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Metal hydrides are potential candidates for applications in hydrogen-related technologies, such as
energy storage, hydrogen compression, and hydrogen sensing, to name just a few. However, understanding
the electronic structure and chemical environment of hydrogen within them remains a key challenge. This
work presents a new analytical pathway to explore these aspects in technologically relevant systems using
hard x-ray photoelectron spectroscopy (HAXPES) on thin films of two prototypical metal dihydrides:
YH2−δ and TiH2−δ . By taking advantage of the tunability of synchrotron radiation, a nondestructive depth
profile of the chemical states is obtained using core-level spectra. Combining experimental valence-band
(VB) spectra collected at varying photon energies with theoretical insights from density functional theory
(DFT) calculations, a description of the bonding nature and the role of d versus sp contributions to states
near the Fermi energy are provided. Moreover, a reliable determination of the enthalpy of formation is
proposed by using experimental values of the energy position of metal s-band features close to the Fermi
energy in the HAXPES VB spectra.

DOI: 10.1103/PRXEnergy.3.013003

I. INTRODUCTION

Metal hydrides are studied due to their potential in
various energy-related applications, such as energy stor-
age [1–3], hydrogen compression [3], hydrogen separation
membranes [4], smart windows [5], and hydrogen sens-
ing [6]. The most successful application is still its use as
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an electrode in metal-hydride batteries [2]. Essential fea-
tures of metal hydrides are the reversibility of hydrogen
absorption, the tunable absorption, and a volumetric hydro-
gen density higher than that of compressed or liquefied
hydrogen. In addition, the development of thin-film optical
hydrogen sensors relies on the change in optical properties
on absorption [5,7,8]. These properties are heavily dictated
by their thermodynamic behavior and, by extension, their
electronic structure. Therefore, a fundamental understand-
ing of the electron interaction between hydrogen and the
metal atoms at a local atomic level is of utmost importance
for the optimization of their properties.

Identifying the electronic character and the chemical
environment of hydrogen in metal hydrides remains a
key challenge in research focused on energy materials,
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catalysis, and gas-storage technology. Longstanding ques-
tions remain over (i) whether hydrides should be con-
sidered as predominantly ionic or covalent and (ii) the
location of hydrogen-derived states in the d band of the
metal or in the energy gap of the corresponding oxides [9].
Moreover, the strength and stability of the metal-hydrogen
bond, as influenced by the possible formation and/or coex-
istence of other phases (e.g., oxides and hydroxides),
defects, and by long-range diffusion of hydrogen atoms
over the hydride thickness, is an essential parameter to be
characterized and controlled.

Hydrogen presents a formidable challenge for many
characterization techniques, with very few having sensitiv-
ity to its chemical states and bonding or being able to detect
hydrogen-induced modifications on the electronic states
directly [10,11]. One such technique is photoelectron spec-
troscopy (PES), which also has the added value of being
nondestructive [12]. PES is frequently regarded as being
“blind” to hydrogen, given that it has one electron and
no available core line needed for chemical-state analysis.
However, this is misleading, as the effect of hydrogen can
be observed in the core levels of elements that are bonded
with hydrogen. This has enabled PES-based studies to cap-
ture many relevant characteristics of metal hydrides to
date [9,13–26]. Observations include (i) their high sur-
face reactivity and formation of detrimental stable intrinsic
oxides (influencing their catalytic properties) [16] and (ii)
the changes in the electronic character of the extended
valence states upon formation of the hydrides [influencing
their (semi)metallic or semiconducting behavior] [13,18].
However, these results are predominantly obtained with
highly surface-sensitive methods, including ultraviolet or
soft x-ray electron emission excitation. As metal hydrides
are extremely reactive, with their surfaces prone to oxi-
dation under ambient conditions, it is challenging to dis-
entangle the contribution from surface overlayers from
those intrinsic to the hydride itself. A precise quantitative
determination of both the thickness-dependent composi-
tion of surface oxides, hydroxides, and/or hydrides and
the concentration and/or gradient of hydrogen-related fea-
tures remains challenging, leaving significant uncertainties
in the understanding of hydrides both experimentally and
theoretically.

Synchrotron-based PES, particularly hard x-ray photo-
electron spectroscopy (HAXPES), provides tunability of
the photon energy, enabling access to a range of photon
energies within the hard-x-ray regime. This allows for both
the probing depth and the photoionization cross sections to
be manipulated, with the latter enhancing the sensitivity to
specific orbital states [27–34]. Regarding the application
of HAXPES to metal dihydrides, the increase in prob-
ing depth with HAXPES over traditional soft x-ray PES
enables the study of truly bulklike hydrides, as the con-
tribution from the surface, which is expected to be metal
oxide rich, is minimized. The probing-depth advantage

also removes constraints on the samples, as past stud-
ies using soft-x-ray PES have often needed samples to
be cleaved or grown in situ to avoid surface oxidation.
HAXPES is well suited for measuring realistic and tech-
nologically relevant samples with no surface preparation,
as in the present case, where thin films of prototypi-
cal metal hydrides have been grown ex situ on specific
substrates.

This work exploits the bulk sensitivity of HAXPES to
probe the electronic structure of metal-hydrogen states of
two technologically relevant metal dihydrides: titanium
dihydride (TiH2−δ) and yttrium dihydride (YH2−δ). By
exploiting photon-energy-dependent core-level analysis,
pure-hydride states can be disentangled from oxide and
hydroxide species and a nondestructive depth profile of the
chemical states is obtained. Analysis of the valence-band
(VB) spectra and comparison to theoretical models from
density functional theory (DFT) allows the identification
of metal-hydrogen states, as well as the specific contribu-
tion of metal d versus sp states near the Fermi energy (EF ).
Moreover, this work discusses the empirical model pro-
posed by Griessen and Driessen [35], which correlated the
enthalpy of formation (�Hf ) of metal dihydrides with a
characteristic energy of the electronic structure of the host
metal. Here, their model is extended and it is shown that
the �Hf of metal dihydrides can be directly extracted from
their HAXPES VB spectra.

II. METHODS

A. Synthesis

YH2−δ and TiH2−δ thin films with a thickness of approx-
imately 200 nm were prepared by reactive magnetron sput-
tering of a 2-in. metal target (MaTeck Germany, 99.99%
purity) in an Ar-H2 atmosphere. Before deposition, the
chamber was kept at a base pressure below 1 × 10−6

mbar. During deposition, two independent mass-flow con-
trollers were used to define the composition of the gas
mixture while the total deposition pressure was set to
3 × 10−3 mbar by means of a reducing valve mounted
at the inlet of the pumping stage. An Ar:H2 gas ratio of
7:1 and 7:2 was used for the deposition of the YH2−δ and
TiH2−δ films, respectively. In both cases, plasma excita-
tion was sustained with a total power of 200 W, supplied
as direct current. All samples were grown on p-doped
< 100 > Si substrates without active heating and stored
under an argon environment in a sealed container until the
measurements were commenced.

