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Abstract

Small-angle neutron scattering (SANS) combined with powder neutron diffraction (PND) were
employed to study phase formationuipon absorption/desorption of hydrogen gas in Li- and Na-
intercalated fullerides. The comparative system analysis, addressing changes in the sample phase
compositions and morphology of powders, revealed higher degree of complexity in the Na-based
samples. Results also showed that disappearance of the crystalline lithium/sodium hydride during
desorption was/accompanied by an increased surface roughness in both systems, most likely due
to formation of a local surface strain. Furthermore, increased specific internal surface of the
studied materials upon subsequent deuterium absorption/desorption cycles was demonstrated.

This could indicate moderate fracturing of crystallites.
1. Introduction

Unusual physical properties of alkali and alkaline earth metal intercalated fullerides have
resulted in extended studies of this group of compounds.!'*> More recently, light metal-based

systems, in particular Li- and Na-incorporating fullerenes, have gained additional interest due to



their properties suitable for energy storage applications, e. g. for batteries!*-!3

and hydrogen
storage.!#?° Correlation between structural properties of Na- and Li-based fullerides and their
chemical and physical characteristics have been studied extensively by many techniques,
including powder X-ray and neutron diffraction (PXD and PND, respectively),!> 17 19-26,30-33
nuclear magnetic resonance (NMR),2% 2834 differential scanning calorimetry (DSC),?% 22, 26,29
infrared spectroscopy (IR).!7-1%25-26 However, the published results still lead to contradictory
conclusions about sample phase compositions and metal(M):Cgo ratios. Comprehensive
diffraction studies have been carried out for both LixCso and NaxCeso systems in a wide range of
metal atom concentrations.® 14 19-26.28,30-3 The results demonstrate variations in structure types
and symmetries among the formed intercalated fullerides, which were likely to originate from

the applied synthesis methods and/or the M: Cqo ratio.

The small size of Li ions, with respect to a relatively large free volume of fullerenes,
allowed for synthesis of a broad family of LixCso compounds.'>-19-20-23.26.35-371 j,Cy is one of
the most studied compositions. It was reported to crystallize with a monoclinic (/2/m) polymeric
structure at room temperature (RT) that transformed to a monomeric face-centered cubic (fcc)
symmetry at higher temperatures.>®-3# Other LixCeo Systems, with a higher x (> 6), formed
monomeric phases with Li clusters inside the fullerene voids.? 34 LisCso forms the fcc
structure with a small contraction of the unit cell volume, as compared to the pristine Cep.!> 2125
34 The reported LixCeo, withx = 12:and'28, crystallized at RT as a cubic or pseudo-cubic LixCeo

phase with small Li clusters.residing at the available interstitial sites.!?-20:2333

Nai3Cs0 was reported to form a simple primitive unit cell (Pa-3) at 300 K, which
transformed to Fm-3m above 325 K.32 NayCgo was shown to crystallize with the fec (Fm-3m) unit
cell at 290 K; in which Na atoms occupied the tetrahedral sites of the fullerene sublattice.?* 3% 41
NazCso:also has the fcc (Fm-3m) symmetry at 300 K but Na atoms occupy both tetrahedral and
octahedral interstitial sites.?* 3% This compound disproportionates below 250 K into two fcc
phases with unit cell parameters corresponding to those of NaxCso and NasCeo, respectively.
Na3Ceo is also anticipated to crystalize with a low-symmetry (tri- or monoclinic) structure or as a
mixture of NaxCeo phases with various Na:Ceo ratios.*! NasCeo forms a 2D polymerized structure

with a body-centered monoclinic (bcm) unit cell (/2/m) that can transform reversibly to a

monomeric body-centered tetragonal (bcf) phase above 500 K.*3 4243 However, in another study,



