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Abstract

The applications of resonant soft X-ray emission spectroscopy wvamiety of carbon
systems have yielded characteristic fingerprints. With héglelution monochromatized
synchrotron radiation excitation, resonant inelastic X-ray soagteas emerged as a new
source of information about electronic structure and excitation dgearn®Photon-
in/photon-out soft-x-ray spectroscopy is used to study the electfmoiperties of
fundamental materials, nanostructure, and complex hydrides andffeillpotential in-
depth understanding of chemisorption and/or physisorption mechanismsimaigéy
adsorption/desorption capacity and kinetics.



The primary challenge of using more hydrogen in our energiesys is the cost of
producing, storing, and transporting the hydrogen. Of all thesepdgnrstorage is the
most challenging task for developing the hydrogen economy. Chebaisalt solid-state
hydrogen storage methods use materials that retain hydrogem ean subsequently be
released by heating or via a chemical reaction. These systavesthe potential for
greater onboard fuel capacity than compressed gas or liquidgeydsystems. However,

they are still at an early stage of development.

The basic requirements for effective hydrogen storage inclggtesthorage capacity with
high gravimetric and volumetric densities, fast kinetics to enaplick uptake and
release, a long cycle lifetime for hydrogen adsorption/desotrpind effective heat
transfer [1,2]. The development of hydrogen-fueled vehicles and poeigisteonics will
require new materials that can store large amounts of hydrogantaent temperature
and relatively low pressures with small volume, low weight, ared kanetics for
recharging. A design target for automobile fueling (Freedom@Adgect) has been set
by the U.S. Department of Energy at 6 wt% and 9 wt% hydrogeags capacity in
2010 and 2015, respectively.

Hydrides offer the advantage of high storage densities per unit vahabeare 60%
higher than those of liquid hydrogen at 20K, and approximately sevea &bove that of
compressed gas at a pressure of 200 bar [3]. There are twohigdaite families of
intermetallic compounds: metal or interstitial hydrides and cermbpYydrides. Both metal
and complex hydrides suffer from high thermal stability (hydnog#esorption
temperature > 250°C) and/or slow kinetics, which prevent theseiatatieom practical

applications [4,5].

Our concept is to exploit the electronic properties of hydrogmage materials to gain
insight into hydrogen adsorption in metal and complex hydrides, dopimd)-defect-
induced hydrogen adsorption/desorption, combined chemisorption and physisorption
mechanism for hydrogen storage using metastable nanoporous hguaideals and
carbon nanostructures, and new classes of hydrogen storage materi@gample,

carbon nanostructured materials and metal organic framework.

Based on photon-in/photon-out soft-x-ray spectroscopy, we aim for ih-dept



understanding of the mechanisms to increase the hydrogen-stapgeity and to
improve the hydrogen-storage kinetics. Soft-x-ray absorption prohes Idcal
unoccupied electronic structure; soft-x-ray emission probes ticeupied electronic
structure; and the addition of resonant inelastic soft-x-ray scat{@&argan spectroscopy
with soft x-rays) opens a new field of study by disclosing maew possibilities for

photon-in/photon-out soft-x-ray spectroscopy [6,7].

Hydrogen storage reactions require a control of kinetics andaogeunder well-defined
temperature and pressure, which is as important as designing anam. Such an
effort requires the continual development of new experimental technigunel

methodologies. We have demonstrated the usefulness of soft-x-gospepic studies

of liquids, gases, and solid samples in a gaseous environment.

We have used the experimental equipment at beamline 7.0 at ALS) ishequipped
with a SGM monochromator with a resolving power of 4000 in the enargerof 80-
1000 eV appropriate for studying the fundamental electronic propedies
chemisorption and/or physisorption mechanisms of hydrogen storageaisa Soft x-
rays require a vacuum environment in the beamline and fluoresspaectometer. Thus,
the gaseous and liquid-phase samples will be maintained in catie ithe vacuum
chamber with windows to allow the penetration of soft x-rays. Irstiiex-ray regime,
the attenuation length of photons is typically hundreds of nanometesdmetter. The
penetration depth offers experimental opportunities not present inroeldesed
spectroscopy. This offers the possibility to study hydrides wedfin a closed volume,
such as a solid-state hydride sample exposed to hydrogen tiesssample cell. One of
major challenge for the hydrogen cell is find a suitable thimdow to be transparent for
soft x-rays and strong to maintain the pressure for hydroggstions. Currently we use

100-nm-thick silicon-nitride membrane for liquid and gas cells.

Using x-ray absorption spectroscopy (XAS) and selectivelytekck-ray emission
spectroscopy (XES) to probe unoccupied and occupied electronic states, onaldast est
a firm interpretation for the unusual thermodynamic properties @écular liquids.
Furthermore, one can elucidate finer details of their strugtuoglerties. XAS and XES

spectra reflect the local electronic structure of the varcmmormations. XES spectra,



emanating from the radiative decay, subsequent to core extjtatan be useful in

assigning structures in XAS spectra [8-11].

Chemical sensitivity is obtained when the resolution of the detected emlisss is high
enough to resolve fine structure. The line shapes are determirtbd bglence electron
distribution and the transitions are governed by dipole selection. rbtas solids,
essentially a partial DOS mapping is obtained. This is exé@atply the carbon K-edge

absorption and emission spectra of the carbon solids.

The difference in structural arrangement of these allotriops of carbon gives rise to
the wide differences in their physical properties. Carbon hasoamcanumber of 6 and
has the 12<°2p” configuration in its electronic ground states. The sp-orbital, rdi-
hybrid orbital indicate rotational symmetry. Bonds of this kind aiéed o-bonds. The
electrons involved in such bonds are calteglectrons. With double bonds in?sp
hybdrid orbitals, so-called-orbitals occur with correspondingelectrons. Such orbitals

are not symmetrical with regard to their bonding orientation.