B. Characterization methods

Energy-dependent HAXPES experiments were con-
ducted at the HAXPES end station of Beamline P22 at
PETRA III (DESY, Hamburg, Germany) [36]. All sam-
ples were prepared within an argon-filled glove box and
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mounted on adhesive carbon tape. The samples were trans-
ferred into the HAXPES end station under an argon atmo-
sphere to avoid exposure to air. Four photon energies were
used—2.4106, 3.2691, 6.0054, and 7.2310 keV: these are
referred to as 2.4, 3.3, 6.0, and 7.2 keV throughout the
paper for simplicity. For all energies, a Si(111) double-
crystal monochromator (DCM) was used and the follow-
ing post-channel-cut monochromators were employed to
achieve the final energy resolutions: Si(220) at 3.3 keV and
Si(333) at 6.0 and 7.2 keV. No post-channel-cut monochro-
mator was used at 2.4 keV. The achieved total energy res-
olutions as determined from taking the 16% to 84% width
(the 16/84% method) of the Fermi edge of a polycrystalline
gold-foil reference (for the Fermi edge spectra, see Sec. I of
the Supplemental Material [37]) were 280 meV (2.4 keV),
243 meV (3.3 keV), 242 meV (6.0 keV), and 202 meV
(7.2 keV). The error associated with these resolution values
is ±20 meV owing to the errors associated with using the
16/84% method. The measurements were conducted with
an x-ray incidence angle of 15◦ and near-normal emission
geometry and the core-level and VB spectra were collected
at a pass energy of 30 eV and a step size of 50 meV. The
end station is equipped with a SPECS Phoibos 225HV ana-
lyzer, providing a ±30◦-wide acceptance angle, and a high
dynamic range delay-line electron detector. The base pres-
sure of the end station is 5 × 10−10 mbar. The core-level
and VB spectra were aligned to the intrinsic EF of the
sample. The core-level spectra were normalized to their
respective areas, while the VB spectra were normalized to
the area of the metal-hydride states adjacent to EF . The
spectral areas were determined in both cases after remov-
ing a Shirley-type background. The error associated with
the quoted binding energy (BE) values of the core lines is
±0.2 eV, which accounts for both the total energy resolu-
tion of the measurements and the inherent error associated
with peak-fit analysis. The error associated with quoted rel-
ative atomic percentages is ±0.5 at.%, owing to the error
associated with peak-fit analysis. HAXPES measurements
on Ti and Y metal foils were conducted at Beamline I09 of
the Diamond Light Source (Harwell, UK). Details of these
measurements can be found in Sec. II of the Supplemental
Material [37].

C. Theoretical methods

Density functional theory (DFT) [38,39] calculations
were performed using the CASTEP software package [40].
The calculations employed the Perdew-Burke-Ernzerhof
(PBE) exchange-correlation functional [41] and norm-
conserving pseudopotentials with 12 (11) valence elec-
trons for Ti (Y), using a kinetic energy cutoff of 1100 eV.
The calculations employed Monkhorst-Pack [42] k-point
grids of 3 × 3 × 3 for TiH2, 3 × 3 × 4 for TiO2, 2 × 2 × 1
for Ti2O3, 6 × 6 × 6 for YH2, and 2 × 2 × 2 for Y2O3,
while the projected densities of states (PDOS) for TiH2,

YH2 and TiO2 were calculated on a finer 12 × 12 × 12 k-
point grid and the PDOS for Ti2O3 was calculated on a
6 × 6 × 2 k-point grid. The k-point grid for Y2O3 was kept
the same for the PDOS calculation. PDOS calculations
were also performed using the hybrid PBE0 functional
[43] for the Ti-containing structures. The equivalent cal-
culations for YH2 and Y2O3 were prohibitively expensive
due to the larger unit-cell sizes. The cubic crystal structure
was used for the calculations for both TiH2 and YH2. An
additional calculation was performed using the tetragonal
crystal structure for TiH2 and very minor differences are
observed compared to the calculations with the cubic crys-
tal structure (for a comparison between the PDOS spectra
of TiH2 using the cubic and tetragonal crystal structures,
see Sec. III of the Supplemental Material [37]). There-
fore, only the results from the calculations using the cubic
structure will be discussed in this work. For all structures,
both the atomic coordinates and cells were relaxed, impos-
ing symmetry and using a maximum force tolerance of
0.02 eV/Å. The PDOS, atomic charges, and bond (over-
lap) populations were calculated using a Mulliken-based
approach [44–46], while the atomic charges were also
calculated using both Hirshfeld [47] and Bader [48,49]
population-analysis approaches for comparison. We note
that the spilling parameter for all systems was below 0.2%,
indicating that the atomic orbital basis set used to per-
form the projection was reasonably complete. Nonetheless,
there are inherent uncertainties in projecting delocalized
orbitals onto an atomic basis set, which also tend to be
more severe for metallic systems, resulting in negative
contributions to the PDOS, which are visible in the sum
of the cross-section-weighted PDOS and the difference
plots shown in Fig. 2. Gaussian smearing of 0.24 and
0.20 eV was applied to the PDOS to match the experimen-
tal broadening when measuring at 3.3 keV and 7.2 keV,
respectively. For a tabulation of the lattice parameters of
the relaxed structures, see Sec. IV of the Supplemental
Material [37].

