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ABSTRACT: We describe the synthesis of the new ternary CaRuSiH CaRuSi
compound CaRuSi whose chemical and physical properties - m/e =2

help draw a clear picture of how electronic structure controls § CaCoSi-H

the behavior of an isostructural series of intermetallics. DFT ) )

calculations reveal that an electronic pseudogap arises near the = CaRuSi-H

Fermi level (Eg), corresponding to 14 valence electrons per 200 200 600 T(CC)  o-DOS

RuSi unit. The closed-shell-like character is further investigated
by comparisons with the electronic structures of CaCoSi (15

CaCoSiH H desorption

CaCosSi

electrons), where the Ep lies above the corresponding T e’/CaTSi AE (eV)
pseudogap, and its hydride CaCoSiH, where formation of H Ru 12 +0.53
anions restores the 14-electron count on the metal sublattice, Co 15 +1.10

returning the Eyp to the pseudogap. The chemical origin of the
14-electron pseudogap is interpreted with a reversed approx-

imation Molecular Orbital analysis. Here, the pseudogap is shown to coincide with the filling of Ru 16 electron configurations
isolobal to the d® square planar complexes of coordination chemistry (but where 4 electron pairs are shared covalently between
Ru atoms such that only 12 electrons are required), and the occupation of Si lone pairs (2 electrons). Experimentally, the
pseudogap is confirmed with heat capacity measurements, which indicate that the 14-electron systems CaRuSi and CaCoSiH
each exhibit a smaller electronic density of states at the Ep than the 15-electron system CaCoSi. Importantly, the 14-electron
pseudogap also significantly affects the chemical properties of the compounds, as evidenced by the difference in the stabilities of
CaCoSiH and CaRuSiH observed in hydrogen desorption measurements. These results may support the design of functional
materials for superconductivity, hydrogen storage, and catalysis involving hydrogenation.

B INTRODUCTION

Ternary compounds composed of an electropositive metal (A
= alkali, alkaline earth, or rare earth metals), transition metals
(T), and p-block elements (X) have illustrated how
compounds with relatively simple and common structural
motifs can give rise to a broad range of chemical and physical
properties. ~® This diversity of behavior is perhaps most
pronounced for the family of tetragonal structures with two-
dimensional (2D) TX layers of TX, tetrahedra sandwiched by
A,-tetrahedral layers (space groups I4/mmm and P4/nmm)."”
For example, in ATX compounds with rare earth metals on the
A sites, the Kondo effect, heavy Fermion behavior, and
intermediate valence have all been encountered, along with
other phenomena." The most well-known materials in this
family and their derivatives are probably the “1117, “1111%,
“122”, and “11” phases of the iron-based superconductors,
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whose high critical temperatures (T.s) point to a new
mechanism for high-T, superconductivity.*~”

ATX compounds also offer attractive chemical properties
with the potential for useful applications. Hydrogen can be
reversibly incorporated inside their A, tetrahedra, which
modifies the crystal structures and local chemical environment
as well as the associated magnetic and electronic proper-
ties."*~"" Recently, we showed that the electride concept can
be applied to these compounds and their use in catalysis.'*~'*
Tiered electron anions have been associated with the La,
tetrahedra and La,Sc, octahedra in LaScSi, which work
effectively to promote Ru for catalytic ammonia synthesis.'”
In fact, the replacement of Sc with late transition metals led to
LaCoSi and LaCuyg;Si; 33, which act as self-promoted catalysts
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Figure 1. (a) Experimentally determined crystal structure of CaRuSi. (b) Powder X-ray diffraction pattern of CaRuSi and the simulated pattern

from Rietveld refinement.'®™'®

for ammonia synthesis and chemoselective hydrogenation
reactions, respectively.'”'* Such results illustrate the rich
potential of ATX compounds as functional materials,
motivating the exploration of new phases and new function-
alities in this family.