NayCeo was shown to crystallize as a single phase with a hexagonal close-packed (Acp) atom
arrangement.?* The NasCgo system was reported to adopt the fcc unit cell (Fm-3m), in which
single Na atoms centered at the tetrahedral interstitial sites and Na4 clusters were distributed over
octahedral ones.!> 17-39 NayCqo with a higher Na:Ceo ratio, x = 7.2,9, 9.7, 11 and 12, were found
to form a fcc phase (Fm-3) with Na clusters at octahedral sites and single metal atom occupancy
at the tetrahedral ones.®! Later studies demonstrated that Na77Cso and NajoCeo could also
crystallize with the fec (Fm-3) atomic arrangement?®2°> and powder diffraction data for NaxCeo,

with x =9 and 11, were successfully indexed with a hexagonal unit cell.?*

Presence of alkali clusters inside the Cgo appears to be fundamental-for the hydrogen
sorption properties of the Li- and Na-based fullerides.!>17- 19-22.25-26.29,44 Theijr formation allows
for the dissociation of H> and migration of hydrogen atoms insidethe Ceo crystal lattice. This
reversible process improves kinetics and lowers hydrogenation temperature of the obtained
compounds as compared to the pristine Ceo. Hydrogenation studies for the LixCgo-Hy and NaxCeo-
Hy systems showed that while the former could absorb up to 5 wt.% of Ha, the latter stored 4
wt.% of hydrogen. !> 19-25-26.44 Although the Na-intercalated fulleride stores less hydrogen in
terms of gravimetric capacity, they enable the formation of extremely hydrogenated Cso. Recent
mass spectrometry and fluorescence experiments are consistent with the formation of CsoHeo
with Na intercalation, while Li intercalation was only able to achieve up to CeoHas.*>**¢ However,
the high stability of both hydrogenated systems allowed for the H> desorption only at 673 K and
823 K for the Li- and Na-based fullerides, respectively.

Hydrogen-induced phase transformations have only been studied for a limited number of
compositions. The reversible hydrogen-induced fcc—bcc (body-centered cubic) phase transition
was demonstrated for LisCso and associated with a partial de/reintercalation of Li upon H>
absorption and desorption, respectively.!> 212634 For Lij2.xCe0, PXD and PND data confirmed
formation of a fcc Liia-«Ceo-Hy phase at 493 K and 190 bar of H,.!® Furthermore, the migration of
Li atoms from the fulleride structure and crystallization of LiH were also observed. The same
system at higher temperature (623 K) and lower gas pressure (100 bar) went through a phase
transition, which led to crystallization of the bcc Li12xCso-Hy phase and LiH. Later, the same
research group reported on the hydrogenation of Li;2Cso at 623 K and 180 bar of H, and again
demonstrated the formation of bee LiiaxCoo-Hy and LiH.?° The latter disappeared during the



dehydrogenation process, which again was associated with the reintercalation of Li atoms into

the fulleride crystal structure.

NasCso-Hy has been claimed to store hydrogen reversibly at 623 K and under 100 bar of
H».!>- 7 Upon hydrogenation a phase transition occurred, in which the fcc structure of the H-free
NasCeo transformed into bee (Im-3).'% 17 In another study, cubic NaioxCeo was shown to form the
hydrogenated fcc structure at 423 K and under 200 bar of H».2* The hydrogenation process was
associated with deintercalation of Na atoms from the fulleride lattice and formation of NaH. At
higher temperatures (673 K) hydrogen is desorbed from both phases (Naio-xCso-Hy and NaH),
thus resulting in reintercalation of Na atoms into the fulleride. The H-free Na0:xCeo retained the

original fcc symmetry with a unit cell size similar to that of NaioCeo.

Very recent data showed successful synthesis of compounds with'a nominal composition
NaxLig-xCs0, X = 0—6%>28 and NaxLii2xCe0, x = 1-6.2” As formed phases crystallized with the fcc
symmetry and demonstrated ability to the reversible storage of hydrogen. However, the NaxLis-

xCeo family showed better sorption performance than NaxLi12-x«Ceo.

