably and thus, to impact the results. Most hydrogemwere recorded applying both a wide scan covering a range of
adsorption experiments rely on macroscopic techniques su@dP00 G and a narrow scan of 200 G centerega2. All
as volumetric or mass uptake measurements, thermal gra¥eSR data were acquired using an Oxford liquid He cryostat
metric analysis (TGA), or temperature programmed at temperatures of 3.8—4.0 K. It should be noted that many
desorptior’®® Spectroscopic tools have been used in theof our samples(with the exception of MRGC and CNI
characterization of carbon nanotubes, although rarely for theaused the quality factor of the resonant cavity to decrease. A
study of hydrogen adsorptidf:** We use electron spin reso- proper adjustment of the microwave bridge was then not
nance spectroscopy to study both the effect of purificatiorpossible which may cause distortions of the line shapes. A
and of hydrogen adsorption on the electronic structure osimilar effect has been reported by Bandéwor the hydro-
carbon nanotubes. In this study, we examine single-walleg@en adsorption studies, the samples were exposed for 5 min
and multiwalled carbon nanotube samples manufacturedt ambient temperature to a hydrogeityHP grade,
with different methods. Matheson-Trigaspressure of 136 kPa inside the sealed ESR
tube.

II. EXPERIMENT
IlI. RESULTS AND DISCUSSION

A summary of the samples is provided in Table I. Prior to
ESR experiments, the samples were weighed into J. Young
sample tubes made from low impurity synthetic quat&u- In general, ESR signals from carbon nanotubes should be
prasil,” Wilmad) and heated for 12 h at 400 °C under high observable for localized spins due to impurities, and for con-
vacuum in order to desorb any contaminants. All samplesiuction electrons originating from metallic or semiconduct-
were studied as received and after an oxidative purificationg nanotubes with a small band gap. In addition to conduc-
proceduré”® The samples were characterized by inductivelytion electron spin resonancéCESR from metallic and
coupled plasma/mass spectromei@P-MS) from the solu-  graphitic particles? a ferromagnetic resonan¢EMR) may
tion phase before and after purification and visually in-also be present due to residual metallic catalyst parttl&s.

A. General
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TABLE |I. Sample characteristics. All entries except the ICP data are as provided by the manufacturer. CarbClleban Nanotech-
nologies, CAB=carbon arc discharge. ICP-MS data are givengiRetal/9rawmateriai; Met. Imp=Metal Impurities, ICP-MS Pur.
=|CP-MS results after purification.

Sample Manufact. Prod. Structure Length Diam. Pur. Met. ICP-MS ICP-MS
method wm) (nm) Imp. (wt%)  Pur. (wt %)
MRSW Mer Corp. CAD single wall, open  up to 100 1.3 >90% Co, Ni 32 15
ClLex Carbolex CAD  single wall, closed 2-5 1.4, 50 tb./rope 50-70% Ni, Yt 112 260
CNI Carb. Nano. HiPco single wdl 0.1-1 1 <72% Fe 25% 169 20
CNI pur. Carb. Nano. HiPco single wall 0.1-1 1 91% Fe 9% 76 N/A
MRMWC Mer Corp. CVD multi wall, closed 50 N/A >95% Fe<0.1% 4 3
MRGC Mer Corp. CAD multi wall, closed N/A 50 N/A none 1 0.3
NL15 Nanolab CVD multi wall, open 1-5 20-50 95% Fe 12 13
NL1020 Nanolab CVD multi wall, open 10-20 20-50 95% Fe 13 14
NLbamboo Nanolab N/A bamboo, open N/A N/A 95% Fe 2 4

#The manufacturer did not provide information about tube ends.