Herein, we report the synthesis of the new phase CaRuSi,
which, in addition to being the first ternary phase in the Ca—
Ru—Si system, provides a clear illustration of how electronic
structure can control the properties of these materials. As with
the other members in the ATX family, CaRuSi shows a quasi-
2D character and a reversible hydrogen absorption/desorption
behavior. By studying the electronic structures of CaRuSi, the
recently reported CaCoSi phase,'”> and their hydride
derivatives, we will see that the Fermi energies (Eg’s) of the
14-electron systems CaRuSi and CaCoSiH lie near a
pseudogap, while the E; climbs above the corresponding
pseudogap for the 15-electron system CaCoSi, in line with a
rigid-band picture. The bonding optimization at 14-electrons
per TX unit is further analyzed and interpreted by a reversed
approximation Molecular Orbital (raMO) analysis, revealing
connections to other transition-metal-containing intermetallics
and square planar coordination complexes. Accordingly, the
placement of the Ep relative to this pseudogap plays a
dominant role in the differing properties of CaRuSi and
CaCoSi, from their low-temperature heat capacities and
electrical resistivities to their distinct affinities for hydrogen,
as observed in the hydrogen desorption behavior of their

hydrides.

B EXPERIMENTAL SECTION

CaRuSi samples were synthesized using a solid state reaction route.
First, a RuSi precursor was prepared by arc melting using a 1:1 ratio of
Ru granules (99.9%, Rare Metallic Co., Ltd.) and Si pieces (99.99%,
Kojundo Chemical Laboratory Co., Ltd.). Each sample was melted
five times to achieve homogeneity. The RuSi ingot was next crushed
and hand milled into a fine powder using an agate motor. The RuSi
powder was then mixed with Ca pieces (99.9%, Sigma-Aldrich) and
pressed into pellets, which were loaded into Ta crucibles that in turn
were sealed inside Ar-filled quartz tubes. To compensate for the loss
of Ca due to its vapor pressure, an excess amount of 5% was added.
The mixture was heated in a box furnace at 850 °C for 10 h and then
at 800 °C for 2 days, and finally cooled down to room temperature
over 2 days. When low-density Ca reacts with RuSi, the total volume
becomes smaller, so the obtained compound is fluffy and gray in
color. CaRuSi powder was prepared by hand milling for X-ray
diffraction experiments and further characterization. CaCoSi was
synthesized using a similar method (Co: 99.9%, Kojundo Chemical
Laboratory Co., Ltd.), but the obtained samples contained small
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amounts of impurity phases (Ca,Si, CoSi, and CaO) as previously
reported.'®

Powder X-ray diffraction (XRD) measurements were performed
using a Bruker D8 Advance X-ray powder diffractometer with Cu Ka
radiation (4 = 1.5406 A), and the results were analyzed with Rietveld
refinement’® using the GSAS package.'”'® Electrical resistivity and
heat capacity were measured with a physical properties measurement
system (PPMS, Quantum Design). The sample for physical properties
measurements was prepared by pelletizing the powder with a
hydrostatic pressure of 200 MPa, and some pellets were annealed at
600 °C for 30 h.

Hydrogenation experiments were performed in a silica reactor at
75—400 °C under 1 bar of flowing hydrogen (extra pure, purity
>99.99995%) for approximately 20 h. Hydrogen desorption measure-
ments were conducted using thermal desorption spectroscopy (TDS,
ESCO 1400TV) under high vacuum (pressure ~107°—107" Pa).

The band structures of CaRuSi, CaCoSi, CaRuSiH, and CaCoSiH
were calculated with the Vienna ab initio Simulation Package
(vAsp)'*° usin% a plane-wave basis set and projector-augmented
wave potentials*”** with a cutoff energy of 700 eV. The exchange-
correlation potential was treated with the generalized gradient
approximation (GGA) in the Perdew, Burke, and Ernzerhof (PBE)
form.”® The k-point mesh was set to 11 X 11 X 7, while for density of
states (DOS) calculations, a finer mesh of 19 X 19 X 13 was used.
The calculations were made on the basis of the experimentally
obtained crystal structures.

For the reversed approximation Molecular Orbital (raMO)
analyses, DFT-calibrated Hiickel models were fit with the program
eHtuner to the band energies and DOS distributions of geometri-
cally** optimized structures of CaRuSi (6 X 6 X 3 I'-centered mesh,
energy cutoff: 306.8 eV) and CaCoSiH (finer 24 x 24 X 12 I'-
centered mesh to better see the pseudogap at Ef, energy cutoff: 335.0
V). Hiickel calculations were then performed with YAeHMOP on §
X § X 2 supercells of the structures to map multiple k-points onto the
I" point. Finally, the I" point Hamiltonian matrices were imported into
MATLAB where the raMO analyses>> ™ were carried out with the in-
house functions makeramo and raMOmovie. Further details regarding
the calculations are provided in Tables S1—SS.

