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Hydrogen desorption and adsorption properties of the fullerene mateggl<g, and fullerite(a
mixture of Gy and G were measured volumetrically using a Sievert's apparatus. Over several
cycles of isotherm measurements at 77 K, the hydrogen storage capacities of one of the fullerite
samples increased from an initial value of 0.4 wt % for the first cycle to a capacity of 4.4 wt % for
the fourth cycle. Correspondingly, the surface area of this sample increased from 0.9%g14nd

there were changes in its x-ray powder diffraction pattern. In comparison, two other fullerite
samples, prepared by a different procedure showed no such behavior. famd@ure G, were

also cycled and exhibited small and constant capacities of 0.7 and 0.33 wt %, respectively, as a
function of number of cycles. The enhanced storage capacity of fullerite material is tentatively
attributed to the presence of{oxide. © 2000 American Institute of Physics.
[S0003-695(00)03039-4

There has been widespread interest in recent claims thaince being higher fullerene molecules. The pugg(Gr C;()
certain carbon structures such as nanofibers and nanotubkeslerenes were obtained by chromatographic purification,
can store much more hydrogen than conventional forms oénd the purity was 99.9% forggand ~98% for Gy.
carbon!~3 Crystalline fcc G,, however, has been observed Desorption and some adsorption isotherms were mea-
to absorb H in octahedral interstices, providing a small stor- sured with a computer-controlled Sieverts’ appardties, a
age capacity of only 0.28 wt% at 40 °C. volumetric system for quantitative measurement of gas ab-

In this letter, we present the results of studies on thesorption and desorption by solidsn 600 mg samples at 300
sorption of H by fullerenes. In the fullerene family, the and 77 K. After vacuum degassing at 200 °C for 10 h, the
closed-cage, nearly sphericajg@nd the ellipsoidal rugby- measurement temperature was attained and hydrogen gas of
ball-shaped &, are the most stable molecuteand are thus  99.9999% purity was admitted into the reactor to a maxi-
relatively abundant. We performed measurements on puréium pressure of about 120 bar. This pressure was main-
Cso, Pure G, and three sets of a mixture of these two com-tained for 15 h to allow the adsorption to equilibrate and to
monly referred to as “fullerite.” We report a surprising in- check for leaks in the system. To correct for instrumental
crease in the amount of Hadsorption for one of these ful- effects, identical volumetric measurements were performed
lerites. The isotherms show the characteristics 0fpn an empty reactor after each sample measurement. This
physisorption, so we note that this work is different from procedure was used for every adsorption/desorption cycle,
hydrogenation studies of fullereffésinvolving chemisorp-  even when multiple cycles were taken on the same sample.
tion of atomic hydrogen. Surface area was measured by the Micromeritics Corp.

Several different CommerCia”y available fullerene by Brunauer_Emmett_Te”éBET) surface area ana|ysis us-
Samples were obtained from Alfa Aesar and MER Corp. A”|ng nitrogen gas. X_ray powder diffractometry was per-
these fullerenes were made by a carbon arc discharge in hgsrmed on as-received and cycled samples, using an Inel
lium (Hoffman—Dratchshermer methpdThe carbon soot Cps-120 powder diffractometer using g radiation. High
was then treated in toluene. The fullerite is soluble in t0|Ue”€performance liquid chromatographiPLC) measurements
at the limit of 2 g/l and for the first fullerite sampldenoted \yere performed at MER Corp.
fullerite No. 1) from MER Corp. and obtained in 1992, the Table | summarizes the results from the hydrogen
solution was spread onto a teflon tray and evaporated g{gsorption/desorption and BET measurements. The hydro-
room temperature. For the second fullerite sample from Alfagen storage capacities of purg,@nd G are reproducible
Aesar (denoted fullerite No. Pand obtained in 1999, the anq are consistent with results of oth&®n the other hand,
precipitate from the toluene solution was obtained after slowjjerite No. 1 exhibited unusual isotherm behavior. As
evaporation of the toluene. The precipitate was then washeghown in Fig. 1), the capacity during the first desorption
with petroleum ether and underwent drying to remove th&n on the as-received fullerite No. (labeled 1st runis
rest of the solvent. A third sample of fullerite was obtainedsma”, comparable to the capacity of purg,®r pure Go.
from MER in 1999 (denoted as fullerite No.)3and was  Tne capacity then increased dramatically with each subse-
processed similarly to fullerite No. 2. All fullerite samples quent isotherm cycle. In the fourth cydlbeled 4th ruj it
typically contained about 75%4g, 22% G, with the bal-  reached a maximum of 4.4 wt% at 120 bar at 77 K. This
value is consistent with complete, lddsorption onto the sur-
dElectronic mail: cca@caltech.edu faces of the fullerene molecules, assuming thattdlecules
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TABLE I. H, storage capacities and BET surface areas of fullerenes.