The line shapes may vary from symmetritorentzian/ any ESR signal. For example, Chenhal?! were unable to
Gaussianto asymmetrioDysonian.'8 observe a signal for a pristine, unpurified Carbolex sample in
A narrow resonance is expected for isolated single-walled@greement with our results. Clage al.” report the lack of
carbon nanotubes that lack interchain interactions since mogén ESR resonance of highly purified single-walled carbon
of the spin-relaxation mechanisms typical for isotropic met-nanotubes in the form of buckypaper unless they were doped
als (spin-flip scattering of conduction electrons by acousticWith potassium. The presence of Ni, however, gave rise to a
phonons are absent® However, no CESR signal has been ferromagnetic resonance. The authors conclude that the spin
observed in single-walled carbon nanotubes. In very purdfétime, which is expected to be long on a light element such
samples, this might be due to the strong electron-electroftS carbon, must be dominated by Ni particles. The spin dif-
correlation in a one-dimensional system, giving rise to arfusion time of the electrons is longer than the average dis-
antiferromagnetic ground state Howev,er even a smalidnce between the Ni atoms, resulting in a broadening of the
amount of residual catalyst metal can relax the conductio% ESR due to coupling to the FMR. Potassium doping causes

electrons very effectively due to their long mean free paﬂ}edecoupllng of the resonances due to shortening of the spin

e laxation time.
and diffusion lengtt?
The higher dimensionality of the electronic system in B. Single-walled carbon nanotubegSWNT’s)
multiwalled carbon nanotubes provides a less efficient relax- ) _
ation pathway in the presence of metal particles and makes 1. Parent materials, effect of production method

the CESR more likely to be observed. Theoretical calcula- A ferromagnetic resonance due to the high residual metal
tions, however, predict a single narrow peak for multiwalledcontent was detected in all three single-walled samples. The
nanotubes, and a split resonance for single-walled fﬁbesstrongest resonance was observed for the CNI sample with
which has not been observed yet. Most likely, samples ofhe highest metal contefitable I, Fig. 2. The weakest reso-
sufficient quality are not available to corroborate the theorethance for the MRSW sample with the smallest metal content.
ical result. Some carbon nanotube samples do not give rise fbhe approximatey factors of 2.6(CLex) and 2.5(CNl) for

the FMR are in reasonable agreement with ghfactors for

metallic Fe and Nf2 When reducing the sweep width to 200
CNI, parent G centered aroung=2.0, a weak, symmetric resonance be-

CNI, came visible for the MRSW sample, produced by carbon arc
e haact discharge. Despite the application of the same production
method, no such signal was observable for CLex, in agree-
\ , O acid purified / ment with the results by Cheet al?! The parent CNI mate-
r— rial, produced by the HiPco procefsigh-pressure injection

of CO), did not give rise to an ESR signal either. It seems
that there is no correlation between the appearance of an
ESR signal and the production method. Any differences due
to production method are masked by the FMR that arises
from the very high metal conterfinore than 30 wt %in all

our SWNT'’s.
0 2000 4000 8000 8000

Field [G] 2. Effect of purification

FIG. 1. ESR spectra of CNI samples; parent, manufacturer pu- The oxidative treatment caused the FMR to disappear in
rified, and acid purified. all three single-walled samples, consistent with the greatly
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reduced metal content detected by ICP-M®ble ). It
should be noted that the measurement of the metal content
provided by the manufacturer using TGA differed signifi-
cantly from ours determined using ICP-MS. In general, the
ICP-MS method measured higher metal contents than those
reported by the manufacturers. This may be due to the fact
that our ICP-MS pretreatment completely disintegrates the CNIpuri., H,
carbon network’the residue after oxidation is acid soluble
so that any metal, even that which is contained within the
nanotubes, is accessible to analysis. Moreover, the ClLex
sample showed a very high metal content both before and
after the purification. :

The manufacturer purified CNI sample shows a reduction ~ 3250 F3?d5g 3450
of the FMR when compared to the parent material. The e[
manufacturer used a nondisclosed oxidative purification F|G. 2. ESR spectra of acid purified CNI sample before and
method which was not as effective as our nitric acid purifi-after hydrogen adsorption.
cation procedure following the method by Dilloet all?
(Fig. 1). Upon purification, the narrow, symmetric resonancepothesis that the ESR resonance is mainly due to paramag-
previously observed for MRSW is now observable in all netic defects. A similar observation has been made on me-
samples. No obvious shift ig factor occurred for MRSW. chanically prepared nanostructured grapfit&loreover, it
The g factors for all SWNT samples were close to 2.00, inhas been shown that hydrogenation in polycrystalline silicon
agreement withg factors of 2.00-2.01 reported by most diminished the density of dangling bonds and led to a de-
researcher¥:!®"2123-29t should be noted that the anisot- crease in the ESR signal intensty>®
ropy in theg factor for graphite ranges from, =2.0026 to
gj=2.0496™° Even after purification, all SWNT samples still
had metal contents larger than 20%. A large metal content is
known to cause rapid relaxation of the conduction electrons 1. Parent materials, effect of production method
rendering most of the nanotubes unobservabiEhe harsh None of the Nanolab parent materials, all prepared by