B RESULTS AND DISCUSSION

Synthesis and Structure Determination of CaRuSi. As
revealed by powder X-ray diffraction patterns, our syntheses
resulted in essentially phase-pure samples of a CeFeSi-type
CaRuSi phase with the tetragonal space group P4/nmm. The
lattice parameters derived from the Rietveld refinement (a =
4249 A, ¢ = 6.654 A; see Table S6 for further details) are in
agreement with those from a theoretical optimized structure (a
= 4.269 A, ¢ = 6.673 A). Analogous to other tetragonal ATX
compounds, the CaRuSi structure is built from RuSi sheets of
edge-sharing RuSi, tetrahedra separated by Ca double layers
(Figure 1). During the Rietveld refinement, it was necessary to
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include a preference for grains to have plate-like sheets running
perpendicular to the ¢ axis. Scanning electron microscopy
images support this model, showing that the samples exhibit a
laminated morphology (Figure S1). This is easily interpretable
in terms of the Ru—Si interactions being stronger than the
Ca—Ca ones. Curiously, the ¢/a = 1.566 of CaRuSi is the
smallest in the ATX family (Table S7). Two possible reasons
are (1) the larger covalent radius of Ru compared to 3d
transition metals (Mn, Fe, Co, Ni), giving rise to a larger lattice
parameter 4, and (2) the greater electronegativity of Ru (2.2)
relative to those of Mn (1.55), Fe (1.83), Co (1.88), and Ni
(1.91), leading to a stronger electrostatic attractive interaction
between [RuSi]*” layers and Ca’' layers along ¢ and thus a
smaller ¢ parameter.

As emphasized in Figure la, the double layers of Ca atoms
sandwiched between RuSi layers can be viewed as built from
edge-sharing Ca, tetrahedra, a universal feature of tetragonal
ATX compounds that can accommodate electrons or hydrogen
atoms."¥ 79113 Indeed, after hydrogenation at 75 °C, we
found that CaRuSi absorbs one hydrogen atom per formula
unit (fu.) to form CaRuSiH (Figure S2). While the lattice
structure is not altered, the lattice was slightly compressed in
the a and b directions but stretched by 13.5% in the ¢ direction
(Table S8), consistent with the hydrogen intercalating inside
the Ca double layer. This lattice expansion under hydro-
genation is the largest yet seen among the tetragonal ATX
compounds.” Following the observations of other compounds
in this family,”'”"* we suggest that the H atoms are inserted
into the Ca, tetrahedra and occupy the 2b site (1/4, 3/4, 1/2)
of the structure, though neutron diffraction experiments on
deuteride samples would be necessary to make this assignment
definitive. As hydrogen contains only one electron and thus has
a small scattering factor, its influence on the X-ray diffraction
data as well as the refinement is expected to be negligible.
Therefore, in the Rietveld refinement, H was placed on the
Wyckoff 2b site with its atomic displacement parameter (U.,,)
set to the fixed value of 0.02. For comparison with the CaRuSi
and its hydride in this study, CaCoSi and CaCoSiH were also
synthesized in similar ways, with the powder X-ray diffraction
analysis as well as the lattice parameters being given in the
Supporting Information (Figures S3 and S4, and Tables S9 and
S10).

Electronic Pseudogaps in CeFeSi-Type Phases. Clues
to the electronic factors underlying these structural observa-
tions and the potential properties of CaRuSi are offered by its
DEFT electronic structure. In Figure 2a, we show the electronic
density of states (DOS) calculated for this phase, where
features familiar from other ATX compounds may be noted.
The Fermi energy (Eg) lies just at the bottom of a pseudogap
atop a series of peaks arising from bands based on the Ru 4d
orbitals and their interactions with the Si (mainly Si 3p) that
stretches to about —5 eV (relative to the Eg). Below this block,
a separate collection of states appears from about —9.5 to
—7.5 eV, corresponding to Si 3s-rich bands. The placement of
the Eg near a DOS minimum is suggestive of the system having
an optimized electron count at its 14 electrons per formula
unit, while the absence of substantial contributions from the
Ca in the occupied states affirms the view of CaTX compounds
as built from [TX]>~ sublattices stabilized by Ca>" cations.”®