Postprocessing was performed using OptaDOS [50].
The PDOS was further processed by applying Scofield
photoionization cross-section weighting factors [51,52] to
each projected state and then aligning the PDOS to the
theoretically calculated EF . This provides a better com-
parison to the experiment and the PDOS were summed to
generate a simulated spectrum (for the unweighted PDOS
spectra, see Sec. V of the Supplemental Material [37]).
The GALORE software package [53] was used to inter-
polate the Scofield cross-section tabulated data [51,52]
to determine the one-electron-corrected photoionization
cross sections at the 3.3- and 7.2-keV photon excita-
tion energies. The occupied Y 5s–Ti 4s and Y 4d–Y 3d
one-electron-corrected photoionization cross sections were
used to weight the s and d PDOS for Y-Ti. Given that the
material system is metallic, it would be expected that p-
conduction-band states (i.e., Y 5p–Ti 4p) would be pulled
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a

b

c

FIG. 1. The chemical states and the probing depth. (a),(b) Annotated core-level spectra of (a) YH2−δ (Y 3d) and (b) TiH2−δ (Ti 2p),
respectively, as a function of the photon energy. The spectra are normalized to their respective areas (after removing a Shirley-type
background) and plotted on a calibrated BE scale. An indication of the percentage split between the hydride (denoted as TiH2−δ or
YH2−δ) and nonhydride (denoted as Ti—O or Y—O for simplicity) contributions as determined from peak-fit analysis is included
adjacent to the legends. The shaded regions in (b) containing an asterisk correspond to areas where additional lower-valence-state
metal-oxide environments are present. (c) Estimation of the probing depth and the oxide-layer thickness. The evolution of the hydride
intensity as a function of the information depth (black axes) of the respective core-level kinetic energies [integrating over 95% of the
depth-distribution function (DDF)] for TiH2−δ and YH2−δ . The solid lines show the DDF curves plotted as a function of the depth
(red axes) and the data points represent the percentage contribution of the hydride components to the total spectral area determined
from the Y 3d, Ti 2p , and Ti 1s core-level spectra. Both depth axes—depth and information depth—are plotted on the same scale for
ease of analysis. The horizontal shaded regions separated by dashed gray guidelines represent the estimated maximum oxide overlayer
thickness, doxide. This value was determined using the DDF derived from the core-level spectra collected at hν = 7.2 keV. The oxide
thicknesses were estimated to be 8.2 ± 2 and 18.4 ± 2 nm for TiH2−δ and YH2−δ , respectively.

below the EF and be responsible for the p-state contribu-
tion observed in the VB rather than the occupied Y 4p–Ti
3p shallow core-level states. As no photoionization cross
sections are available for unoccupied states, the respec-
tive p one-electron-corrected cross sections were estimated

by dividing the s-orbital cross section by a factor of 2
[32,54]. The one-electron-corrected photoionization cross-
section values used to weight the PDOS at both the 3.3-
and 7.2-keV photon energies are tabulated in Section VI of
the Supplemental Material [37].
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III. RESULTS AND DISCUSSION

A. Analysis of chemical states and probing depth

The Y 3d and Ti 2p core levels collected at photon ener-
gies of 2.4, 3.3, 6.0, and 7.2 keV provide a nondestructive
depth profile of the chemical states present in the metal-
hydride films. The collected survey spectra, as well as
additional core levels (O 1s, Y 3p , and C 1s) and the deep
Ti 1s core level, can be found in Secs. VII, VIII, and IX of
the Supplemental Material [37], respectively. The survey
spectra of both samples show all the expected elements,
with dominant signals coming from Ti—Y. A significant

oxygen signal is also detected, owing to the unavoidable
surface oxidation in realistic technologically relevant sam-
ples. Both YH2−δ and TiH2−δ films display a minor signal
from carbon, which decreases in intensity with increas-
ing photon energy, suggesting that it is constrained to the
surface of the sample. Fluorine is also detected for YH2−δ

only and this stems from the synthesis route.
Figures 1(a) and 1(b) display the Y 3d and Ti 2p core-

level spectra collected as a function of the photon energy
for the YH2−δ and TiH2−δ films, respectively. The spectra
are normalized to their respective spectral areas. In both
cases, a clear evolution of the relative peak intensities is

a b

c d

FIG. 2. The electronic structure of YH2−δ and TiH2−δ . VB spectra collected at 3.3 and 7.2 keV are presented for (a) YH2−δ and (b)
TiH2−δ . These spectra are normalized to the total area of features I and II adjacent to the EF . (c), (d) Magnified views of the density
of states (DOS) adjacent to the EF , along with a direct comparison with the total photoionization cross-section-weighted PDOS for (c)
TiH2 and (d) YH2, calculated with PBE (i.e., the sum of all PDOS). Underneath the main panels of (c) and (d) are the PDOS differences
between the d and sp states when cross-section weighted at photon energies of 3.3 and 7.2 keV. Parts (a)–(d) are all plotted on the
same y-axis scale but note the different x-axis scales. The PDOS differences at the bottom of panels (c) and (d) are plotted on a ×2
magnified y-axis scale compared to the main-panel y-axis scale.
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observed, with the lowest BE peak gaining more inten-
sity as the photon energy increases, i.e., for larger probing
depths [55]. This peak arises from the pure-metal–hydride
states M—H, where M = Ti or Y. In good agreement with
values previously reported in the literature for TiH2 and
YH2 [9,19,56–58], the metal-hydride features appear at
BEs of 156.4 eV for YH2−δ (Y 3d5/2) and 454.3 eV for
TiH2−δ (Ti 2p3/2), both determined from peak-fit analysis
of the spectra collected at 7.2 keV. These BE positions are
higher than the expected BE positions of the pure-metal
chemical states, which for Y and Ti metal are reported on
average at 155.7 [9,19] and 453.9 eV [59,60], respectively.
In a comparative study by Hayoz et al., a +0.4 eV BE shift
is observed for yttrium dihydride relative to hydrogen-
free yttrium metal due to the electronic charge transfer
from yttrium to hydrogen [19]. Additionally, they report
that a shift of +1.5 eV from the pure metal represents a
yttrium trihydride chemical state, while Riesterer reports
a +0.5 eV shift for TiH1.9 relative to the pure Ti metal
[18]. Given the existing literature and the fact that the
present samples were fabricated under a constant Ar:H2
gas ratio, it is clear that only metal dihydride chemical
states are present, with both the pure-metal and higher-
hydride species being absent from the spectra. A compi-
lation of selected Ti 2p3/2 and Y 3d5/2 BE values reported
in the literature for both Ti and Y in their metal, hydride,
oxide, and hydroxide states can be found in Sec. X of the
Supplemental Material [37]. Additionally, all spectra con-
sistently show an asymmetric line shape for the dihydride
states, as due to the metallic character and large popula-
tion of states near the EF of the hydrides, shake-up-like
events occurring during electron core-level emission result
in a higher BE tailing of the photoemission peak [61]. The
asymmetric character was taken into account during the
peak-fit analysis of the spectra as detailed in Sec. XI of the
Supplemental Material [37].