The normal carbon K-edge x-ray and absorption and emission spectlianodnd,
graphitic carbon, ¢, Cso, and benzene are presented in Figure 1, where large differences
in spectral profile are observed. The spectra of diamond and grapdibon show a
wide band with some shoulder structures, where the energy positiotiee peak
maximum and band shapes are largely different. In some studatsdrdab vapor
deposition, the x-ray emission spectral profile has been usednasam@s to identify
certain chemical states [12,13]. In contrast, the spectra of men&s, and G, exhibit
clearly resolved emission peaks, indicating strong molecularactearin their solid
phase. The marked resolved emission features in benzene can fircbtimearpart in the
emission spectra ofggand Go, and all the fine structures are washed out in diamond and
graphite.

The x-ray absorption spectral shape of carbon nanotubes is similhat of HOPG,
which is different from that of §. Then* shows a shift towards low photon energy in
the x-ray absorption of C-nanotubesg, Gives more resolved absorption features, which
indicate a strong molecular character afp. ONon-resonant carboK-edge emission

spectra of carbon nanotubes ang €how a similar shape, but resonantly excited K-edge



emission spectra reveal large differences in the electromictgre of these two systems.
The x-ray absorption spectrum of diamond showsacontribution, and the absorption

feature at 288.8 eV is the diamond exciton.

The interaction of titanium andgEin co-evaporated Ti intercalatedsgChas been
investigated by using XAS, XES, and detuning excited XES [14,15].RTK& spectra
of Ti-Cgo are different to that of puregi(seen in Figure 2). On excitation belowy
resonance the spectra show a remarkable excitation energy degendbich has been
discussed in detail for puresg[16]. The RIXS spectra of the Tig&esample have, in
addition to a Go-like dispersing peak, a feature at constant emission energyda@a7-
279 eV. The dispersion properties in the RIXS spectra of thel$&nple can thus be
used to assign the states that are reached at the various excitatiorsemaegaispersing
Ceolike feature is associated with excitations to thg €*-like strong absorption
resonance, whereas the non-dispersive feature is due to excitatibwesfirst metal-like

states just above the Fermi level.

Note that these states, which can hardly be observed in direatptdss, give an
essential contribution to the RIXS spectra, and thus, informationt aheucarbon-
titanium bonding. By examining the threshold-excited RIXS spectra of thg,BaGple,
the symmetry of the first unoccupied orbitals can now be readigrrdeted. The G-
like dispersing feature is indicative of-like symmetry. The g n* orbital largely
retains its character as it hybridizes with the metal alshitOn the other hand, it is
immediately obvious that the non-dispersing feature at 277-279 e\siemisnergy
cannot be due to excitations of the same symmetry. Instegglatthief the spectrum can
be explained by assuming that the first unoccupied states lrdilad symmetry.

Hydrogen strongly affects the electronic and structural ptiggeof many materials. In
terms of electronic structure, the proton acts as an attrgmiemtial to the host metal
electrons; electronic bands are lowered in energy and form yiog-lbands by
hybridization with the hydrogen band. The change of electronic gteueind energy
bandgap as a result of hydrogen adsorption/desorption was demonstrétedtiudy of
metal hydrides [17,18]. For example, the photographs in Figure 3(top)tekdwyehavior
of a 500-nm-thick yttrium film covered with a 20-nm palladium laji&]. The yttrium



film before hydrogenation (top left) is metallic and all gh®tons in the visible range are
reflected. The mirror image of the knight is clearly visible. Tia after hydrogen
uptake (top right) is in the trihydride phase and has become transzwown by the
visibility of the chess-board pattern. The hydrogenation can be tooé@rsy means of
soft-x-ray spectroscopy. Figure 3(bottom) shows th&l%- x-ray fluorescence and
absorption spectra from Y, YiHand YH. We can see the metallic character of yttrium,
i.e., the finite density of states at the intersection of thé-xsay emission and
absorption spectra (Fermi level). For X Hiybridization states appear at binding energy
of 7 eV and a finite density of states remains at the Fawei.IFor YH, a 2.5-eV band
gap has opened up, which indicated the MIT from yttrium metal tiytttri-hydride. In
one of the experiments performed earlier, a pressure of 100-@rasisealed in a $his-

windowed cell [17].

In summary, we have demonstrated utilization of soft-x-ray spsipy as a unique
method for studying the fundamental electronic properties and istigtion and/or
physisorption mechanisms of hydrogen storage materials. Mostheof proposed
experiments are very photon hungry and thus require the uséger@ration soft-x-ray
synchrotron radiation facility such as the ALS. Considerable safrggdom is offered,
and adsorbates, thin films, solids, and buried structures can be stuttezhd without

the presence of a hydrogen atmosphere.
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Figure 1

(a) CK-edge emission spectra (b) CK-edge absorption spectra
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Figure 1. (a) Normal carbon K-edge emission spectra of diamond, amorphous carbon
(graphitic), Go, Gso, and benzene; (b) X-ray absorption spectragef €arbon nanotubes,
HOPG, and diamond.



Figure 2
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Figure 2. Experimental and theoretical RIXS spectrasg{lGwer left) and the Ti-g
(lower right) are recorded at selected excitations near tesonance (284.5 eV) and
below. XAS absorption spectra are at top with arrows indicating the esgati



Figure 3
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Figure 3. The yttrium film is mirror before hydrogenation (top left) amcbimes

transparent after loaded with hydrogen (top right) [Huiberts et al. Na@9&];1Soft-x-

ray spectra map the occupied and unoccupied electronic structure and show metal and
insulator transitions of Y hydrides (bottom).