For comparison, we plot the corresponding DOS curve
calculated for CaCoSi in Figure 2b. As might be expected from
its being isostructural to CaRuSi, DOS distributions of CaCoSi
show largely analogous features. There are two key differences,
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Figure 2. Electron density of states (DOS) distributions of (a)
CaRuSi, (b) CaCoSi, and (c) CaCoSiH. The Fermi levels (Eg’s) are
shown by red dashed lines, and the pseudogap near the Eg in each
case is indicated by an arrow.

however. First, the bandwidth for the Co-3d-based bands of
CaCoSi is narrower than the Ru-4d-derived ones of CaRuSi
(Figure 2), in line with the more contracted nature of the Co-
3d orbitals. The second, and perhaps more important,
difference is in the placement of the Eg’s relative to the DOS
minima. While for CaRuSi the E. falls just at the bottom of the
pseudogap (Figure 2a), in CaCoSi the Eg is shifted to 0.6 eV
above the pseudogap in states with greater Ca contributions
(Figure 2b). Interestingly, after hydrogenation to form
CaCoSiH, the Eg shifts to align once again with the pseudogap
(Figure 2c), similar to the situation of CaRuSi. This hints that
hydrogenation can be considered to play the role of hole
doping in CaCoSi, a theme we will soon return to. The band
structures of CaRuSi, CaCoSi, and their hydrides are shown in
Figure SS.

Analogous DOS minima can also be found in other
isostructural 14-electron ATX systems, such as LiFeAs and
MgFeGe,”” suggesting that it is a universal feature of this
structure. Along the same lines, electronic structure calcu-
lations on the 16-electron g)hase CaNiGe show that its Ep lies
above the pseudogap,”®*’ as is the case for 15-electron
systems, such as CaNiGeH’” and CaCoSi in the present study.
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CaRu

: raMO reconstructions of Ru spd orbitals

Ru p, raMO
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Figure 3. raMO reconstructions of a Ru atom’s valence s, p, and d atomic orbitals in CaRuSi from a DFT-calibrated Hiickel model. In the right
panel, the relatively diffuse nature of the Ru p, raMO is illustrated, with P, being defined as the probability that an electron occupying the raMO

function lies within the fragment of the structure drawn.

Origins of the 14-Electron Pseudogap. The 14-electron
pseudogap thus appears to be central to the electron structure
of CeFeSi-type ATX compounds, but the question of why this
particular electron count is associated with an opening in the
DOS remains unanswered. A simple hypothesis is offered by
the 18 — n rule for T-containing intermetallic phases: closed
shell configurations are expected for a T atom when it is
associated with 18 — n valence electrons, where n is the
number of electron pairs that the T atom shares covalently
with other T atoms in functions isolobal to classic T—T
bonds.”**'7** Each T atom in the ATX structures described
here has 4 T neighbors arranged in a square planar
arrangement. If each of these T—T interactions is assigned
an isolobal bond, closed shell electron configurations would be
expected for 18 — 4 = 14 electrons per T atom, corresponding
to the observed position of the pseudogap in the electronic
structure of each compound. In order to test this notion, and
trace the 14-electron pseudogap to particular structural
features, we created DFT-calibrated Hiickel models for the
electronic structures of CaRuSi and CaCoSiH and analyzed
them using the reversed approximation Molecular Orbital
(raMO) method.*

For a T atom to have a filled 18-electron configuration, it
should have an electron pair associated with each of its nine s,
p, and d valence atomic orbitals. The raMO method offers a
way of testing whether this applies to the T atoms of an ATX
phase. Here, we use the fully occupied crystal orbitals of the
compound as a basis set for the best possible reconstructions of
the T atoms’ s, p, and d orbitals that maintain orthogonality
with each other. The result for one Ru atom in CaRuSi is
shown in Figure 3. Here, the raMO functions for the Ru 4d
orbitals appear tightly localized to the Ru centers, with some
bonding contributions from the surrounding Ru, Si, and Ca
atoms. Electron pairs are clearly associated with each of these
orbitals. The Ru Ss, Sp,, and Sp, orbitals are more delocalized
throughout the Ru coordination environment, in accord with
the higher energy of these atomic orbitals. However, each of
the lobes from the neighboring atoms is clearly directed toward
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the Ru center; the Ru atom is the focal point for the electron
pairs in these functions.

