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Abstract

Carbon single-wall nanotub¢SWNTSs) are essentially elongatgubres ofmoleculardimensions
and are capable @fdsorbing hydrogen aelatively high temperatures andw pressures. This
behavior is unique to these materials and indicttasSWNTSs are the ideabuilding block for
constructing safe, efficient, and high energy density adsorbents for hydrogen storage applications.
In past work wedeveloped method®r preparing and openin§WNTSs, discovered the unique
adsorption properties of thesew materialsconfirmed thathydrogen isstabilized by physical
rather tharchemicalinteractions, measurdtie strength of interaction to be ~ 5 times highean

for adsorption on planar graphite, and performed infrared absorption spectrosdepsriaine the
chemical nature of theurface terminationbefore, during,and afteroxidation. We alsomade
significant advances in the synthesis of SWNT materials by turning to a laser-vaporization method
rather than the arc-generation method emplgyeiously. In addition, wédegan to develop
methods to purify nanotubes aadt nanotubes into shorteegments. Thigear we havemade
further advances in the developmentbaf lasersynthesis technique, and wew generate crude
material containing 20-30 wt% SWNTSs at a rate of ~150 mg / hrlob g / day. Imaddition we
have perfected a very simple 3-step purification process which resutigenal that is > 98 wt%
pure which isthe purest reported to date. konjunction withthe purification method we
pioneered a thermal gravimetric analysis (TGA) technique which eratilasate determination of
SWNT wt% contents in carbon soot.  Finally, aave simplifiedour previous nanotubeutting
technique and have developed a process that allows for meagrlyducible cutting obur purified
laser-generated materials. Timew cutting method enables the opening of laser-prodiicbds
which were unreactive to the oxidation methodbat successfully opened our previously
synthesized arc-generated tubes, and offers a path towards organizing nanotube segnabiés to
high volumetrichydrogen storage densitiesViost importantly, this year we have demonstrated
that purified cutSWNTs adsorlbetween3.5 — 4.5 wt% hydrogennderambientconditions in
several minutes and that the adsorbed hydrogen is effectively “capped’, IoyaRig it stable for
weeks in atmospheric conditions.



Statement of the Problem / Relevance of the Work
Background

With the 1990 CleanAir Act and thel992 Energy Policy Actthe United States recognized the
needfor along-term transition strategy to cleaner transportditi@fs (1). Thisrealization comes

while the U.S. continues to increase petroleum imports beyond 50% abitatahsumption, with
nearly50% ofthe total oilconsumed beingsed inthe transportation secté?). Because of the
potentialfor tremendous adverse environmental, economic, rational securitympacts, fossil

fuels must be replaced with pollution-free fuels derived from renewable resources. Hydrogen is an
ideal candidate as it is available from domestic renewasleurcesand usable without pollution.

It could therefore provide the long-tersolution to the problems created by theNation's
dependence on fossil fuel.

Interest in hydrogen as a fuel has grown dramatically 9i88€, and many advances in hydrogen
production andutilization technologies have beemde. However, hydrogestoragetechnology

must be significantly advanced in performance and cost effectivertbedJifS. is toestablish a
hydrogen based transportation system. As described in the U.S. DOE Hydrogen Program Plan for
FY 1993 - FY 1997, compact and lightweight hydrogen stosgygeems for transportation do not
presently exist.

Hydrogen providesnore energy than either gasoline or natged on a weighbasis. It isonly
when the weight, volume,and round-trip energy costs tifie entire fuel storageystem and
charging/dischargingycle is consideredthat hydrogen'sdrawbacksbecomeapparent. New
approaches enabling more compact, lightweight, and eneffggient hydrogen storage are
required in order for the wide-spread use of hydrogen powered vehicles to become a reality.

Research and development geared towards implementation of a national hydrogerecrergy
hasmany indirect economibenefits. With almost600 million vehicles in theworld in 1992 -
double the number iA973 -the conflict between energgquirements, power generation, and
environmental concerns fslt on aworldwide basid3). Thus, inaddition to providing domestic
energy alternatives, investmenthgdrogen energy researehll result in opportunitiedor U.S.
technologies in over-seas markets.

