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Density functional theory is adopted to study phase transitions, structural, elastic, and electronic properties of

hydrogen storage K,PdH,. Firstly, the structural evolution of K,PdH, is investigated under high pressure along

with the hydrogen storage properties. In the ambient conditions, K,PdH, crystallizes in a tetragonal structure

with space group /4/mmm. As the pressure is increased gradually on the crystal, a phase transition is recorded to

the orthorhombic structure with space group I/mmm. Subsequently, the density of states and electronic band

structures are obtained for each phase. Mechanical properties such as ductility and brittleness are investigated us-

ing elastic constants which are crucial parameters for solid-state hydrogen storage materials. Moreover, several

properties are analyzed using Young, shear and bulk modulus to reveal the bonding characteristics of K,PdH,.
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1. Introduction

The worlds’ increasing population, energy need, and
heavy pollution urge the requirements for developing
green and sustainable energy sources. The increase of
temperature in the atmosphere along with pollution will
bring disasters such as flooding, drought, migration, etc.
Thus, the research world has started to focus on devel-
oping clean, cheap, and viable carbon-free techno-
logies. Hydrogen is offered to be one of the best options
among wind, solar, and nuclear energy production. Hy-
drogen can be an effective energy carrier in various ap-
plications such as fuel cells. The utilization of hydrogen
requires a few steps: production, storage, transportation,
and usage. Each step has its own benefits and disad-
vantages. In terms of hydrogen storage, recent studies
[1-3] have focused on solid-state hydrogen storage
where hydrogen is bonded to a host material. In the pre-
sented study we focused on one of these materials,
namely K,PdH,. The phase transitions, mechanical,
electronic and hydrogen storage properties will be exam-
ined by using ab initio calculations. 4b initio calculations
have been well established and proven to be effective to
reveal various properties of materials before synthesiz-
ing the materials.
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2. Computation method

The theoretical properties of K,PdH, have been investiga-
ted by using ab initio calculations with the Siesta-4.0 software
package [4]. The exchange-correlation energy was calculated
by using the generalized gradient approximation of Perdew—
Burke—Ernzerhof (PBE) [5]. Troullier—Martins type pseudo-
potentials were used for K, Pd, and H atoms [6]. A double-{
basis including polarized orbitals were used. As a result of the
optimizations, the calculations have been carried out using a
250 Ry cut-off energy. The simulation cell consisted of 84
atoms has been used with appropriate boundary conditions.
The Brillouin zone integration was performed with 10x10x8
and 8x10x6 k-point meshes for /4/mmm and Immm phases of
K,PdH,, respectively. These k-point meshes were utilized for
the energy vs volume calculations. Structural optimizations
were performed via the conjugate gradient (CG) technique
using to apply external pressure to the system until the resi-
dual forces acting on all atoms were smaller than 0.01 eV/A.
The pressure was increased with an increment of 10 GPa.
The structures of K,PdH, at each pressure value were ana-
lyzed with the KPlot program and RGS algorithm [7, 8].
As a result of the analysis, detailed information about lat-
tice parameters, space groups, and atomic positions of the
structures was obtained.
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3. Results and discussion

Firstly, the ground state properties of K,PdH, tetragonal
structure with the space group /4/mmm at zero pressure and
temperature are investigated. After the optimization of the
structure, the lattice parameters of this tetragonal structure
are obtained as @ = b = 6.023 A and ¢ = 7.5216 A. Subse-
quently, the pressure has been increased gradually on this
optimized structure and a sharp volume decrease is ob-
served at 20 GPa as shown in Fig. 1, where V/V, represents
the ratio of the volume at pressure applied to the volume at
zero one. A 30.33% collapse in volume at 20 GPa pressure
is determined in this figure which is a clear indication of
phase transition. In addition, the discontinuity in the vol-
ume is proof that the phase transition is of the first order.
The tetragonal /4/mmm phase transforms into the ortho-
rhombic Immm phase at 20 GPa. The lattice parameters of
this orthorhombic phase are obtained as @ = 5.168 A, b =
=4.766 A, and c = 6.859 A.