In contrast, the raMO for the Ru p, orbital (oriented
perpendicular to the RuSi sheet) shows substantial contribu-
tions for Si orbitals that point away from the Ru. In fact, a
closer inspection of this function makes clear it is more
delocalized through the structure than the other Ru Sp-based
raMOs (right panel of Figure 3); the degree of localization of
each orbital is shown in Figure S6. The electrons captured by
this raMO may be better associated with another aspect of the
structure.

Setting aside the Ru Sp, orbital for now, we have found 16
electrons to be closely associated with the Ru center. The
appearance of Ru—Ru bonding interactions in the raMO
functions, however, indicates that this is achieved with the
support of electron sharing between the Ru atoms. The Ru—
Ru interactions are particularly strong in four of the raMOs:
those based on the Ru Ss, Sp,, Sp,, and 4d,,. The presence of
four bonding functions for four Ru—Ru contacts suggests the
possibility for creating localized functions through linear
combinations. In fact, the classic recipe for sp*d hybridization
can be followed to create functions localized to each Ru—Ru
contact (and their bridging Si atoms), as illustrated in Figure 4.
The existence of these four isolobal bonds is consistent with
the 18 — n scheme. However, the absence of a clear electron
pair on the Sp, orbital means that the Ru atom is better
described as having a 16 — n configuration. Apparently, the
interactions with Ca neighbors directly above and below the
Ru Sp, orbital are not sufficiently strong to push this function
below the E, leading to a situation that is closely analogous to
square planar d* coordination complexes (which also follow a
16-electron scheme).”* In this way, 16 — 4 = 12 of the 14
electrons per formula unit in the structure can be assigned to
the Ru atoms.

Where are the remaining two electrons? The raMO
reconstruction of the Ru Sp, orbital provides clues here. It
contains contributions from Si hybrid orbitals pointing
outward from the Ru—Si layer, suggesting the existence of

DOI: 10.1021/acs.inorgchem.8b03539
Inorg. Chem. 2019, 58, 2848—2855


http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.8b03539/suppl_file/ic8b03539_si_001.pdf
http://dx.doi.org/10.1021/acs.inorgchem.8b03539

Inorganic Chemistry

sp2d hybridization of Ru raMOs
to reveal isolobal bonds

BV ¥, V) B Va *+ ¥V, Vp)

Figure 4. Linear combinations of the Ru-based raMOs involved in
Ru—Ru bonding to create four Ru—Ru isolobal bonds.

lone pairs on the Si atom not associated with the Ru centers.
To explore this possibility, we first reconstruct the full set of
Ru-based functions assuming they follow the 16 — n scheme
and then use the remaining states as a basis set for the
construction of Si sp hybrid orbitals pointing directly away
from the Ru—Si layer. The resulting raMO functions (Figure
S) closely resemble Si lone pairs with the correct orientation

Use remainder as basis for | lone pair raMOs

sp lone pair raMO

raMOs for
16-nRu
configuration

Energy (eV)

2e~ / formula unit

DOS DOS

10

Figure 5. Completion of the bonding scheme of CaRuSi with the
assignment of Si lone pairs. (a) DOS distribution with the
contributions from the full set of Ru-centered raMOs shaded and
the remainder states (corresponding to 2 electrons per formula unit)
remaining unshaded. (b) raMO reconstruction of a Si sp lone pair
from the remainder states in (a) and the contributions of such
functions to the DOS (blue).

and are tightly localized to the Si. Placing such a lone pair on
each Si atom requires 2 electrons per formula unit, which when
added to the 12 electrons on the Ru leads us to the expected
total count of 14 electrons per formula unit.

This overall bonding scheme also has correspondences in
the electron localization function (ELF) analyses of CaNiGe
and CaCoSi carried out previously, where maxima correspond-
ing to Ge or Si lone pairs pointing out from the NiGe or CoSi
layers were clearly visible, while for CaCoSi ELF peaks were
also observed along the Co—Co contacts consistent with the
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importance of transition metal—transition metal interactions to
the electron counting in these phases.'>**

Role of H Atoms in the Bonding of the Hydrogenated
Derivatives. Our raMO analysis of CaRuSi indicates that the
14-electron pseudogap corresponds to the filling of Si lone
pairs and Ru 16 — n configurations. We now turn to a raMO
analysis of CaCoSiH to determine how this scheme changes
upon the introduction of hydrogen. The reconstruction of the
T spd orbitals proceeds largely as before: eight of the nine
raMOs correspond to electron pairs centered on the Co atom,
with the Co 4p, showing signs of greater delocalization (see
Figure S7). Co—Co interactions can also be perceived in these
functions, leading us to create sp>d hybrids corresponding to
four Co—Co isolobal bonds. This accounts for 12 of the 16
electrons per formula unit in CaCoSiH, with the contributions
from these functions dominating the DOS distribution (Figure
6a).