Given that no in situ surface preparation was performed
on the films, metal-oxide chemical states at higher BEs
are expected as oxygen strongly interacts with hydrides,
replacing hydrogen on the surface and forming an oxide
overlayer. The hydrides studied here were deposited in the
same manner as the samples detailed in Ref. [62] but with-
out a palladium capping layer. In this reference, Rutherford
back-scattering spectroscopy (RBS) measurements were
performed and showed no traces of oxygen (i.e., below
the detection limit of the technique) within the bulk or
surface of the metal dihydride films. Therefore, the oxide
found on the surface of these samples results from postde-
position oxidation rather than being due to any intrinsic
oxygen incorporated during deposition. Due to the high
reactivity of the hydrides, it can be assumed that the pres-
ence of residual oxygen present in either the load lock of
the deposition chamber or the argon-filled transport setup
is sufficient to lead to surface oxidation. To confirm this
hypothesis, air-exposure tests were performed.

After the initial measurements, which will be referred
to in the remaining discussion as “argon-transferred,” the
samples were exposed to air for a short initial period
(2 h) followed by long-term exposure (1 month). After
both instances of air exposure, the samples were remea-
sured using the same photon energy (7.2 keV) and optics
setup. A comparison of both the Ti 2p and Y 3d spec-
tra collected without exposure to air and after both air-
exposure time scales can be viewed in Sec. XII of the
Supplemental Material [37]. The spectra appear almost
identical across all measurements despite the significant
air exposure. Assuming that the samples are homoge-
neous across the entire surface, the hydride-to-oxide peak
intensities remain consistent over time, with only a slight
decrease in the M—H signal intensity observed after exten-
sive air exposure (less than 5 rel. at.% decrease in the
hydride/(hydride + nonhydride) signal intensity between
the argon-transferred and 1 month air-exposed spectra).
The lack of significant change indicates that a stable pas-
sive oxide layer was already present in the samples after
transporting them under argon before the initial HAXPES
measurements, covering the sample surface and protecting
the metal-hydride bulk.

The Y 3d spectra displayed in Fig. 1(a) show two
chemical environments in addition to the metal-hydride
state. First, there is an intense yttrium oxide feature (i.e.,
Y2O3-like), labeled as Y(III)-O, with the Y 3d5/2 peak
at 157.5 eV (determined from the peak-fit analysis of the
spectrum collected at 2.4 keV), agreeing with past reported
values of the same chemical environment [63,64]. Sec-
ond, there is a minor metal-hydroxide environment at even
higher BEs, labeled as Y—OH. Such high-BE Y states
are often attributed to metal hydroxide, other hydroxylated
species, and metal carbonates [65,66]. As the C 1s core-
level spectra show no detectable evidence of carbonate
states and the O 1s spectra show a clear hydroxide feature
on the higher-BE side of the main metal-oxide signal (for
the C 1s and O 1s spectra, see Sec. VIII of the Supplemen-
tal Material [37]), it is clear that in the present case, the
features in the Y core level arise from hydroxide species.

From peak-fit analysis of the Y 3d spectra, the metal-
hydride contribution to the total spectral area was deter-
mined, with bar charts representing this ratio displayed
adjacent to the legend in Fig. 1(a). The ratio was deter-
mined by comparing the raw spectral areas of the Y 3d5/2
peaks of each environment (i.e., without any escape-depth
correction). Details regarding the methods used to peak
fit the Y 3d core level can be found in Sec. XI of the
Supplemental Material [37]. Due to the chemical shift
between the hydride and all other chemical states, as well
as the depth sensitivity of HAXPES, it is possible to
disentangle the contributions from the bulk hydride and
oxide overlayer, with the hydride contribution increasing
while the oxide contribution reduces with increasing pho-
ton energy. Although a greater probing depth is provided
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with increasing photon energy, oxygen-containing envi-
ronments always dominate, with the hydride contribution
increasing from 9.5 to 32.0 rel. at.% when going from 2.4
to 7.2 keV photon energy. This suggests that a thick oxide
overlayer is present and this observation will be discussed
further toward the end of this section.

The Ti 2p spectra displayed in Fig. 1(b) are simi-
larly complex, owing to the mixture of both hydride and
oxide environments. The main peak close to the cen-
ter of the spectra is attributed to titanium oxide in the
+4 oxidation state (i.e., TiO2-like) [60,67,68], labeled as
Ti(IV)—O, with the doublet assigned to this environment
appearing at BEs of 459.3 (2p3/2) and 465.0 eV (2p1/2),
determined from the peak-fit analysis of the spectrum col-
lected at 7.2 keV. Peak-fit analysis reveals the presence of
additional lower-valence-state metal-oxide environments,
which are labeled in Fig. 1(b) with an asterisk, appearing
on the lower-BE side of the main Ti(IV)—O core lines
[67,69]. As used for the Y 3d spectra, bar charts repre-
senting the hydride-to-nonhydride composition from peak
fits of the Ti 2p3/2 lines are placed adjacent to the legend.
Comparing the two systems, a significantly greater metal-
hydride contribution to the total signal was detected for the
TiH2−δ sample. The Ti dihydride contribution at 2.4 keV
(29.2 rel. at.%) almost matches the value obtained for Y
dihydride at 7.2 keV. This rises to 52.9 rel. at.% when mea-
sured at a photon energy of 7.2 keV. Details regarding the
methods used to peak fit the Ti 2p core level can be found
in Sec. XI of the Supplemental Material [37]. The high-BE
Ti 1s core level collected at 6.0 and 7.2 keV corroborates
these findings (for the Ti 1s spectra and the peak fitting and
analysis, see Secs. IX and XI of the Supplemental Material
[37], respectively).

From the qualitative analysis of the core-level spectra
collected as a function of the photon energy, the layer
sequence of the hydride films and their overlayers becomes
clear, as indicated in the bar charts in Figs. 1(a) and 1(b).
Taking the depth information provided by HAXPES a step
further, Fig. 1(c) offers a quantitative estimate of the oxide
thickness as extracted from the Ti 2p and Y 3d core-level
spectra using a depth-distribution function (DDF). The
DDF estimates the probability of a photoelectron leaving
the surface of a material having originated from a given
depth measured normally from the surface. To calculate
the DDF, the approach taken by Berens et al. was followed
[70]. This approach is based on a bilayer, whereby the
metal hydride is the bottom layer, which is covered by a
homogeneous oxide overlayer. The required input parame-
ters to the DDF are (a) the inelastic mean free path (IMFP)
of the photoelectrons originating from their respective lay-
ers and travelling through their respective materials, (b) the
number densities of both layers, and (c) an estimate of the
percentage of the signal originating from each layer. Two
assumptions have had to be made for calculating the DDF,
namely (i) that the hydrides are stoichiometric TiH2 and