Currently Available Hydrogen Storage Technologies

Hydrogen can be made available on-board vehicles in containers of compressed or ligyeiiied H
metal hydrides, or by gas-on-solid adsorption. Hydrogen also be generatedn-board by
reaction or decomposition of a hydrogemmtaining molecular speciés. Although each method
possessedesirable characteristics, no approach satisfiesf the efficiency, size, weightcost
and safety requirementsr transportation outility use. The D.O.E. energy density goals for
vehicular hydrogen storage call for systems \8ith wt % H and 62 kg H/m3 to provide a 350
mile range in a fuetell powered vehicle. Thisequirement amounts to the storage-af9 kg of

H, in the weight and volume occupied by a conventional gastdink. These storage density
goals will only bemet with significant advances irthe capabilities ofhydrogen storage
technologies.

Gas-on-solid adsorption is an inherently safe and potentially high energy density hydrogen storage
method thatshould bemore energy efficient than eithathemical or metalhydrides, and
compressed gas storage. Consequetitly,hydrogen storage properties of high surfacea

"activated" carbons have been extensively studi®d® 7). However, activated carbons are



ineffective in hydrogen storage systebecause only a small fraction thie pores inthe typically
wide pore-size distributiorare smallenough tointeract strongly with gas phase hydrogen
molecules.

Technical Approach and Summary of Past Work

The gas adsorptigmerformance of a porous solidngaximizedwhenall poresare not larger than
a few molecular diametef®. Under these conditions the potential fields fromvtladls of the so-
called micropores overlap to produce a stromgeraction tharwould be possible for adsorption
on a semi-infinite plane. At sufficiently low temperatures, whbesescaping tendency of the gas
is muchlessthan theadsorption potentialthe entire micropore may be filledith a condensed
adsorbatehase. Fothe case ohydrogen, with avan der Waalsliameter of2.89 A (9) pores
would be required to be smaller than ~40 A to access this nanocapillary filling regime. Sufficiently
small pores wouldexhibit anadsorptionpotentialstrong enough ttocalize H at relatively high
temperatures. Ideallyhe entireporousvolume of an adsorbemtould be ofthe microporous
variety, andthe volume andnass ofthe adsorbent skeleton would e minimumnecessary to
develop theadsorptionpotential and provide sufficierihermal conductivityfor management of
heat fluxes associated with adsorption and desorption.

We have beemworking onthe idea that alignednd self-assembled single wall carbon nanotubes
could serve agleal hydrogen adsorbents siné893. The conceptvas motivated by theoretical
calculation§9) which suggestethat adsorption forces fopolarizable molecules withiSWNTs
would be stronger than for adsorption on ordinary graphite. Thus, higtotdge capacities could
be achieved at relativelitigh temperatures anldw pressures asompared to adsorption on
activated carbons.

In the Proceedings of the 1994 Hydrogen Program Review, we presented microdatamdech
demonstrated gravimetrltydrogen storage densities of up8td wt% at82 K and 570 torr on
samples containing carbomanotubes. Thissubstantial uptake aow hydrogen pressures
demonstrated thstronginteraction betweehydrogen and these materials, consistent with higher
heats of adsorption than can be found with activated carbons.

In the 1995 Hydrogen Program Review Proceedings, we predietessults of outemperature
programmed desorption (TPD) studies whishowed significant H adsorption near room
temperatures. The adsorption energies on nanobaterialswere estimated to be a factor of 2-3
times higher than thenaximum thathasbeenobserved for hydrogen adsorption conventional
activatedcarbons. Atthe timethese werdhe first results which demonstratede existence of
stableadsorbed hydrogeon any type ofttarbon at temperatures iexcess of 285 K We also
analyzed the nanotube production yields versus rod translation rate in the electric arc.

In 1996 we performed detailed comparative investigation of thgdrogen adsorption properties
of SWNT materials, activated carbon, and exfoliajesphite. We alsdetermined that the cobalt
nanoparticles present in the arc-generated soots do not play a role in the observed hydrogen uptake.
We determined the amount bydrogen which istable at near room temperatures oSVENT
basis is ~ 10 wt%and foundthat an initial heating in vacuum &ssentialfor producing high
temperaturehydrogen adsorption. Furth@xperiments suggestatdlat SWNTs are selectively
opened by oxidation during this heating, and th#D i more selective in oxidation tham Que to
hydrogen termination of danglifgpnds athe edges of opened nanotubeBurposefuloxidation

in HoO resulted in hydrogen storagapacitieswhich were improved by more than a factor of
three. We als@orrelated the measured nanotube denstteduced by specifisynthesis rod
translation rates during arc-discharge with hydrogen stocageacities determined byPD.
Finally, we utilized NREL's High Flux Solar Furnace to form nanotubes by a newosemtially
less expensive route for the first time.