Use remainder as basis
for H 1s orbital raMOs

Use remainder as basis
for =1 lone pair raMOs

Energy (eV)

raMOs for
16-nCo
configuration

4.,:..':-' B
e
2e” / formula unit

2e”/ formula unit
About 85% occupied

DOS

Figure 6. Electron counting in CaCoSiH derived from raMO analysis.
First, in (a) the projected DOS distributions for the raMO
reconstructions of 16 — n (n = 4) configurations on the Co atoms.
The projected DOS is then augmented by the contributions from
raMO recreations of (b) the H 1s orbitals and (c) Si lone pairs on 108
of the 128 Si sites in the supercell used for the analysis. In (b) and (c)
raMOs are shown in the insets, with red, light gray, dark gray, and
white being used for Co, Si, Ca, and H, respectively.

The remaining electrons are then expected to be distributed
over the Si lone pairs and the H 1s orbitals. From the projected
DOS curves created for raMOs based on the Si lone pairs and
H 1s orbitals, it is clear that the Si lone pair functions
contribute more greatly to the states near the Eg, and as such
are more likely to exhibit partial occupation. We thus proceed
with the full reconstruction of the H 1s orbitals one-by-one,
with each resulting raMO function corresponding to the
electron pair in an H™ anion. As can be seen in the final
reconstructed hydride raMOs (Figure 6b), these functions are
tightly localized to the H center, accounting for 2 of the
remaining 4 electrons per formula unit.

The obvious place to look for the last two electrons is on the
Si lone pair positions. A raMO reconstruction of these
functions (following the generation of the all Co- and H-
centered electron pairs) proceeds well for 108 of the 128 Si
atoms in the supercell of the raMO analysis (Figure 6c),
showing features analogous to their counterparts in CaRuSi.
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Figure 7. Physical and chemical properties of CaRuSi, CaCoSi, and their hydrides. (a) Low-temperature heat capacity plotted as C/T versus T for
CaRuSi, CaCoSi, and CaCoSiH. (b) Electrical resistivity data for CaRuSi and CaCoSi. (c) Hydrogen desorption results measured by thermal
desorption spectroscopy (TDS) at a specific mass-to-charge ratio (m/z = 2). (d) The energy change of hydrogen desorption for CaRuSiH and

CaCoSiH at 0 K obtained by DFT calculations.

Reconstructions of the remaining Si lone pairs are then more
delocalized, and functions with Co-d/Co-d antibonding
character begin to emerge. Roughly 1.7 of the final 2 electrons
can then be placed in the Si functions, with the remaining
electrons being harder to localize.

These features of the electronic structure of CaCoSiH can
be understood by considering its formation from the
hydrogenation of CaCoSi. CaCoSi is a 15-electron phase,
with one electron in excess of the ideal 14-electron count.
Upon adding H, the creation of H™ anions provides the
opportunity to remove this excess of electrons in the CaCoSi
host lattice, making the H atoms effectively hole donors. The
persistence of a small amount of Co—Co antibonding
contributions to the occupied states of CaCoSiH and the
fractional occupancy for the Si-based functions suggest that
some of these electrons are instead pulled from the Si lone
pairs.

Trends in Physical Properties. To corroborate the
electronic structure results obtained theoretically, we measured
various physical properties of CaRuSi, CaCoSi, and CaCoSiH.
In accord with the Debye model, the low-temperature heat
capacities of the phases (Figure 7a) are well-fit with functions
of the form C/T = y + BT where y is the Sommerfeld
parameter and f3 is the parameter of the Debye T° term.”® As
has been shown for other intermetallic phases, the electronic
DOS values at the Ep, N(Eg), can then be derived from the
intercept y via y = 1/3 7*N(Eg)kj for comparison with those of
DFT calculations.”*® Here, we obtain N(Ez) values of 1.19,
3.58, and 2.04 eV for CaRuSi, CaCoSi, and CaCoSiH,
respectively, whose agreement with the theoretical results of
Figure 2 provides experimental evidence that electron counts
of 14/TSi unit are associated with pseudogaps at the Ep.