YH2 and (ii) that the metal-oxide overlayer is composed
of the highest-valence oxidation state only (i.e., TiO2 and
Y2O) and all nonhydride contributions to the spectral area
are grouped together to represent the metal oxide. The
relativistic IMFP was calculated using the TPP-2M predic-
tive formula embedded in the QUASES-IMFP-TPP2M Ver. 3.0
software package [71]. The software already had TiO2 and
Y2O3 within its database but not the metal dihydrides and
so the hydrides were entered into the software as new mate-
rials. A full description of the methodology, input values,
approximations, and assumptions used for calculating the
DDF can be found in Sec. XIII of the Supplemental Mate-
rial [37]. The DDF was calculated at each photon energy,
with the DDF for 7.2 keV displayed in Fig. 1(c) and used
to estimate the oxide overlayer thickness. The value of
7.2 keV was selected on the basis that the hydride and non-
hydride environments within the core-level spectra mea-
sured at this photon energy were better resolved than the
spectra collected at lower photon energies, thereby reduc-
ing the error associated with the calculation. Figure 1(c)
shows an increase in the metal-hydride contribution as the
probing depth increases. The discontinuity in the DDF is
due to the hydride and oxide having different bulk den-
sities and atomic masses (i.e., number densities). At each
photon energy, the information depth of the Y 3d and Ti
2p electrons was determined by integrating the area under
the bilayer DDF curve and finding the depth that equated to
95% of the total area. This value is reported on the y axis of
the graph. The x axis is the hydride/(hydride + nonhydride)
composition.

From the 7.2-keV-derived DDF, the maximum
oxide-layer thickness can be estimated as 8.2 ± 2 and
18.4 ± 2 nm for TiH2−δ and YH2−δ , respectively, as
schematically shown from the 3D blocks on the left and
right sides that describe the sample structure. This thick-
ness was determined by finding the information depth of
the discontinuity of the DDFs, which signifies the inter-
face of the oxide-hydride bilayer. The difference in oxide
thickness is related to differences in the oxygen solubility
and oxygen diffusivity of the two bulk hydrides, which are
directly influenced by the metal [72,73]. Previous reports
show that Ti has a low oxygen diffusivity and a high
oxygen solubility, while the opposite is true for Y [73].
This translates to a greater diffusion length of oxygen
in Y compared to Ti, leading to a significantly thicker
oxide layer to form on YH2−δ . This will considerably
influence the behavior of these two metal hydrides in appli-
cations and native-oxide overlayer thicknesses should be
considered when comparing the performance of different
metal-hydride samples.

B. Electronic structure and bond nature

Analysis of the core states and observation of the depth
distribution of hydride versus nonhydride chemical states
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promises the possibility of also observing metal-hydride
states in the VB and, in particular, close to the EF . It is
important to emphasize that the analysis of VB spectra
in solids is complex. While core-level BEs are well sep-
arated for different chemical species and oxidation states,
valence states are superimposed and weighted with both
depth sensitivity and photoionization cross sections [74].
Figures 2(a) and 2(b) display the VB spectra of the YH2−δ

and TiH2−δ films, respectively, collected at photon ener-
gies of 3.3 and 7.2 keV (VB spectra and shallow core-level
spectra collected at all four-photon energies are included
in Secs. XIV and XV of the Supplemental Material [37],
respectively). The spectra are normalized to the spectral
area of features I and II. They show several clearly identi-
fiable features, including (I) 0.4, (II) 0.8, (III) 5.5, (IV) 6.8,
and (V) 10.5 eV for YH2−δ and (I) 0.8, (II) 2.0, (III) 6.4,
(IV) 8.3, and (V) 10.2 eV for TiH2−δ . By combining the
photon-energy-dependent experimental spectra with cross-
section-weighted projected density of states (PDOS) calcu-
lations (for the 3.3- and 7.2-keV-weighted PDOS spectra,
see Secs. XVI and XVII of the Supplemental Material [37],
respectively), it is possible to disentangle the individual
orbital contributions to these features.

Starting with YH2−δ shown in Fig. 2(a), the spectra
are in good agreement with past experimental VB spec-
tra collected by Fujimori and Schlapbach for YH2.1 (hν =
1253.6 eV (Mg Kα) [9] and by Weaver et al. for YH2
(hν = 18 − 35 eV) [13]. Notably, we observe a density
of states (DOS) adjacent to EF (in the BE region up to
2.0 eV) similar to the aforementioned studies. Fujimori
and Schlapbach identified two main features at 5.5 eV and
within 2.0 eV of the EF , attributing them to a hydrogen-
induced band and the Y 4d1 conduction band, respectively
[9]. In the present case, the core-level spectra show that
metal-oxide states will also contribute to the VB spec-
tra. However, features I and II can unequivocally be
assigned to yttrium hydride states, as (i) yttrium oxide has
a band gap of approximately 5.6 eV and therefore does not
have any states in this BE region [25,75–78] and (ii) the
core-level spectra exclude the presence of yttrium metal.
Weaver et al. highlight that if such features are present in
the VB spectrum, then this is further evidence of a metal
dihydride specifically rather than a mono- or trihydride
system [14,79].

The higher-BE features III and IV in the YH2−δ spec-
tra have contributions from both the metal hydride [9,13]
and metal-oxide states [17]. Given that features I and II are
metal hydride related and that the VB spectra are normal-
ized to these features, the clear decrease of both features
III and IV with higher photon energies agrees with the
expected decrease of the surface metal-oxide contribu-
tion upon increasing information depth. Feature V is not
described by the PDOS for either the metal hydride or
the corresponding oxide but is commensurate with surface
hydroxyl groups. This also agreed with the observation of

a minor Y—OH environment in the Y 3d core level [see
Fig. 1(a)]. Furthermore, alternative explanations in the lit-
erature include surface states [80], yttrium-hydrogen [81],
or yttrium-carbon [82] contributions. The cross-section-
weighted PDOS of the metal oxides can also be found in
Secs. XVI and XVII of the Supplemental Material [37].