In order to bring a new perspective on H-induced changes in Li- and Na-based fullerides
we applied for the first time small-angle neutron scattering (SANS) combined with powder
neutron diffraction (PND). SANS is important to follow nanoscale changes occurring in these
metal intercalated fullerides under varying conditions of temperature and deuterium loading. The
technique is sensitive to structural rearrangements on a scale from ca. 1 to 100 nm, given that the
changes occurring produce a local variation in either the mass density or the relative composition
of the material. Modifications in surface structure (of particles/crystallites) are also probed, via a
fractal dimension parameter and the specific surface (area per volume or gram). Thus, the
information obtained by small angle scattering is important to correlate structural changes on the
atomic scale with modifications occurring on longer scales, as probed with diffraction. Such
information is highly relevant to get a deeper understanding of the mechanisms behind hydrogen

absorption and desorption in these materials.
2. Materials and methods

Na- and Li-based fullerides were synthesized from Cgo and "LiD/NaD powders stirred in

THF. The isotopes 'Li and *H (D) were used for the sample preparation in order to obtain low



absorption and adequate signal/noise ratio in the neutron experiments. The M:Cgo ratio was 6:1
for both systems. The subsequent mixtures were transferred into quartz tubes and heated under
vacuum at 773 K (Li) and 743 K (Na), thus resulting in release of THF and desorption of D». In
order to obtain deuterium containing powders, the samples were kept under 100 bars of D> gas at
elevated temperatures for 8 hours; LisCeso at 623 K and NasCeo first at 523 K and then at 623 K.
The Li-based sample was desorbed again at 803 K. To simplify sample identification, we use the
following notation: Naz43 and Lisos for the D-free fullerides and Lis23 p, Nas23 p, Nas2s.p for the
deuterated materials (see Table 1). The as-mixed composition of LiD and Ceo is.referred to as
Limix. Solids and solvents were handled in a MBraun glove box under argon protective

atmosphere.

All samples were analyzed by PND and SANS. PND data were collected at room
temperature with the PUS diffractometer (1=1.555 A) at the JEEP.II reactor (Kjeller, Norway).*’
During the measurements, powders were loaded into 6 mm vanadium container and sealed with
indium wire. To extract information on symmetry of the formed crystalline phases and sizes of
their unit cells, either Rietveld or Le Bail refinements were performed with the FullProf Suite
program.*® The diffraction profiles were modelled with a pseudo-Voigt peak shape function and

the background was defined by interpolation between manually chosen points.

SANS experiments were also carried out at the JEEP II reactor. The q range employed in
the experiments was 0.008-0.25 Al The samples were filled in 1 mm Hellma quartz cuvettes,
which were placed onto a copper-base in the sample chamber. The space between the sample and
the detector was evacuated to reduce air scattering. For all samples it was ensured that the
transmission was sufficiently high (> 90%), to disregard multiple scattering. Standard reductions
of the scattering data, including transmission corrections, were conducted by incorporating data
collected from an empty cell, a beam without cell and blocked-beam background. The data were
transformed to an absolute scale by calculating the normalized scattered intensity from direct

beam measurements.

Synchrotron radiation powder X-ray diffraction (SR-PXD) was performed at the Swiss-
Norwegian Beamlines (SNBL, BMO1A and BM01B). The samples were contained in 0.5 mm
boronglass capillaries that were rotated during data collection to improve powder averaging.

Wavelengths of 0.50513 A and 0.80607 A were used and 2D-diffraction data were collected with



a Dexela-Perkin Elmer 2923 CMOS detector*” and a Pilatus 2M detector®. The program

Bubble®® was used to integrate the 2D diffraction images into 1D diffraction patterns.
3. Results and Discussion

3.1 Powder Neutron Diffraction (PND)

Li- and Na-intercalated fullerides along with their deuterated forms were investigated by

PND (Figure 1 and 2).

Table 1. Synthesis details and samples notation used for the studied Na- and Li-based fullerides.

system sample name synthesis details
NasCso—Dy
Nazss mixture of Cso:6NaD annealed at 743 K
Nas2s p Naz43 annealed under 100 bar of D2 at 523 K
Nae2s p Naz43 annealed under 100 bar of D2 at 623 K
LisCso—Dy
Limix untreated mixture of Ceo:6LiD
Lis2s p Limix annealed: under vacuum at 773 K, and
subsequently under 100 bar of D> at 623 K
Lisos Lis23 p desorbed at 803 K