H, wt % H, wt % Surface area
» (300 K) (77 K) (m?/g)
Composition
Sample (HPLO) Abs Des Abs Des As rec. Cycled
Ceo 99.9+% 0.07 0.08 0.83 0.70
Coo 98+% 0.12 0.12 0.33
Fullerite 75%Gq 22%Go 4.00 0.58-4.38 0.9 11
No.1 1.5%G, oxides
Fullerite 75%Gq 22%Gro 0.38-0.60 0.80-0.99 4 3
No.2 0.2%G, oxides
Fullerite T7%Gq 21%Go 0.2-0.3
No.3 0.6%G, oxides

of diameter 3.5 A form a close-packed shell around eaclisotherm at 77 K at about 50 bar, but this measurement
fullerene molecule. This implies that further improvementsshowed only 0.05 wt % hydrogen sorption. Sample handling
in the hydrogen adsorption capacities of mixed fullerite maprocedures were similar although not identical, and we are
terials may be difficult to achieve. At the fifth cycle, the still investigating this discrepancy in these measurements.
capacity decreased to about 2.5 wt%. Samples of the san®ullerite No. 2 behaved similarly to the samples of pugg C
material were analyzed for their surface area by the BETor pure G, and showed only small differences as a function
method. The BET surface area changed from G@ror the  of cycle number as shown in Table 1. Fullerite No. 3 which
as-received fullerite No. 1 to 11%g after five isotherm was obtained recently from MER and used as a control
cycles. sample, showed even smaller desorption capacities than ful-
To verify these results, we tested a second sample gkrite No. 2 at 77 K. For comparison, we also measured the
fullerite No. 1, and obtained the same isotherm behavior as Rydrogen desorption of high surface area saran cdtbon.
function of cycle number. These results are presented in Fig. HPLC measurements of these materials showed only
1(b). A total of seven cycles was performed on the secondjight variations in the g—Cy, ratio. Therefore, we believe
sample of fullerite No. 1 and cycles five to seven showedhgat the important difference between fullerite Nos. 1, 2, and
identical isotherm traces. On the other hand, a similag is the amount of oxidized & found in as-received fuller-
Sievert's apparatus was used to measure one point of thes No. 1. The oxidized & accounts for~2% of the as-
received fullerite. The oxidized component was absent in the
material after it had been cycled with,tgas. The oxidation
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set includes a trace for Saran carhon. The lower set shows identical isotherm
behavior as a function of adsorption/desorption cycle number. FIG. 2. X-ray diffraction patterns of fullerenes.
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peaks are contributed by phases of CThe structural phase gen sorption/desorption cycle. The x-ray diffraction patterns
transitions and orientational ordering indat different tem-  of fullerite No. 1 also showed a change in structure, and this
perature and pressure have been studied extensively for tlsample also showed an unusual increase in surface(alrea
past decad&®~12 Although there is still no agreement about though the increase in surface area is itself too small to ac-
the details of the structures, there is general agreement as ¢ount for significant physisorption
the temperatures of the phase transitions. Five phases have We suggest two possible reasons for lower cohesive en-
been observed, including face-centered-cubifcc),'?>  ergy of fullerite No. 1 than fullerite No. 2. The microstruc-
rhombohedral® ideal hexagonal-close-packefthcp (c/a  tural distribution of Gy, C;o, and higher fullerene molecules
=1.63) 110 deformed hcp ¢/a=1.82)*'* and a mono- may differ owing to differences in material preparation,
clinic phase”® Some phase transitions occur over a widecausing differences in the structural transformations under
temperature range and exhibit large hysteresis which ddgemperature and hydrogen pressure. Differences in the
pends on the thermal history of the samjjté> breadth of the fcc g peaks in the diffraction patterns are
Figure 2 shows that the diffraction pattern of,@n ful- evidence for a microstructural difference between the fuller-
lerite No. 1 changed after several isotherm cycles. Due to thites Nos. 1 and 2, and these peaks underwent an observable
broadening and the low intensity of thedpeaks, it is not change after fullerite No. 1 was cycled. The cohesive energy
possible for us to identify reliably the phases in the samplescould also differ between fullerite Nos. 1 and 2 because of
However, the change in the diffraction pattern frgps 1.3 the more extensive oxidation of the;{dn fullerite No. 1.
to 1.4 A1 indicates that some parts of the material haveThe cyclic exposure to hydrogen gas reduced the oxidized
undergone a phase change after hydrogen cycling. FurtheGgq in fullerite No. 1, perhaps causing an increase of its
more, the diffraction peaks from thegLin fullerite No. 1 cohesive energy and the observed reduction of hydrogen
became sharper after cycling. On the other hand, tgg C storage capacity after four cycles. Thg,©xide was absent
diffraction peaks from fullerite No. 2 sharpened after cy-after five cycles, but the hydrogen adsorption capacity of
cling, but there was little change in the region gf fullerite No. 1 remained large, so we cannot attribute all of
=13-1.4K1 the difference between fullerite samples to oxidation. We do
We believe the high hydrogen adsorption of fullerite No. note, however, that oxidation has been observed to influence
1 is a consequence of a hydrogen-induced structural transstructural phase transitions in pure,t® and mechanical
tion in the fullerite much like that reported for carbon single- properties of .1’
walled nanotube® Three energies are involved. One is the ) .
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