In parallel to the analysis of YH2−δ , TiH2−δ has a sim-
ilar VB structure, as shown in Fig. 2(b). Features I and II
can again be attributed solely to titanium hydride–derived
bands, owing to the approximately 3.0 eV band gap of
TiO2 [83]. The presence of such features as highlighted
by Weaver et al. also confirms that a titanium dihydride
system is present. It is noted that the BE-region width
encompassing features I and II is approximately 1 eV
larger for TiH2−δ compared to YH2−δ . This widening is
thought to stem from the difference in the valence state of
the two hydrides, with TiH2−δ being tetravalent and YH2−δ

being trivalent [79]. Weaver et al. observed the same trend
when comparing the width of states that fall near EF for
YH1.98 and ThH1.91, with the latter being tetravalent, sim-
ilarly to TiH2−δ in our case [79]. It is worth noting that
in-gap electronic states have been reported in titanium
oxide at BEs close to those of structures I and II [84–
86]. However, such states have a single-peak shape with d
orbital symmetry only and are limited to the very top sur-
face. Since the spectra presented here probe a large depth
in the material and the structured conduction-band spec-
tra show a different orbital character [Figs. 2(c) and 2(d)],
the contribution of in-gap states in the energy region of
structures I and II, if present, is negligible. Features III,
IV, and V in the TiH2−δ spectra are analogous to the same
numbered features in the YH2−δ spectra.

The unweighted theoretical spectra calculated with DFT
are displayed in Sec. V of the Supplemental Material [37].
The PDOS for TiH2 has the center of the H 1s state at
an energy of 5.6 eV below EF , while it is at 4.3 eV for
YH2. This is commensurate with the energy-band diagram
and DOS of TiH2 reported by Gupta [14,87] and Smithson
et al., [88], respectively, where a hydrogen-induced band
is centered around 6 eV from EF , and with the DOS cal-
culated for YH2 by Peterman et al., wherein they report
the equivalent band at approximately 4 eV below EF [89].
This further confirms that a hydrogen-induced state will
contribute to feature III in the experimental VB spectra for
both dihydrides. Furthermore, the PDOS show that com-
pared to YH2−δ , the VB states in TiH2−δ span a wider
BE range. This leads to the bottom of the VB overlapping
with feature V in the experimental VB spectra, which is
assumed to arise from surface states and adsorbed species.
Other notable theoretical works on these two metal dihy-
dride systems can be found in Refs. [26,90–92] and are in
good agreement with the results obtained here.

Returning to a more detailed discussion of features
I and II, Figs. 2(c) and 2(d) display magnified views
of the experimental and theoretical VB spectra along
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with the corresponding cross-section-weighted PDOS cal-
culations in the bottom panel for YH2−δ and TiH2−δ ,
respectively. One noteworthy aspect of the comparison
between theory and experiment throughout this work is
that both are aligned to their respective intrinsic EF val-
ues. No additional alignment was needed, as is often
the case due to challenges in obtaining absolute energy
scales from theory or fully trustworthy energy alignments
in experiments. The exceptional quality of the agree-
ment between experiment and theory for the hydrides is
further compounded by changes in experimental inten-
sity near the EF , with the photon energy being clearly
reflected in the photoionization cross-section-corrected
PDOS.

The drop in intensity at higher photon energy is not
constant across features I and II but a stronger drop at
the top of the VB (feature I) is noticeable. This is due to
differences in the photoionization cross sections, where d
states decrease at a higher rate relative to both s and p
states at higher photon energies. From the complete cross-
section-weighted PDOS at 3.3 and 7.2 keV (see Secs. XVI
and XVII of the Supplemental Material [37], respectively),
Y 5s (Ti 4s) states contribute to feature II. In contrast,
feature I has contributions from both Y 4d (Ti 3d) and Y
5p (Ti 4p) states. The net decrease of feature I at higher
photon energy with respect to feature II suggests a larger
d-state contribution compared to p states, pointing to a sd-
hybridization scheme, with only marginal participation of
the p orbitals. This reflects a more complex bonding sit-
uation in these hydrides than previously thought, in that
not only does the metal d-derived band contribute to the
energy region within 3.0 eV from the EF , as suggested by

Weaver et al. for both group III B [13] and group IV B
[14] transition-metal dihydrides, but that extended s and p
states are also important [9].

The excellent agreement between experiment and the-
ory in the electronic structure analysis allows further use of
DFT to examine the bonding nature of the metal hydrides.
The electron densities extracted from the DFT calcula-
tions of the two hydrides, depicted in Fig. 3, show a
clearly localized density around the atoms, indicating an
ionic or metallic bonding nature. This can be examined in
more detail by considering the atomic charges and over-
lap (bond) populations (for these values, see Sec. XVIII
of the Supplemental Material [37]). A similar approach
was taken by Yang et al. to assess the effects of alloy-
ing on the chemical bonding of TiH2 [93]. The absolute
values for both quantities are not themselves meaningful,
particularly in the case of metallic systems, as illustrated
by variations between absolute atomic charges calculated
using different population-analysis approaches (Mulliken,
Hirshfeld, and Bader). It is nonetheless possible to extract
useful information about the trends [45,46].

The overlap bond population is lower for the M—H
bond than for the M—O bond in all cases (Ti, Y,
and PBE/PBE0 where applicable), with some variation
between the different M—O populations. This signifies
that both hydrides are more ionic than their correspond-
ing oxides. This is further evidenced by the atomic
charges, where for all three of the considered population-
analysis approaches, the effective valence is smaller for the
hydrides than the corresponding oxide. This implies a more
ionic bonding nature for the hydrides compared to the more
covalent nature of the oxides.

a

b c d

FIG. 3. The bond nature of metal hydrides. Using the relaxed TiH2 and YH2 structures (calculated with PBE), electron-density maps
were obtained, with (a) and (b) showing the 3D density maps for TiH2 and YH2, respectively. Two-dimensional (2D) electron-density
maps for TiH2 and YH2 are displayed in (c) and (d), respectively. The 2D electron-density maps are plotted along the (011) body-
diagonal lattice plane (1 d from the origin) and on the same intensity scale to allow for a direct comparison. Note that the 3D maps
are for reference only, to show where the 2D maps have been extracted from (the color scale does not match the 2D maps). Contour
lines have been added to the 2D electron-density maps. These contour lines have been plotted using the function F(N ) = A × BN/step,
where A = 1, B = 10, Nmin = −1, Nmax = 3, and step = 5. The maps are temperature scaled, with the blue regions indicating a low
electron density and the red regions indicating a high electron density.
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While the overall bonding nature of both hydrides is
clear, a direct comparison between the two is complicated.
Using the 2D density maps displayed in Figs. 3(c) and 3(d),
a visual inspection of the densities suggests a more dif-
fuse density on the metal atoms in YH2 compared to TiH2;
however, the differences are subtle. The overlap popula-
tions support this picture, being slightly smaller in TiH2,
suggesting that TiH2 is more ionic than YH2. However,
the atomic charges indicate the opposite, with YH2 hav-
ing a smaller effective valence than TiH2. This difference
is small for the Hirshfeld and Mulliken approaches but
more significant for Bader. In other words, while the results
clearly indicate that the hydrides exhibit an ionic bond-
ing nature compared to the more covalent nature shown
in the oxides, they are inconclusive about which of the
two hydrides is more ionic. This is perhaps not surprising,
given the small differences in electronegativity of the two
metals (1.5 for Ti and 1.2 for Y). Using this as an indica-
tion to determine the ionic versus covalent bonding nature
of the two systems [94,95], the bonds in both hydrides can
be classified as metallic or partial ionic and partial metal-
lic bonds [96]. In contrast, the larger overlap population in
YH2 compared to TiH2 suggests a stronger bond in the for-
mer, as indeed reflected by the obtained values of enthalpy
of formation of the two compounds, which are larger in
YH2 than in TiH2 [97,98].