In 1997 we confirmed that Hs stabilized by purely physical - rather than chemical - binding. The
desorption of hydrogen was found to fit 1st order desorpdiwgtics as expecter physisorbed

H,, and the activation enerdpr desorption wasneasured to b&9.6 kJ/mol. This value is
approximately five times higher than the value expefdedlesorption of H from planar graphite
and demonstrates that SWNT soots can provide very stable environmenbifadirg. We also
employed diffuseeflectanca-ourier transform infrared (DRFTIR) spectroscopydé&ermine the
concentrations and identities of chemisorbed spdmesd tothe carborsurface as a function of
temperature, and determined that “self-oxidation” allows high-temperature adsorption of hydrogen
to occur in the arc-generat&¥WNT materials. We alsbegan synthesizinGWNT materials in
much higher yield than is currentlyossible with arc-discharge by usinglaser vaporization
process. Weletermined that theery long SWNTsmade bythis method could not bactivated
towardshigh-temperature Hphysisorption bythe same oxidative methotsat were found to be
effective for tubes produced by arc-discharge.

In 1998 we made significant advances in synthesis and characterization of IR&#@tiRls so that

we could prepare gram quantities 8WNT samples andneasure and control thdiameter
distribution of thetubes by varying key parameters durgynthesis. Bycomparing continuous

wave (c.w.) and pulsed laser techniques, \earned that it is critical tetay in a vaporization

regime inorder togenerateSWNTs at high yield. We alsdeveloped methods which somewhat
purified the nanotubes and cut them into shorter segments. We performed temperature programmed
desorption spectroscopy on high purity carbon nanotoaierial obtainedrom our collaborator

Prof. Patrick Bernier, and finished construction of a high precision Seivert's apparatusalihich

allow thehydrogen pressure-temperature-composition phase diagramstalbatedor SWNT
materials.

This year we have significantly improvedir laser-vaporization methotbr the production of
SWNTs. We now employ pulsed laser vaporization to generate material containing 2dwa&en

wt% SWNTs at a rate of ~ 150 mg / hr or ~ 1.5 g / day. We have also developed a very simple 3-
step purification technique for this material which results in single walled carbon nanbhatbe®

> 98 wt% pure as shown by thermal gravimetric analysis (TGA). The TGA method devie&ped

at NREL isthefirst to accurately quantify nanotub&t% contents in carbosoots. Finally, we

have simplified our previous nanotube cutting technique and have develppeceashat allows

for highly reproducible cutting of our purified laser-generated materials. néeutting method
enables the opening of laser-produtgioes which wer@nreactive to the oxidation methothsat
successfully opened our previously synthesiaedgeneratedubes,and offers gpath towards
organizing nanotube segments éoable high volumetric hydrogen storage densitiesMost
importantly, this year we have employ@®®D spectroscopy to demonstratétht purified cut
SWNTs adsorb between 3.5 — 4.5 wt% hydrogen under ambient conditions in several minutes and
that the adsorbed hydrogen isffectively “capped” by COQ making it stablefor weeks in
atmosphericconditions. The new cutting process nowenables hydrogen adsorption on two
separate sites in the SWNT samples.

Experimental

Pulsed Laser Synthesis of SWNTs

SWNT materials were synthesized by a laser vaporization method sintiteat tof Thess et &),
A single MolectronrMY35 Nd:YAG laserwas used which produceghted laser light ranging in
duration from 300 to 500 ns at a frequency ofHi) The gated laser light containedimerous
short laser pulses of about 5 to 15 ns. The emission wavelagtii064 nm at aaveragepower



of 20 - 30 W/cra  An electronically rasteredeam enabled material generatiomades of 75 - 150

mg / h. Typically production is ~ 1.5 g/ day. ltinsportant to stay in a vaporizatiosagime(12)

during synthesis so that graphite particles are not ejected. Targetsageebypressing powdered
graphite ( ~ 1 p particle size) doped with 0.6 at % each of Co and Niin a 1 1/8” inch1dy8Ca

psi. Crude soot was produced between 850-1200 °C with 500 Torr Ar flowing at 100 sccm. Raw
materials were estimated to contain ~ 20 - 30 wt% SWNTs by bdétadedanalysis of numerous

different TEM image$!2) and our newlydeveloped highlyaccurate thermal gravimetrianalysis
method. Inductively coupled plasma spectroscopPS) wasperformed aftercomplete air-
oxidation of the carbosootsand thorough digestion dhe residue in concentrated HNO The
same metal content was found in both the laser-generated crude and the initial targét tb .