Li-based fullerides

The PND pattern of Limix (Figure 1a) shows exclusively the Cgo phase but the cubic LiD
(Fm-3m, a = 4.07-A) s also present in the sample, as demonstrated by the laboratory powder X-
ray diffraction data (not shown here). The poor visibility of the lithium deuteride diffraction
peaksiis likely due to its low abundance in the sample (ca. 6 wt.%) and an increased intensity of
diffuse scattering resulting from presence of an amorphous component(s) in the material. The
Limix PND data were analyzed by Rietveld refinements against various Ceo structure models.?*3!
The best agreement was obtained for the disordered Ceo phase (Fm-3m) with a = 14.170(4) A,
and thus in line with published results.?!-31-2 After D-desorption at 803 K significant changes
appear in this sample (Figure 1b). The PND data show broadening of Bragg peaks for formed

phase(s) indicating poor sample crystallinity. Moreover, the significant increase of the



background intensity suggests a high contribution of amorphous component(s). The low
signal/noise ratio of the obtained data hindered proper Rietveld refinements but allowed for Le
Bail analysis. The results confirm formation of the fcc LixCeo phase, with a smaller unit cell
parameter, a = 13.99(3) A, than that of pristine Ceo. The lattice contraction is a commonly
observed behavior, resulting from the Columbic interaction between Li cations and Cep anions. It
demonstrates intercalation of Li atoms into the fullerite structure and crystallization of the LixCso
phase. Similar shrinkage of the unit cell associated with the Li-incorporation into Cgprhas been
reported for LiinCeo!”2%23 and LisCeo.'> 2! 2634 The refined lattice constant of the cubic LixCo is
comparable to values previously obtained for the same phase by PXD, a = 14.03%¢ and 14.04(2)*
A, and slightly bigger than in reported PND study, a =13.815(6) A.>! However, a closer look at
the diffraction profile of the D-free Lisos, suggests formation of anothercrystalline phase in
addition to LixCeo. This is in line with earlier reports, which reveal that the LisCso system tends
to crystallize with a minor fraction of LisCe0.2" 3% 36-37 Unfortunately, due to limited resolution of

the present PND data, this cannot be confirmed unambiguously in the Ligo3 sample.

The PND pattern of the D-containing Ligs p looks significantly different from that of
Ligos and indicates deuterium-induced structural changes (Figure 1¢). The main identified phase,
most likely LixCsoDy, constitutes 95(5) wt.% of the sample and crystallizes with a bcc atomic
arrangement (Im-3), a = 11.797(4) A. Ttis similar to compounds reported earlier for Lij2Ceo-
H(D),"*-?° and LisCeo-H(D)y.':26:34'The bce LixCsoDy crystal structure is unknown, and based on
the good quality of the Liss.p PND data, we made an attempt to perform Rietveld refinements
on our diffraction pattern. The atomic configuration of the bcc MsCeo (Im-3), M = Cs, K, Rb, was
used as a starting model.>? Atthe first stage of the analysis, the contribution of Li and/or D atoms
to the structure was neglected and the refinement was done exclusively with C atoms fully
occupying designated crystallographic sites (C; at 24g, C; at 48h;, Cs at 48h2). This approach
gave a partial agreement between observed and calculated data. However, the results indicated a
strong disorder in the Cgo lattice, as values of the atomic displacement parameters (Biso) were
high. In the next step, Li atoms were added to the model and their occupancy at tetrahedral
and/or octahedral sites were refined. A significantly worse data fit was observed for all tested
configurations, except for a model, in which Li atoms partly occupied the /2e site (ca. 8 %).
Interestingly, the agreement between observed and calculated data further improved when the

same position was shared simultaneously by both Li and D atoms, 8 vs. 92 %, respectively (final



fit in Figure 1c). Presence of lithium and/or deuterium in the Cqgo structure leads to relaxation of
the fulleride lattice, what is reflected in lower Bis, values. However, still a significant disorder
can be observed. The present refined unit cell parameter of the bcc LixCooDy, 11.797(4) A, is
slightly smaller than those reported earlier for the cubic LisCeoDy (11.85(2) A3* and 11.816(4)
A?"). The observed D-induced fcc to bee phase transition is attributed to loss of the spherical

nature of the Cso molecule that occurs at a high level of the hydrogen/deuterium
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Figure 1. Graphical representation of Rietveld refinement fits for Limix, y> = 2.97 (a) and Lie3 b,
%% = 1.60 (¢); PND profile of Lisos (b); A = 1.555 A. Vertical bars represent position of Bragg
reflections for identified phase: (a) Ceo, (b) fcc LixCeo and (€) from top: bcc LixCeoDy, LiD.