C. Enthalpy of formation

The enthalpy of formation, �Hf , is a highly relevant
value for determining the hydrogen-storage capability in
a metal hydride [99]. The absorption or desorption plateau
pressure pH2 for two-phase metal-hydrogen systems can be
related to �Hf via the van ’t Hoff equation [100]:

ln pH2 = �Hf

RT
− �S

R
, (1)

where R is the universal gas constant (8.314 J mol−1 K−1),
T is temperature, and �S is the change in entropy for
H2 absorption. Therefore, a larger negative enthalpy of
formation indicates that a hydride phase can be formed
at lower hydrogen partial pressures as desired. Griessen
and Driessen have proposed an empirical linear relation-
ship between the enthalpy of formation of metal hydrides
and the characteristic energy, �E, in the electronic band
structure of the host metal [35]:

�Hf = ns

2
(α�E + β), (2)

where �E = Es − EF , EF = 0 eV, Es is the center of the
lowest conduction band of the host metal and is equiva-
lent to the energy at which the integrated density of states
(
∫

DOS) of the host metal is equal to 0.5ns, ns is the
number of electrons per atom in the lowest s-like conduc-
tion band of the host metal, α = 29.62 kJ/eV mol H, and

β = −135 kJ/mol H [35]. For alkali metals, ns is equal to
one, but for all other metals (including Ti and Y), ns is
equal to two. Therefore, for Y and Ti, Es is the energy at
which the

∫
DOS = 1. The α and β terms were derived by

Griessen and Driessen by correlating the �E values deter-
mined by integrating the total DOS of the host metal to
the measured values of �Hf values found in the literature
(see Ref. [35, Fig. 4]). The authors claimed that the use of
�E derived in this way was effective in reproducing the
measured �Hf values. However, it is noted that there is a
large degree of scatter in Ref. [35, Fig. 4] the paper used
to determine the α and β terms, as well as multiple differ-
ent �Hf entries for the same metal, raising some concerns
about the robustness of the model and the accuracy of the
α and β terms.

Relevant to this work, Griessen and Driessen used their
model approach to derive the enthalpy of formation of
TiH2 and YH2. Using the calculated electronic band struc-
tures of Ti and Y metal available at the time of the
publication of Ref. [35], they determined �E for Ti and
Y metal to be 2.41 and 1.47 eV, respectively. These val-
ues are displayed on the left-hand side of Fig. 4(a) and
inputting them into Eq. (2) gives �Hf values of −63.6 and
−91.5 kJ/mol H for TiH2 and YH2, respectively (shown by
viewing the right y-axis scale on Fig. 4). These �Hf values
deviate significantly from experimental values reported
in the literature, which are displayed in Fig. 4 as light
dashed lines (�Hf ,YH2 = −112.25 kJ/mol H (between 873
and 1073 K) [98], �Hf ,YH2 = −112.5 kJ/mol H [97],
�Hf ,TiH2 = −63.0 kJ/mol H [97], �Hf ,TiH2 = −68.47
kJ/mol H (at 737 K) [101,102]). To compensate for this,
the authors devised “optimized” �E values (see Ref. [35,
Table II]) to reproduce a better match with experimental
values of �Hf . These optimized values are displayed on
the right-hand side of Fig. 4(a). Using the optimized val-
ues, a better match to the �Hf literature values was then
obtained for YH2 but not for TiH2 and this is because of an
error associated with the �Hf value of TiH2 used by the
authors, which does not match modern values.

The enthalpy of formation can be obtained directly
from theoretical calculations and DFT has been employed
to calculate this property for metal dihydrides pre-
viously [88,103–106]. Here, the approach detailed in
Ref. [103] was used to obtain values for titanium and
yttrium dihydride. This approach required additional cal-
culations of H2 and bulk Ti and Y metal, with fur-
ther details of the calculations and methods described
in Sec. XIX of the Supplemental Material [37]. The
resulting enthalpies of formation for titanium and yttrium
dihydride are −71.4 and −105.6 kJ/mol H, respectively.
Reasonable agreement with the literature is found, with
the titanium dihydride DFT-determined enthalpy being
slightly overpredicted compared to the literature value
and the opposite being true for the yttrium dihydride
case.
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a b c

FIG. 4. The enthalpy of formation. A comparison between the �E values obtained by various methods (left y axis) and the resultant
�Hf values calculated by inputting said �E values into Eq. (2) (right y axis). (a) On the left-hand side, the �E values extracted from
Ref. [35, Fig. 4] are displayed. These values, termed “Original,” were determined by the authors of Ref. [35] by calculating the energy
where the integrated total DOS of the host metal was equal to one. On the right-hand side of (a), the optimized �E values for Ti and
Y taken from Ref. [35, Table II] are displayed. (b) �E values extracted from the PDOS of the metals and dihydrides calculated in this
work and termed “Theory.” Abiding by the definitions of �E for the dihydrides, the position of the s band closest to EF was used. For
the metal, the main intensity s-state peak position was used to determine �E. (c) �E values determined using the position of feature
II in the VB spectra collected with HAXPES and termed “Experiment.” For (b) and (c), the left-hand side displays the metal value
and right-hand side the dihydride value. Horizontal dashed reference lines are plotted to indicate the enthalpy of formation determined
using DFT (darker line) and reported in the literature (“Literature”) using experimental methods (lighter line).