Thus the laser generated SWNT material was not enriched in metal as previously(#&ported
Purification of Laser-generated SWNTs

Approximately 80 mg of the above laser—generated onarefluxed in 60 ml of 3M HNQ for

16 h at 120°C. Thesolids werecollected on &.2 pm polypropylene filter in thdorm of a mat

and rinsed with deionized water. After drying, an ~82 wt % yield was obtained. The weight lost is
consistent with the digestion of the metal and an additional ~12 wt % of the aagnmities. The
carbon mat was then oxidized in stagnant air at’&5@r 10 min.,leaving behind pur&WNTSs.

The SWNTs were shown to be > 98 wtptire withthermal gravimetrianalysis. Also, TGA
revealed that no significant SWNTs were consumed in the purification process.

Cutting of Laser-generated SWNTs

We previously reported a methddr cutting SWNTSs involving sonicationfor 24 hrs in the
following solutions: concentrated,BHO,, HCI, Aqua Regia4:1 HCI:HNO,), 3:1 HSO,;:HNO,,
5:18:1HCI:H,SO,:HNQO,, and 5% Bromine and lodine in methandlowever, we foundhese
techniques to be both highly destructive and to result in highly irreproducible hydrogen storage
results. Thisyear we have developednaw lessdestructive method which cuts laser-generated
SWNTsinto segments several micronsléamgth. Weare currently filing a patent dhis unique
process. Importantlythe processenables reproducible activation bfdrogen adsorption on
SWNT materials under ambient conditions at 3.5 — 4.5 wt%.

Transmission Electron Microscopy (TEM)

Samples were prepared for TEM by suspending ~ 0.2 mg in 10 ml of acdto@solutions were
sonicated for 9min., and 6drops wereplaced on Ted Pella Ultra-thi@arbonType-A 400 mesh
grids. TEM images were obtained on a Phillips CM-BBM/STEM operating aR00 kV with a

50 pum objective aperturéor improved contrast.The imageswere recorded on a 1024 x 1024
CCD camera. Each sample was surveyed for ~45 min. and ~ 7 images were recordeddoéiwveen
and 160k to ensure a true representation of the material.

Thermal Gravimetric Analysis

TGA datawere recorded on a Perkielmer TGS-2 interfaced with aMAC Centris 710 and
controlled by a National Instrumentsb View program. The 1-2 mg SWNT samples were
ramped from 25 — 875 C at 5 °C per minute in a platinum sample pan under an atmosp@ére of
sccm air. This procedure allowed five determination of moisture content within the samples so
that final yield could be determined accurately. Occasionally a TGA in-situ oxidation of a sample
was necessary after the nitacid reflux. Thisexperiment involved; a step ramp560 C for 30
minutes, a cool-down to 25 °C within the furnace, and then the TGA experimepeviasned as
outlined previously.



Temperature Programmed Desorption

Details of the ultra high vacuum (UHV) chamber employed for the TPD studies have been reported
previously4). Briefly, the sample is mounted at the bottom of a liquid nitrogen canigobstat,

and a mass spectrometer provides for line-of-site detection of desorbing species. An ion gauge and
capacitance manometer are employed to mopitessure. Gas exposure dentrolled with a

variable conductance lealalve. Isolationgate valves separate the sample compartnaeming
high-pressure gas exposures.

Carbon samples weighing ~1 mg wetaced in a packet formdcm 25 um thick platinunfoil.
Pinholes in the foil enabled gas diffusion into and out of the packet. The packet could be cooled to
~90 K bythe liquid nitrogercryostat, and resistivelgeatedwith a programmabl@ower supply.

The sample temperatureas measured with a thin thermocouple spot-weldedh® platinum
packet. The samples wehneated in vacuum atK/s to 970 K prior toTPD studies. Hydrogen
(99.999% purity) exposuresbetween300-600 Torr at roontemperaturewere employed to
elucidate the Hadsorption properties of tramples. The samplesvere cooled to 430 K prior

to the evacuation of the hydrogen gas.