concentration in the system. Furthermore, in Lie23 p, the deuteration of LixCeo leads to a partial
deintercalation of Li atoms from the fulleride and formation of LiD (5(1) wt.%), whose Bragg
reflections reappear in the PND data (Figure 1¢). This agrees well with previous studies reported

for the LixCeo-H(D)y systems,!%-19:21, 23, 25-26, 34, 44

Na-based fullerides

One of the objectives of this work was to investigate crystal structures of Na-intercalated
fullerides based on collected PND data. Unfortunately, the poor crystallinity of formed phases,
significant abundance of amorphous component(s) in the materials and a multiphase nature of
synthesized powders made Rietveld refinements impossible and hindered phase analysis for all
Na-containing samples. For this reason, two years after preparation, all powders were re-
investigated by SR-PXD, which provided higher resolution with superior statistics compared to
PND and was thus expected to help in identification of crystalline compounds. The collected SR-
PXD data allowed to discern Bragg peaks of formed phases but also demonstrated partial

material decomposition /amorphisation (supporting information). Although, our phase analysis



provides fairly consistent results for both diffraction experiments, one cannot unambiguously
confirm that phases present in the aged powders correspond exactly to the same sample
compositions as found by PND. Nevertheless, the compounds identified by SR-PXD were used

as a reference point for the phase analysis of the PND patterns.

The PND data collected for the Nazs3 sample are more complex than previously reported
for the NaxCqo systems and suggest the presence of multiple crystalline phases. This is surprising
as literature data show that Na-incorporating fullerides, synthesized with the vapor phase
method, crystallize mainly or exclusively as a single fcc fulleride.!>*! In Nar43 coexistence of
three crystalline compounds with different symmetries can be confirmed: bem, hcp and fcc. The
latter is most commonly observed in the D-free NaxCeo.!> 17-20-22,25,30,32-33, 41 However, the
formation of a hexagonal phase has been shown in the NayCeo-H(D) system, with x > 4.2425 A
phase with monoclinic symmetry is typically present in Na4Ceo, which at RT crystallizes as a 2D
polymeric phase.?3 42> The lack of a structure model for the hexagonal phase as well as limited
resolution of the PND made the quantitative phase analysis by Rietveld refinements impossible.

However, the obtained results clearly show that the annealed mixture of Ceo and NaD (1:6 molar
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Figure 2. PND profiles of Naz43 (a), Nas»; p (b) and Nags p (¢); A= 1.555 A. Vertical bars
represent position of Bragg reflections for identified phase, from top to bottom: (a) fcc NaxCeo,
bem NaxCeso'and hcp NaxCeo; (b) bem NaxCeo, bee NaxCesoDy, hep NaxCeo, fec NaxCeoDy and NaD;;
(¢) bem NaxCeo, bee NaxCsoDy, hep NaxCeo, feec NaxCeoDy.

ratio) forms a multiphase sample with various crystalline NaxCeo structures rather than the phase-

pure cubic NaeCqo fulleride, as previously reported.!>17-22:3% On the other hand, similar to earlier



studies, the diffraction data of Naz3 do not show presence of unreacted NaD and/or metallic Na,

and thus suggesting a complete intercalation of Na into the fullerene structure.?’ 2327

The deuterium-containing samples (Nas23 p and Nae23 p) reveal differences, when
compared to the D-free powder. The phase analysis again suggests the presence of multiple
NaxCeo and/or NaxCeoDy crystalline compounds. In addition to the bem, hep and fee phases, also
present in Naz43, NaD and a new crystalline structure with a bcc atomic arrangement are
observed. The H(D)-induced crystallization of bcc NaxCsoH(D)y has already been observed in the
Na-intercalated fullerides at temperatures above 523 K and it was associated with.the reversible
fee—bee phase transition.?% 2° For the NasCso-H system, formation of the hydrogenated bcc phase
was also reported but above 593 K and under 100 bar of H».!>-!7 In Nas»3 p, deuteration of the
fulleride(s) involves formation of NaD, which takes place at the expense of the Na atoms
“leaking” from the intercalated NayCso structures. This observation is in agreement with previous