While DFT calculations are incomparably more acces-
sible today than at the time when Griessen and Driessen
published their model, this direct calculation cannot link
specific orbital character with the resulting values. There-
fore, the theoretical PDOS and experimental HAXPES
VB spectra of the host metals and metal dihydrides were
obtained to extract �Hf values independently. This pro-
vides the opportunity to expand on the model by Griessen
and Driessen and to explore if the enthalpy of formation
of metal dihydrides can be derived using data other than
the integrated total DOS of the host metal. It is recalled
and directly quoted from Ref. [35] that Es has “primarily
s character with respect to the interstitial sites occupied
by hydrogen atoms,” and “ns represents the number of
electrons per atom in the lowest s-like conduction band
of the host metal” [35]. Based on these quotes, the first
approach was to use the position of the main s-state inten-
sity in our calculated PDOS of the two host metals as the
value of �E (for the unweighted PDOS of Ti and Y metal,
see Sec. XX of the Supplemental Material [37]). Given
that theory and experiment are referenced to an intrinsic
EF , Es and �E will be used interchangeably in this work.
The values of �E from the metal PDOS spectra are dis-
played on the left-hand side of Fig. 4(b). This expands

the application of Griessen and Driessen’s model, as they
only had total DOS rather than individual PDOS available.
However, comparing the resultant �Hf values to the val-
ues from the literature, it is clear that in both cases, the use
of the main s-state intensity position significantly under-
estimates the values. This indicates that the model in its
original form cannot be applied in this manner and, instead,
requires optimization of the α and β terms. However, to
generate optimized values of α and β, similar to the work
in Ref. [35], a larger data set is required than the two metal
systems studied in this work.

Upon hydriding, the host metal s band is known to be
lowered due to the presence of hydrogen. For the case of
a dihydride, this lowering is largely compensated by the
increase in Coloumb energy due to the increased charge
density around the protons [35]. However, alongside the
lowering of the main metal s band some 4–8 eV below
EF , conduction-band states are also pulled below EF [14].
Both phenomena are apparent when comparing the PDOS
spectra of the host metal and the equivalent metal dihy-
dride, which are included in Sec. XX of the Supplemental
Material [37]. The position of the lowest-lying s band
cannot be taken as the value of Es, as it would give too
large a �E value, resulting in a positive �Hf . Instead, if
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the position of the conduction-band metal s state pulled
below EF is taken from the metal dihydride PDOS as �E,
Fig. 4(b) shows that the �E value decreases with respect
to the �E value from the s position in the metal PDOS.
Consequently, when using these values in Eq. (2), the
estimated �Hf values for TiH2 and YH2 are −65.7 and
−99.8 kJ/mol H, which improve on the values determined
using the metal s position from the metal PDOS. How-
ever, they do not provide a satisfactory agreement with the
literature values.

Therefore, the HAXPES VB of the metal and metal
dihydrides was used and applied to the model. While the
metal-dihydride VB spectra are displayed in Fig. 2, the Ti
and Y metal VB spectra are shown in Sec. II of the Sup-
plemental Material [37]. For Ti and Y metal, the s-state
intensity will be enhanced with HAXPES and by compar-
ing the VB spectra collected with HAXPES to those in the
literature collected with soft XPS or to PDOS calculations
[9,25,107–110], feature II in both can be assumed to be
s dominated and therefore can be taken as the value for
Es. Taking these positions [as displayed in Fig. 4(c)] gives
�E values of 2.2 and 2.0 eV for Ti and Y, respectively,
which again causes the �Hf value for YH2 to be signifi-
cantly underestimated compared to the literature value. At
the same time, a good agreement is found for the TiH2
estimation. This indicates that feature II in the Y metal
VB spectrum is incorrect and cannot be used as Es. The
primary source of error here is that Y metal is incredibly
difficult to keep clean due to its strong potential to react
with oxygen and the VB spectrum is likely convoluted with
oxygen-related states, leading to errors when selecting a
feature for Es.

Returning to the metal dihydride VB HAXPES spec-
tra in Fig. 2, the PDOS identified that feature II exhibited
the strongest s character. We find that using the posi-
tion of feature II in the experimental VB as the value of
Es (YH2−δ = 0.8 and TiH2−δ = 2.0 eV) in Eq. (2), one
obtains �Hf ,YH2−δ

= −111.3 kJ/mol H and �Hf ,TiH2−δ
=

−75.8 kJ/mol H. These values, displayed in Fig. 4(c), com-
pared to all other approaches discussed above, provide the
best agreement with the experimental values reported in
the literature. Section XXI of the Supplemental Material
[37] tabulates the �Hf values calculated using Eq. (2) and
the various values of �E.

Although the model by Griessen and Driessen was
explicitly defined in their original paper [35] as being
based on the electronic structure of the host metals, the
agreement found here provides convincing evidence that
from the experimental VB of a metal dihydride, one can
infer the enthalpy of formation, as there is a clear link
between the position of the s-state-dominated feature II
and this critical property. To confirm this finding further, a
library of metal dihydrides should be studied using HAX-
PES in the future, which will also allow the determination
of new values of α and β.

IV. CONCLUSIONS

The combination of HAXPES-core and valence-
photoelectron spectroscopy with theoretical spectra from
DFT provides a powerful analytical approach to increase
our understanding of metal hydrides. Photon-energy-
dependent HAXPES delivers a nondestructive depth pro-
file of YH2−δ and TiH2−δ thin films. From core-level
analysis, it is shown that these samples can be modeled
as a bilayer system consisting of a passive metal-oxide
overlayer protecting the underlying metal hydride. By tun-
ing the photon energy across the hard x-ray regime from
2.4 to 7.2 keV, the metal-hydride-related states can be
probed and enhanced while minimizing any metal-oxide
surface contributions. By extracting quantitative informa-
tion from the Ti 2p and Y 3d core-level spectra and
utilizing the depth-distribution model, quantitative esti-
mates of the titanium and yttrium oxide layer thicknesses
of 8.2 ± 2 and 18.4 ± 2 nm, respectively, were determined.
Analysis of the valence spectra highlights the presence
of metal-hydride-related states near the EF . By compar-
ing the experimental spectra and theoretical cross-section-
weighted PDOS, the nature of hydride states close to EF
could be clearly identified as a combination of d and
sp contributions. Exploiting photoionization cross-section
effects with increasing photon energy, the importance of
metal sp states near EF alongside d states was identified.
Finally, the bond character of the two metal-hydride sys-
tems was assessed, with the results suggesting that both
are more ionic than their oxide counterparts. Addition-
ally, the enthalpies of formation of −111.3 kJ/mol H for
YH2−δ and −75.8 kJ/mol H for TiH2−δ were directly
obtained from valence spectra using the model proposed
by Griessen and Driessen, in good agreement with values
determined using thermodynamical experimental meth-
ods. This remarkable result directly links the electronic
structure and macroscopic properties fundamental for
characterizing metal-hydrogen systems for energy-storage
applications.
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