Results and Discussion

Optimization of Laser Synthesis of SWNTs

Last year we reportetthat for the efficient laser-generation 8WNTS, it isnecessary tmperate

primarily in a vaporization regin&). We were also able to operate in the vaporization regime and
achieve high yield production &WNTs at roontemperaturaising a continuous waved:YAG

laser process. Although SWNT contents under certain c.w. conditions were as highat, 78
the overall material generation rate was only severallmng At wasapparent that a methadhich
balanced materigbroductionrate and nanotube content must 8eveloped. The pulsed laser
vaporization method described this year alldasthe production o~1.5 g /day of material
containing betweer20-30 wt% SWNTs. Figure 1 compares a) previoasc-generateSWNT
materialswith b) materialsproduced bythe new method of pulsed laser vaporization. In both
images bundles 06WNTs spanbetween agglomerations of amorphous and nano-crystalline
carbon,and metal nanopatrticlesThe laser-generated materiawever, contains approximately
threeorders ofmagnitude moré&SWNTSs than the arc-generated material. The fact that we can
easily produce gram quantities of this high quatfitsterial everyday will greatlyfacilitate our
development of a carbon nanotube based hydrogen storage system.

Three-Step Purification of Laser-generated SWNTs

Single-wall carbon nanotube materigdeoduced in gram quantities witihe Molectron MY35
pulsed Nd:Yag laser vaporization methods were purified by a combination of refluxing mitr&\
acid and subsequersdir oxidation at550 ‘C. Figure2a) displays alEM image of an initial
relatively low-quality laser-generated SWNT material. Long bundl€SV@NTs are clearly visible
in Fig. 2a) however, the imagealso reveals a high concentration amorphous carbon or
nanocrystalline graphite as well as cobalt and nickel nanopantittesiiameters betwee&0-100
nm. Fig. 2 b) displayshe same materidbllowing the reflux in nitricacid revealing that the
SWNTs are now encased within a mat blatively thick anduniform carbonaceous matrix. The



metal nanoparticles have been completemoved. The carbon matrixwas then completely
removed by oxidation in stagnant air at 38Dfor 10 min.,leaving behind pur&WNTs having a
weight of ~20 % of the initial crude (Figc). The as-purified tubes were difficult ionage athigh
magnification since th@ubes wereleft disordered withintheir bundles after the acidreflux.
However, a brief anneal to 1500 °C in vacuum was sufficient to re-order the tubes. Theddgem
of Fig. 2d reveals the high-quality, final material after the vacuum anneal

This year we also developedtlaermal gravimetricanalysis technique which ithe first to
accurately quantify SWNT wt% in carbaoots. TGA in flowing air (100 sccm)showedthat our
purified SWNTs are quite stable (Fig. 3a). The decomposition temperafuat {85 C, defined
here as the inflection point during oxidation of the tubes, is “@2bgher than a recently reported

valud13). This result indicates a lack of dangling bonds or defects at which oxidation reactions can
initiate. Sincelessthan 1 wt % is consumed beld®0°C, and lesshan 1 wt % remains above

850 °C, the final purity is conservatively estimated to ¥@8 wt %. The TGA technique
establishes thesBWNTs asthe purest reported to date. Furthermottee metalcontent was
measured by ICPS and found to be the lowest reported to date at 0.2 wt % for both Ni and Co.

TGA was also used to evaluate the crude and acid-refluxed mateiilalmioate thekey features
of the purification process. The data for the crude soot (Figst8ays aslight increase in weight
at low temperatures due to the oxidation of the Ni andn@als. The carbonaceous fractions
begin to combust at ~37C and are mostly removed by oxidatibelow 600°C. A small final
weight loss at ~65€C is due to the oxidation @&urviving SWNTs(~4 wt %). Consistent with

observations byother$l4), the majority of SWNTs are combusted alower temperatures
concurrently with other carbonaceous materidibe weight remaining @75 °C corresponds to
the weight expected for the oxidized metals (~ 8 wt %).