reports for the hydrogenated/deuterated NaxCeo-H(D) systems. !+ 19-21,25-26,34

The PND data of Nag23 p reveal further changes taking place in the material upon its
deuteration at higher temperatures. The phase analysis confirms presence of structures with the
same symmetries as in Nasz3 p, except'for NaD. This is similar to earlier observed processes
occurring during hydrogenation (deuteration) of NaxCeo,2% 2> where disappearance of NaD Bragg

reflections was associated with a reversible intercalation of Na atoms into the fulleride(s).
3.2 Small Angle Neutron Scattering (SANS)

Li-based fullerides

Results from SANS experiments on the Li-based fullerides are presented in Figure 3. It
can be seen that theLi-based fulleride samples scatter very well, covering more than 4 decades
in intensity. The patterns show the typical behavior of a fractal-like system, with a constant log-
log slope over nearly the entire measured q-range, as illustrated in the inset. Lis23 p containing
deuterium (red) and the desorbed Lisgos (blue) reveal a near similar scattering behavior (apart
from at the highest q, as discussed below). Thus, the nanostructures of these two samples are
quite similar. Sample Linix (green, as prepared), however, shows a different profile, with about a
factor of two lower intensity in the low-q range than the others. This indicates that the Limix

sample undergoes some nano-structural changes upon treatment.



The intensity level in the high-q limit is a measure of the amount of incoherent scattering
from the sample. Although deuterium has an incoherent signal significantly smaller than
hydrogen (ca. 1/10), its presence will contribute to the incoherent scattering. It is therefore
reasonable that Ligos presents the lowest intensity at high g, since it does not contain deuterium.
Limix and Lig23_p, which both contain deuterium, show higher intensities in that range, as
expected. Based on the values observed in the high-q limit, there is a first indication that the
amount of deuterium is somewhat less in Lis3 p than in Limix. However, one should nete thatthe
asymptotic levels of the curves have not been reached yet, and the differences in curve shapes
could also be due to a slight restructuring at the smallest scales (around 1 nm) for Lie23 p

compared to the as-mixed sample.
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Figure 3. SANS on Limix, Lis23 p, and Ligos. The inset shows the constant log-slog slope over a

large g-range, here for sample Limix with a slope of -3.65.



We employed the unified power-Rg model (Beaucage model) to analyze the SANS data
from this system. This is a shape-independent model that has been shown to give a good
representation of many systems that consist of individual particles with a certain polydispersity
that can cluster together in structures with varying overall characteristic sizes Rg.>*>° As can be
seen from equation (1) below, this basic version of this function (1-level) is the combination of a
Guinier term describing the intensity in the low-q region with Rg being the average size of the
scattering objects (G gives the overall scaling of the intensity for this term), and a power-law
term describing the scattering at mid/high-q (B gives the overall scaling of the intensity for this

term).

1(q) = G exp(-q*Rg*/3) + B {[ erf(ng/\/6) 1P /gy + bgd (1)

Here a is the power law exponent. The term bgd is a background, and "erf" is the standard error

function.

Figure 4 shows the whole pattern fitting for the various Li-composites. The bottom right
in Figure 4 is an image of the three samples, where the as-prepared sample had initially a black
color. During the absorption step the color changed from black to gray/brown (cuvette in the

middle of the inset picture), and finally, after desorption it turned black again.

The log-log slope in the low-q region is measure of the surface properties of the particles
in the sample. In all cases the slope (o) is found to be well above 3 in absolute value,
characteristic of a surface fractal system. A slope of -4 represents a fully smooth surface,
whereas values between 3 and 4 indicates a certain surface roughness. The surface fractal
dimension is-given by Ds = 6—a., so that a completely smooth surface would give a Ds equal to

2.0.

The extracted power law slope for the three samples is as follows: Limix = - 3.63, Lig23 p =
- 3.98, and Ligoz = - 3.95. All these values are representative of surface fractals. However, the as-
prepared sample (Limix) shows a rougher surface than the two others, with a surface fractal
dimension Ds = 6—a = 2.37, where the fully smooth surface would give a Ds equal to 2.0. Lis23 p
is found to have the highest slope, corresponding well with visual inspection of Figure 5. In this

case, the fractal dimension is 2.02, i.e. very close to a fully smooth surface.