purification conditions cause partial exfoliation of the tubesghemical vapor deposition, gave rise to an ESR signal. How-
as evidenced by TEM and are expected to increase the NUMByer, for both samples from the MER corporation, MRGC
ber of defect sites. The rather weak and symmetric resQcarbon arc discharge without metal catalyatd MRMWC
nances observed for the purified samples and the increase (Bremical vapor depositionstrong ESR signals were ob-
signal intensity after purification imply that the signals origi- served. The metal content in all these samples is consider-
nate from paramagnetic defects such as dangling bonds. Uﬁbly less than for the SWNT’s and, as expected, no FMR is
like graphite, a symmetric resonance assigned to danglingetected. A single, slightly asymmetric resonand® g
bonds has also been observed for fullerene sots. =1.20, Fig. 3 is observed for MRMWC, while the MRGC
parent material displays a narrow signal superimposed upon
a broad resonance at lower figléig. 4).

Despite the close to ambient pressures that were applied, Graphitic particles have been reported to hg¥actors of
hydrogen exposure had a pronounced effect on the ESRbout 2.02 with linewidths of 10—25 G. As mentioned above,
spectra. No difference was observable between single-walled
and multiwalled samples investigated immediately after hy-
drogen exposure and 24 h later, indicating that equilibrium
conditions are established rapidly. A pronounced decrease in
signal intensity is observed for all SWNT's. For example, the
intensity of the narrow resonance of the acid purified CNI
sample is diminished upon hydrogen adsorptiéig. 2)
while theg factor as well as the symmetric line shape remain
unaffected. For the manufacturer purified CNI sample, the

CNI puri.

C. Multiwalled carbon nanotubes

3. Effect of hydrogen exposure

MRMWC, parent, H,

MRMWC, parent

ferromagnetic resonance shifted 650 G to higher field upon MRMWC, puri., H,

hydrogen exposure, while the carbon nanotube resonance MRMWG, pur. N

shifted by 8 G in the same direction, possibly indicating a N

coupling of the two resonances. The large shift of the ferro- e b L e L
magnetic resonance clearly shows the interaction of hydro- 3350 3400 3450 3500 3550

gen with the metal. Similarly for CLex, the signal intensity is Fleld el

greatly diminished upon hydrogen adsorption and the reso- F|G. 3. ESR spectra of MRMWC samples; parent and purified
nance shifts to slightly lower field. The attenuation of thematerial, before and after hydrogen adsorption. The paraméters
resonance upon hydrogen adsorption suggests that hydrogend B are related to the ratio of the particle radiugo the skin
preferentially adsorbs on defect sites consistent with our hyeepth§ (see text (Ref. 46 and 4Y.
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t
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FIG. 4. ESR spectra of MRGC samples; parent and purified
material, before and after hydrogen adsorption.

mostg factors assigned to carbon nanotubes are in the range
2.00-2.01 with varying linewidths of the order of a few
Gauss’’ Therefore, tentatively, the broader resonance in the
MRGC spectrum is assigned to graphitic particles. Indeed,
particles are visible in the TEM pictures which cannot be
metallic since MRGC was prepared without a metal catalyst. F!G. 5. TEM micrograph of NL1020 sample before acid purifi-
Rings in the TEM diffraction pattern indicate that most of cation. Note the particles embedded in the interior of the tubes.
these particles are polycrystalline and, therefore, most likely
graphitic in nature. companied by exfoliation of the outer layéfsCarbon nano-