The TGA datarom acid-refluxedmaterial isalso displayed in Figurga. A firstthing to note is
thatrefluxed samples getter as much as 10 wt % waben lab air, while purified and crude
samples remairelatively dry. More importantly, non-nanotube decomposition occurs at a lower
temperature and is completed beforedhset of SWNT combustion. plateau extendingrom

550 to 650 °C isvident in the TGA data because the oxidatmw occurs in twaoseparate
regimes. The sample weight is reduced to approximately zer838y °Csince all carbonaceous
materials have been removed araty little metal is left(0.2%). The acid treatmenhot only
removes the metal but also produces carboxyl, aldehyde, and other oxygen — coiotadtiomgl

group$!®) on the surfaces of the non-nanotube carbonaceous fractions. As athestiiating is
extremelyhygroscopic andeactivetowards oxidation. Thignables the oxidative purification of
the SWNTs that could not be achieved with the crude material.

The combustion ohon-nanotube carbons e refluxedsoot is essentially complete at the
inflection point in the TGA curve d@60°C. At this temperaturethe sample contains pure
SWNTs amounting to ~26 wt % of thdry refluxedmaterial, or ~21 wt % of the pre-reflux
weight. This latter value is in excellent agreement with the yield after refluxed matertzated

to 550°C in stagnant air (~20 wt %), and considerably higher than the tube content determined by
TGA analysis ofthe crudematerial (~4 wt %). The gquantitative agreement between the bulk
oxidation in stagnant air and the TGA measuremanter dynamic conditionssuggeststhat
neither route consumed SWNTs appreciably. In fagither longer times in stagnant air at 550
C (up to 1 h) nor holding at 55C during TGA experimentgproduced further significant weight
loss. Since the weight-loss proceedegsectedor oxidation of a single phase above 53D,

and theTEM images ofFig. 2¢) and 2d)show only SWNTs, wecan conclude that the final
product is pure. Itis important to ndtet theyields determined by purification and analysis are
reproducible within 2 percentage points both for samples from a giverrdasend for samples
produced in different runs using the same target/laser parameters.



To determine the extent to which tubes are damaged or consumed duangl tiedlux, TGA was
performed on materials refluxdédr 4, 16,and 48 h in 3M HNQ (Fig. 3b). Materialsfor these
experiments were produced with 30 Wonh laserpower. The datawere adjusted fothe dry-
weight lost during reflux so the y-axis represeghts wt % remaining of the initialrude material.
The datafor the 4 and 16 hrefluxes overlay at temperatures above ~460 and aplateau
associated witlBWNT stability isobserved at 548C and a SWNTcontent of 17 wt %. It is
striking that the TGAcurves are virtually identical at thénigher temperatures considering the
difference in masses consumed duriing refluxstep. Since theSWNT content is determined to
be the same in bottases, it idikely that neithereflux consumed a significant numbertabes.
As discussed earlier, tubes are evidently not consumed by oxidation below 55QH& 13owt %
value can be taken as an accurate assessment of the SWNT content in teattu@mnceagain,
this value is in good agreement with the yield obtained from batch oxidati®® &Cafter al6-h
reflux in 3M HNGQ,. Unlike the 16-h processthe 4-h reflux did not alwayspermit good
purification by oxidation. In these cases a TGA curve very similar to that of theroatdeal was
observed.

The oxidation reactions are no longer well separated after a 48 h (fiix3b) soonly asmall
SWNT stability plateau iseen at ~ 628C. The affinityfor water is considerabljessthan in
either the 4 orl6-h samples. The uniform, hydrophilic carbon matriyproduced after 16 h of
refluxing was not observed by TEM. Instead, apatchier coatingvas observedalong with
occasional agglomerations, and some tubes appetead and uncoated. The TEM images
revealed thexon-nanotube carbons to be distributed milicd as in the crudsoot. Unlike the
crude, however, some ttietubes were observed to be sharply angted,anddamaged. The
extended reflux apparently digests mosth&non-nanotube carbon and also beginattack the
SWNTs. These cut amtkfectivetubesare then more susceptililewardsair oxidationsuchthat
only ~8 wt %, or < 50 % ofhe tubes known to be presergmain at theonset ofthe SWNT
stability plateau (Fig. 3b).

Thus, we have developed a non-destructive purification technique which results in SWNTs of > 98
wt% purity. The dilute HNQ reflux / air oxidation procedure described here appears to be a
simpler and more effective purificatiggtocesshan any previouslyeported. The refluxmust be
performed for sufficient time to produce a carbon coating on the SWNTs which can be removed by
oxidation However, exposures which are too extensive or in concentrated acids reksuttaige

and digestion of SWNTs. Also the initial material should not contain large graphite partitjles

or metalheavily encased bgarbon. Details of theunderlying mechanisms whicénable this

simple purification procedure may bund in our recent paper appearing in Advanced

Material$16). We have also applied for a patent on this unique process.