The model fitting for the Limix sample results in a “particle” size of Rg =28 nm. For

sample Lig23 p, a value of Rg = 22 nm is obtained, whereas the desorbed sample, Lisos, presents a

value of Ry = 27 nm. When comparing these three samples, we notice reduction in characteristic

size (Rg) for Lis23 p compared to Limix. For Lisgos, the characteristic size returns close to the value

for Limix. The Rg-values extracted for the Li-fullerides must be interpreted with caution due to
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the absence of a fully developed low-q plateau. However, the reduction in characteristic size
when the sample is deuterated (Lis23 p), may well be an indication of fracture/disintegration of
small-sized crystallites in the sample. Based on this interpretation, a partial return to a larger

crystallite sizes likely occurs when the sample is desorbed (Ligo3).

The SANS data correlates well with the PND results described earlier in terms of a
significant difference between the as-prepared and D-absorbed/-desorbed samples. The PND data
for Lie2s p indicate formation of phases connected with the inclusion of deuterium, and the

corresponding SANS pattern shows an increase in the low-q slope, and a slight reduction in the
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characteristic size. For the D-desorbed sample of Ligos, the PND data show disappearance of the
LiD Bragg peaks, and the SANS pattern reveal a small, but clearly identified, slope reduction
compared to Lis23 p. This is equivalent to an increased surface roughness (Ds = 6-3.95 = 2.05).
During desorption of deuterium from the previously annealed samples, the incorporation of Li
into the fullerene structure is accompanied by the effect of making the crystallite surface more
rough or irregular. This change in surface morphology is possibly due to an increased local strain

near the crystallite surface.
Specific surface

In the high-q limit, the SANS intensity is proportional of the surface per volume unit

Sy:3¢
dZ/dQ g0 = 27|ApP Sv)/q* + bgd. (2)

Here Ap is the difference in scattering length density (SLD) between the material and the
surrounding matrix. In the present case the surroundings are voids. The term bgd is the
incoherent background, which depends on the specific elements present in the sample (and the
concentration). Thus, by plotting ¢* times the scattered intensity (dZ/dQQ) vs. ¢* one should obtain
a regression line (y = ax+b) by which Sv can be found from the intercept with the y-axis (and the
background from the slope of theling). The intercept b equals 27t|/Ap[* Sv, thus the specific
surface is given by Sy = b / (2&|Ap|?)=Sv has dimension cm?/cm? = cm™!, and can be converted to
specific surface Sm (cm?/g) by dividing by the specific weight pm (g/cm?®). Such an analysis was
done for a set of samples, as shown in Figure 5. Based on these results, we could obtain nominal
values for the specificsurface, as shown in Table 2. This analysis was done for the Li-based
fullerides only, sinee they showed the best statistical quality. These results indicate an increase in
the internal surface area for the deuterated sample (Lis23 p) compared to the as-prepared sample
(Limix), and a further increase for the D-desorbed powder (Ligo3). The scattering length density is
not known a priori. However, we can estimate the SLD of the sample but by utilizing an
approximate value of the specific gravity LisCeo (1.8 g/cm?, not taking into account any D
present). This results in a specific surface of Limix of 7.5¢+04 cm™! (or 4.2e+04 when measured in
cm?/g). The changes observed could be due to fracturing of the crystallites in the sample and

increase in the specific surface area after absorption of deuterium. If so, it seems that the surface



structure is not recovered, but rather progresses further when the hydrogen is desorbed (803 K).
It should be noted that the fractal exponents commented on earlier (cf. Figure 4) indicate that the
surface roughness is in any case relatively low (exponent close to -4) after deuterium loading /
desorption. Thus, although a change in roughness can in principle also contribute to the specific
surface, the main contribution to the changes in surface area shown above are likely to be
crystallite fracture and a corresponding modification in the number of crystallites per volume
unit.