TEM micrographs of the MRMWC sample reveal a high tubes grown with the CVD process may be particularly prone
content of carbon nanotubes with very few graphitic par-to exfoliation due to their less well-defined graphene struc-
ticles, in agreement with the single line observed in the ESRure brought about by the lower temperature in the growth
spectrum. process, as compared to arc discharge or laser abfticire

As for the SWNT's, no direct correlation between ESRTEM pictures of the NL samples reveal the presence of
signature and production method can be drawn. While botharger diameter nanotubes with bamboo structiw@mpare
MRMWC and NL were synthesized using chemical vaporNLbamboo, Table )l which are predominant in the NL15
deposition, no ESR signal was obtained for any of the NLsample. These larger tubes seem to be less affected by puri-
samples. The NL samples have a considerably higher metfication than the smaller diameter concentric tubes. The ab-
content which might lead to fast relaxation of conductionsence of a'3C NMR signal for all but the unpurified NL15
electrons rendering the signal unobservable. Neverthelesand NL1020 samples suggests that tH€ NMR signal
the metal content of the NL samples is much smaller than fopriginates from the smaller diameter tutfédf metal par-
any of the SWNT samples and not sufficient for observatiorticles are contained within the nanotubes, as implied by the
of FMR. Moreover, dangling bonds cannot be prevalentlCP-MS and suggested by the TEM, then tH€ NMR sig-
Dysonian line shapes were observed for samples prepared gl may be paramagnetically broadened beyond detectability.
chemical vapor deposition and carbon arc discharge. MulPrevious work has shown that a small amount of paramag-
tiple reports about multiwalled, carbon arc discharge pronetic contaminant is sufficient for the resonance to
duced carbon nanotubes also report ESR signals due to codisappeaf?
duction electrond®2328.293839yerall, the metal contentand ~ For MRMWC, purification caused a slight decrease in
the presence of graphitic particles seem to have the dominasignal intensity, a shift by 8 G to lower field, and a change to
ing effect on spectral appearance. The ESR signal originatess symmetric line shape. TEM pictures reveal severe damage
from conduction electrons, as evidenced by the asymmetrito the tube walls. Therefore it is possible that the changes in
line shapes. the ESR spectrum are due to the fact that predominantly

defect sites are being observed.
2. Effect of purification The broad resonance in MRGC which had been assigned

to graphitic particles disappears upon purification in agree-
(’jment with the TEM results.

For all samples grown with chemical vapor deposition
the metal content is, within error, not reduced upon aci
purification. This implies that metal particles must be inac-
cessible to acid, and possibly be contained within the nano-
tubes. Indeed, the NL TEM pictures show the presence of No signal was observed for the Nanolab samples before
particles embedded in the nanotuliEsy. 5 which is com- and after exposure to hydrogen. However, hydrogen adsorp-
mon for chemical vapor depositiofCVD) grown tubed®  tion drasticallyincreaseghe intensity of both the narrow and
Upon purification, these tubes broke into smaller pieces, adhe broad signal components in the parent MRGC material.

3. Effect of hydrogen exposure
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In the purified material, a large increase in the signal inten- For MRMWC, the observed ESR linewidths lie in the
sity as well as a shift of the resonance to lower field is ob+ange of 11-13 G corresponding to a relaxation time of
served(Fig. 4). The line shape for the purified sample after about 10—-9 ns at 4 K. The diffusion time through the skin
hydrogen adsorption is clearly Dysonian with an increasedlepth, T, can be estimated from the asymme#&¥B and
asymmetryA/B=3.28 and increased linewidilsee Fig. 4. the linewidth following the analysis of Feher and KfpFor
Line broadening upon hydrogen exposure has also been othe MRMWC parent materiall is estimated to be 0.02 ns
served for hydrogen passivated, phosphorus doped crystdiefore hydrogen adsorption, whereas after hydrogen expo-
line silicon and was assigned to the Fermi-contact hyperfingure Ty, increases to about 2 ns. This implies a significant
interaction of the donor with silicof?. The line shape of the increase in the skin depth brought about by hydrogen adsorp-
MRGC parent material after hydrogen exposure is verytion which should induce an increase in the signal amplitude,
asymmetric, which might reflect saturation of the receiver, asn agreement with the experimental result. Hydrogen adsorp-
a faster scan rate led to a more symmetric line shape. Thgon on MRMWC showed a shift to higher field. In this
Dysonian line shape indicates that a large fraction of thesample, the signal has been ascribed to CESR wherg the
nanotubes must be metallic. The MRGC samples were prdactor is determined by the spin-orbit coupling of the energy
duced without a metal catalyst and the interaction of hydrodevels in the presence of a magnetic field. Since the conduc-
gen with metallic particles cannot account for the increase inion electrons in carbon nanotubes residepitype orbitals