Cutting of Laser-generated SWNTs

Previously a degas to 973 K wacuumwas sufficient to activatehydrogen adsorption oarc-

generated SWNTX). However in applying the same experimental methods to the very long laser-
generated nanotudeundles no significant Hadsorption was observed festher the crude or
purified materials. Thel0-15 A diameter SWNTs produced at higlyield by pulsed laser
vaporization are 100's of microns in lendtihe poor hydrogeruptake by these materials may be
attributed to very slow hydrogen diffusion dowre long nanotube walls resulting in affective
blockage at the ends of the tubes. In ordexctivate thenydrogen adsorption properties Wwave
developed a very simple method of cutting the I&WNTSs that we have recently submitted to be
patented. We have employed tlusocess to samples of our purifiedaterial resulting in a
significantly increased hydrogen uptake.



Figure 4 a) displays @&EM image ofcrude laser-generatésMVNT material cut by therevious
method involving sonication in 5:18:CI:H SO:HNO,. Individual nanotubes with lengths
between ~0.25 - 1 u are clearly visible in the image. However, the image dealbp dominated

by impurities or perhaps remnants of destro$8dNTs. Figure 4 b) displays aEM image of
purified laser-produced SWNT@ut by our new less aggressive procddsrethe as-synthesized
seemingly endless ropes of SWNTs have been “cut” into compact bundles ~ 1-5 microns in length.
No impurities have been introduced by the cutpingcessndicating that theSWNTsare simply
severed and natestroyed. The average bundldiameterhas alsobeen increased whicshould
facilitate the development of a compact lightweight vehicular hydrogen storage system.

Improved Hydrogen Uptake in Purified Cut SWNTs

Upon degassinghe purified cutSWNT samples in vacuunthe uniquehydrogen adsorption
properties were activated. Figure 5 displays th@PD spectrum of degassedample following
a brief room temperature,H¢xposure at 500 torithe spectrum is characterized o separate
desorption signals peaked4at0 and 630 Kindicating at leastwo unique hydrogen adsorption
sites. The peakdesorption temperatures of these sigras be as much as00 K lower
depending on theSWNT sample and the specific cuttingpnditions. The total hydrogen
adsorption capacity corresponds to ~ 4 wt%.

The hydrogen corresponding to the signal peaked at 470 K can be evolved by holding the sample at
room temperature overnight wacuum. Also holding theSWNT sample a#23 K for only 8
minutes results itomplete evolutiorirom the low temperature sitevhich corresponds to ~ 1.5
wt%. In order to desorb all of the hydrogen from the higher temperature site it is necebsaty to
the sample between 475-850 K. Figure 5 also disgla/gydrogen desorption signal from a cut
crude laser generated sample as well aptbeiously reported hydrogen desorption signal from
arc-generate®@WNT material. The signal peaked1®3 K inthe spectrum of the arc-generated
material is attributed tphysisorbed hydrogen ampurities present in the carb@oot. The very
significant increase iISWNT adsorptiorcapacity on a materialeight basis igeadily apparent
from Fig. 5. The development of aew hydrogen adsorptiosite as evidenced by the,H
desorption signal at 630 K is also observed following the new cutting process.

Both of the SWNT hydrogen adsorption sigge effectively “capped” by thadsorption of carbon
dioxide. Thisphenomenavasrevealed in an experimenthere a standard hydrogen exposure to

cut SWNTs was followed by a rootemperature 1@nin. 500 torr exposure to COFigure 6a)
displaysthe hydrogen desorption signal frothe SWNT sample following &500 torr hydrogen
exposure at room temperature without any subsequent cooling séditiige. Here two peaks at ~

420 K and 602 K are observed. However, the lower temperature peak is slightly shifted to a higher
temperature due to the absence of codlingng the hydrogen exposure. the sample had been
cooled the lower temperature peak in this case would have been observed at 370 K.