Table 2. Estimated specific surfaces for the Li-based fullerides based on SANS data. *: SLD-
value uncertain since the specific volume is not known exactly.

sample intercept SLD specific surface Sv specific surface
[em™ A4 [A7] [em] [cm?/g]

Limix 1.4273e-05 5.5 e-06 7.5 e+04 4.2 et04

Lic2s o 1.5825¢e-05 5.5 e-06" 8.3 et04 4.6 e+04

Lisos 1.9483e-05 5.5 e-06" 1.02 ¢+05 5.6 et04

Na-based fullerides

The SANS data for the Na-based fullerides are presented in Figure 6. The samples show
an overall similar type of behavior, with strong scattering towards low g-values, and an intensity
covering more than 4 decades. The difference in absolute intensities observed in the low-q range
may be partly attributed:to a slight variation in effective packing density for the different powder
samples inside the sample cuvette. However, some other differences can be seen between the
samples, for example in‘the mid/high q range. This range corresponds to small length scales, on
the order of 1-10 nm. There are also weak signs of slightly reduced scattering slope at the
lowermost g-values, corresponding to larger scales, of approximately 30 nm. Furthermore, as
commented for the Li-based system, there should be a lower asymptotic level at high q for
deuterium-free samples. As expected, this is also what we observe for the Naz43 sample.

Figure 7 shows the different Na-based samples as well as the C¢o + D2 sample as
individual plots, together with their corresponding fitted model curves. We see that Nae3 p has
slightly lower power law slope, thus a rougher internal surface than the other two samples. For

the pure Ceso we find a slope closer to -4, but in fact with an absolute value slightly above 4. This
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Figure 6. SANS data from the Na-based fullerides Naz43, Nas23 p and Nas23 p, as well as the Na-

free sample Cgo + D>.

indicates a smooth surface structure, but with an interface region that is slightly diffuse, e.g. with
a non-abrupt transition between the particle and surrounding voids in terms of scattering length

density.

We.note that none of the samples presents any saturation of the intensity at low g-values.
However, there is a slight reduction of the slope in the low-q limit for some of the Na-based
samples (Naz43 and Nas23 p), indicating that we approach a characteristic size of the structures
(such an effect cannot be seen for Nae23 p or the pure Ceo + D2 sample). The Beaucage model
provides the Rg-value of 29 nm for both Naz43 and Nas»3 p. Since there is no developed plateau
in the low-q region, the fitted Rg-values are apparent sizes, representing structures within the

size window that can be probed with SANS (up to ca. 50 nm). Larger structures, e.g.
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crystallites, are surely also present in the sample. The extracted Rg-values must therefore be
interpreted with caution, but may indicate tendencies of internal changes under different loading
conditions.

The SANS data do not show any significant structural changes for Nas»>3 p as compared
to Nay4s. Both, the fractal dimension and the apparent characteristic size (Rg) are found to be
similar for these two samples. However, for the sample annealed at the highest temperature

(Nas23 p), a slight reduction in the low-q slope (o) is identified and corresponds to an increase in



the surface roughness (Ds = 6 - |a| = 2.3). This is very similar to our observations in the Li-
fullerides. When comparing with the PND data, annealing at 743 K is found to be correlated with
the disappearance of the crystalline NaD peak. It is therefore possible that the morphological
changes seen from SANS are linked to this effect, i.e. to the intercalation of Na into the fulleride,

with a corresponding increased surface roughness.
4. Conclusion

Results of SANS data analysis for Li- and Na-based fullerides indicate certain nano-
structural changes occurring with the incorporation of Li and Na into the material. The pure Ceo +
D is found to have a near smooth crystallite surface structure but with indications of a slight
variation in mass density close to the crystallite surface. However, the mixed fullerene and Li-
/Na-based materials present more rough interfaces, with surface fractal dimensions in the range
2-2.4. The PND data analysis shows disappearance of the crystalline LiD/NaD Bragg peaks after
deuterium desorption. From SANS data, this process, associated with incorporation of Li/Na into
the fullerene structure, could be linked to an increase in the crystallite surface roughness.
Furthermore, the specific internal surface of the material is found to increase after deuterium
absorption and subsequent desorption,‘and likely to result in a moderate fracturing of crystallites.
Finally, SANS measurements appear as an instructive way to follow directly the incorporation
and/or release of deuterium via the level of incoherent scattering in the high-q limit of the SANS

diagram.
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