Figure 7b shows the resistivity of CaRuSi and CaCoSi
measured after pelletizing the samples without further heat
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treatment. The lower resistivity of CaCoSi is consistent with it
having a larger N(Ep) than CaRuSi. It should be noted,
however, that, in the pelletized sample, electrons are expected
to suffer strong scattering from defects and grain boundaries,
and as a result the resistivity values shown are likely much
larger than the intrinsic ones. The resistivity data for CaRuSi
shows an upturn at low temperatures (below 35 K), suggesting
weak localization. Contributions to this metal—insulator—
transition (MIT) behavior from a Kondo effect were excluded
by magnetization experiments, where no magnetic impurities
were observed (Figure S8a). Furthermore, by annealing the
pellet at 600 °C for 30 h, the MIT disappeared (Figure S8b),
indicating that the factors leading to weak localization, perhaps
lattice disorder, were removable through heat treatment. In
fact, the annealing reduced the laminated morphology of the
sample (Figure S8c), confirming that the process led to grain
growth.

Trends in Hydrogen Affinity. Not only the physical
properties, but also the chemical properties are largely affected
by the 14-electron pseudogap. Although both CaRuSi and
CaCoSi absorbed 1H/f.u. to form the corresponding hydrides,
the thermal desorption spectroscopy curves for H, are
dramatically different for the two compounds (Figure 7c).
The onset of pronounced H, desorption occurs at temper-
atures almost 300 C° lower for CaRuSi than for CaCoSi,
revealing that hydrogen is less stable in the former than in the
latter. This can be rationalized from their electronic structures,
where CaCoSi has one electron/fu. in excess of a pseudogap
that could be donated to hydrogen to form H~, while in
CaRuSi the formation of H™ requires electrons be drawn from
states below the pseudogap. Such a situation is also revealed by
the larger and deeper energy states of hydrogen in CaCoSiH
relative to the Ey than in its Ru analogue (Figure 2c, Figure 6,
and Figure S9). To further confirm the thermal stability of
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hydrogen in the two compounds, we calculated the energy
change for hydrogen desorption at 0 K, e.g., AE(CaRuSiH) =
2E(CaRuSi) + E(H,) — 2E(CaRuSiH). As indicated in Figure
7d for calculations based on the experimental structures of
CaRuSi and CaCoSi,”” hydrogen desorption requires twice as
much energy for CaCoSiH as for CaRuSiH.

Overall, these trends are simply connected to the pseudogap
at 14 electrons/TSi unit. CaCoSi goes from having excess
electrons to a well-optimized 14-electron count upon forming
CaCoSiH, while CaRuSi goes from a 14-electron system to an
electron-poor system upon forming CaRuSiH. As a result the
CaCoSi exhibits a much greater affinity for hydrogen. This
control of H bonding strength from electron count
considerations could be useful for the fields of hydrogen
storage and hydrogen related catalysis, where different
applications re%uire an appropriate binding strength of
hydrogen.'***~*

B CONCLUSIONS

In summary, we have synthesized a new ternary compound,
CaRuSi, and confirmed its tetragonal CeFeSi-type structure
with powder X-ray diffraction measurements. A combination of
DEFT calculations and heat capacity measurements on CaRuSj,
CaCoSi, and their hydrides revealed that electron counts of 14
per formula unit are correlated with an electronic pseudogap of
the DOS near Eg. The 14-electron pseudogap and its chemical
origin were interpreted from the viewpoint of orbital
interactions using raMO analysis. The 14 electrons correspond
to the filling of one Si lone pair (2 electrons) and T (T = Ru or
Co) 16 — n configurations (12 electrons), with the support of
4 isolobal T—T bonds around each T atom. We showed that
the 14-electron pseudogap has a profound effect on the
chemical properties of the phases, with hydrogen desorption
experiments demonstrating that CaRuSi (14 electrons) has a
much weaker affinity for hydrogen than CaCoSi (1S
electrons). While the properties of CaRuSi itself are rather
trivial, it opens a simple relationship between electronic
structure and properties, both physical and chemical, in ATX
compounds that may facilitate the design of materials for
superconductivity, hydrogen storage, and catalysis. In partic-
ular, it illustrates the opportunities electronic pseudogaps offer
for tuning the hydrogen absorption/desorption behavior of
intermetallic phases.
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