Figure 6b) and c) displayPD desorption signals of CGand H, respectivelywhen anidentical
hydrogen exposure was followed by a @posure. The small CQ desorption signal peaked at
400 K demonstratethe existence of a small population of C&dlsorption sites othe SWNT
sample. Surprisingly, however the ¢iesorption signals are both shifted to higteenperature by
~ 50 K. It appears from Figuretbat thehydrogen does ndiegin todesorb fromthe SWNTs
until a significant portion of the Cas already evolved suggesting that the, @Qact blocks the
hydrogen desorption. In a subsequexpieriment the sampleas exposed to CQor 10 min at
500 torr at room temperature and then exposed tméker the sameonditions. Subsequent TPD
revealed only a CQOdesorption signal demonstratirthat carbon dioxide completelylocks
hydrogen adsorption as well. C@lso apparently “capsthe SWNTs upon exposure tair.
Samples charged with hydrogen and exposed to atmosphersheere to desorb first CCand



then H, severalweeks later without a significantloss in the stored hydrogen. Thigffective
“capping” of the SWNTs by CQOmay prove significant to the commercial developmerS\WNTs
for a hydrogen storage system. It is also highly interestiaigthere are relativeligw adsorption
sites for CQ compared with H

Conclusions / Future Work

This year we havenade significanadvances in theynthesis purification and cutting oSWNT
materials resulting in greatly increased hydrogen adsorption on a sat#pleasis. We now can
produce 1.5 g/ day of material containing ~ 20—-30 wt% SWNTs dtisengnethod opulsed laser
vaporization. We have developed a simple 3-step method which restitgNi s that are > 98
wt% pure without asignificant loss in SWNT content. Wéave also developed thermal
gravimetric analysis method that for the first time enables higtdyrate determination cSWNT
wit% content in carbosoots. Finally we have pioneered a gentle cuttprgcess whiclenables
3.5 — 4.5 wt% hydrogen adsorption on our purified laser materidis.adsorption occurs in two
separate sites and conveniently, all of the adsorbed hydrogen is effectively capped&sutiog
in the hydrogen’sstability under atmospheric conditiofer severalweeks. The temperature at
which hydrogen desorption occurs appears to vary mvéterialand specific cuttingconditions.
In the future we will explore thbydrogen adsorption properties omaterialswith SWNTs of
highly specific diameters, and we will also vaing parameters ajur cutting scheme iorder to
further optimize H, adsorption properties. Presently cutting method is suitable onfpr mg
sized samples. We will endeaver to scale-up the methtltbstarge scale measurements may be
made on our high precision Seivert’'s apparatus which will afigdrogenuptake to be measured
at increased pressures. We will explore methods of further aligme8\WNTs sothat a compact
storage systermmay beachieved. Finally we will emploiRaman,nuclear magnetic resonance
and conductivity measurements on thigial and hydrogen chargeBWNT samples in order to
gain a better understanding of the two unique hydrogen interactions. We anticipate that all of these
exploratory efforts will enable increased hydrogen adsorption on larger SWNT samples.
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b)

Figure 1. TEM images ofSWNT soots produced by ayc discharge and kulsed laser
vaporization.
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Figure 2: TEM images of: (a) as-produced ~20 W#daser-generated SWNT soot. (b) crude
material which was refluxed for 16 h in 3M HNQ(c) purified SWNTs produced by oxidizing

the acid treated sample for 30 min. in air at 550 °C, and (d) purified SWNTSs at high magnification
following a brief 1500C vacuum anneal.
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Figure 3: TGA curves for: (aMaterials produced at a laser power of ~20 W{grified, crude
and crude soot after a 16 h reflux in 3M HNQ'he data fothe refluxedmaterialwas normalized
to 100 wt % at 100C to comparealry weights. (bMaterialsproduced with 30 W/chof laser
power. Samples were refluxed in 3M HNOr 4, 16 and 48 h. These curves weoemalized to
100 wt % at 100C to comparealry weights,and then re-normalized to accotiot the different
weight losses in the HNQefluxes.
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Figure 4. TEM images of a) previouslgut SWNT crude materials and b) cut purifiethterials
with the newly developed non-destructive method.
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Figure 5: HydrogenTPD spectra of degassed samples following a brief room temperature H
exposure at 500 torr for arc-generated crude, laser-generated crude and purified laser-generated
SWNT materials .
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Figure 6: TPD spectra of a) theydrogen desorption signal from an SWKdmple following a
500 torr hydrogen exposure at room temperature without any subsequent cooling of the sample,
b) and c) displayrPD desorption signals of CGand H, respectivelywhen anidenticalhydrogen
exposure was followed by a Géxposure.
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