line intensity. A possible explanation for the observed in-which possess orbital angular momentum, a coupling of
crease is a decrease in band gap, such that semiconductitigese electrons to hydrogen via physi- or chemisorption is
tubes previously unobservable may become accessible &xpected to impact the spin-orbit coupling resulting in a shift
ESR. This explanation is in agreement with the more pro-of the g factor, as observed. In fact, hydrogen adsorption
nounced Dysonian line shaa larger fraction of the signal causes the character of bonding to change lotiipm s p?

is now due to CESR from nanotubesndeed, theoretical to sp® which should affect the spin-orbit coupling. Further
work shows that hydrogen adsorption on single-walled radiexperiments with varying hydrogen pressure are planned to
ally deformed carbon nanotubes causes the energies of tlsed light on this hypothesis.

valence band edge and conduction band edge to change such

that the overall band gap is decreased for zigzag IV. CONCLUSIONS

nanotubeé**® It should be noted, however, that for some | lusion. th  carb tubes to hvdr
tubes the opposite trend was observed, n conclusion, the exposure of carbon nanotubes to hydro-

If this interpretation is correct, an increase in the signalgen affects the electron spin resonance signal. In single-

intensity upon hydrogen adsorption should be observed foWaIIeOI Cf?“b"” nanotube_s, we _observs_:d a paramagnetic reso-
nance signal due to impurities which present favorable

lic nanotubes giving rise to a Dysonian line shape. . . ; i
all metall ubes giving 1s ysomian ine shap dsorption sites to hydrogen. Consequently, the ESR signal is

In fact, a strong increase in signal intensity is also observe iminished upon hydrogen adsorption. Multi-walled carbon
for the MRMWC parent sampléFig. 3. The line shape be- hanotubes, where the CESR of delocalizedelectrons is

comes more asymmetric upon hydrogen adsorption. The ef! R
fect of hydrogerxl/exposure Fc))n thg pugfied MRMRNC Sampleobservable, presented a Dysonian line shape. Hydrogen ad-
is less pronounced. The changegifiactor and in line shape sorption increased the signal intensity and affected both the
indicate that the defect sites have been saturated by hydrg_symmetry parameter arglfactor, giving evidence for the

gen, and conduction electrons become again observable. mterac_tion of hydrogen With the_ tut_)e su_rface. We used
Following the analysis by Feher and Kfpand Webl’ analysis of the line shape in combination with TEM and ICP

the asymmetnA/B (see Fig. 3is related to the ratio of the data f?r thtg ass:cgtnment OI the resonlance:(sj. tESR expetrlg:ents
particle radiusr to the skin depths. For A/B close to 1,8 as a function ot temperature areé planned to support these

must be larger than or equal to For MRMWC, A/B assignments. The magnetic susceptibility due to conduction

—3.45 after hydrogen adsorption which corresponds to a raglectrons is temperature independent while isolated, random

tio of r/& of about 2.57 From conductivity measurements spins follow the Curie law. Variable pressure experiments are
Petitet al. found a sk.in.depth for SWNT’s at room tempera,- planned fo investigate the effect of hydrogen pressurg on

ture of about 5Qum;*® the room temperature value for factor and line shape.
graphite is 3.2um.*® A particle size in theum range for
carbon nanotubes can only be realized along the tube axis
which implies that conduction occurs mainly along the tube This material was based upon work supported by the Na-
axis, in agreement with the result by Péfit. tional Science Foundation under Grant No. 0107710.
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