Figure 2 demonstrates the evolution of the structure.
The lattice constants of K,PdH, decreases when the sym-
metry of the structure transforms from /4/mmm to Immm.

It is known that a constant pressure simulation overesti-
mates the transition pressure. It is conventional to apply a
thermodynamic theorem to estimate transition pressures in
these calculations. The result of such procedure is given in
Fig. 3. It is known that the transition pressure is close to the
pressure where the enthalpy of phases crosses each other
since it does not take into account perfect boundary condi-
tions, short time scale, etc. As Fig. 3 suggests that the transi-
tion from /4/mmm phase to Immm phase occurs at 5.4 GPa.

The mechanical stabilities of phases are examined via elas-
tic constants. Their calculated values, together with the lattice
parameters, are collected in Table 1. The well-known Born
stability criteria are given as [9, 10] for tetragonal:

Cii—Cip>0, C;;>0, C3>0, Cyu>0, Css>0, Ce>0,
Cii+C33—=2C;3>0, 2(Cy; +Cypp) +C33+4C3>0 (D
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Fig. 1. Change of the volume of the unit cell under pressure

applied.
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Fig. 2. Structure changes of K,PdH,, (a) [4/mmm at zero pressure
and (b) /mmm at 20 GPa. K, Pd, and H atoms are represented by
blue, gray and pink balls, respectively.

and for an orthorhombic structure:
CiitGCy—2C;3>0, Cyp+tCyi—2C;3>0,
Ci+Cypp—2C >0,
Ci1>0, C»>0, C3;3>0, Cyu>0, Cs5>0, Cg>0,
Cii +Cpt Gyt 2(Cra+ Ci3 + C3) > 0,
13(Cp+Ci3+Cxu)<B<(C;i +Cx+Cs3).  (2)
The fulfillment of both criteria (1) and (2) serves as a con-
firmation that both phases are mechanically stable.

Table 2 depicts other parameters that are obtained using
the elastic constants. The ductility and brittleness of mate-
rials can be evaluated using bulk to shear modulus ratio.
According to Pugh’s rule, if this ratio is higher than 1.75,

the material is ductile otherwise it is a brittle material. It can
be seen that both phases of K,PdH, are ductile. The other
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Fig. 3. The enthalpy vs pressure dependencies for tetragonal and
orthorhombic modifications of K,PdH,.
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Table 1. The calculated lattice constants (A) and elastic constants (GPa) of K,PdH,

K,PdH, a, A b, A c, A Cn Cx Cs3 Cuy Css Ces Ci Cis Cy
14/mmm 6.023 6.023 7.521 24.95 - 29.71 6.87 - 7.09 8.89 9.01 -
Immm 5.168 4.766 6.859 3492 25.61 48.15 5.34 11.11 4.08 11.41 48.15 12.30
parameter, Poisson’s ratio, provides information about (a) 10 —— _ _
bonding properties. It is considered that if Poisson’s ratio [ s | =% ‘::2%::__
. . . .. . 8 T e —— e
is around 0.25, the material has dominant ionic characteris- 1 Pl
i i i ioni - O e iR
tics. Th.us, it .can be predicted that ionic bon.dmg .seeTns to . __::j?/ T
be dominant in both phases. Young modulus is an indicator i = e R e [ o
. . . . . _ e
of stiffness. As it gets higher, the stiffness of the material By 2 | I .-~ = C |
increases. Therefore, it can be considered that the ortho- g ol Band Gap2A44<¥ | E,
rhombic phase is more rigid than tetragonal one. H " E— |
The electronic band structures and density of states (DOS) - i
of the phases are presented in Figs. 4 and 5. Zero energy cor- — ———

responds to the Fermi level. As can be seen from the Fig. 4,
both phases of K,PdH4 show a band gap in their band struc-
tures. The band gap is 2.43 eV for /4/mmm phase at zero pres-
sure and 2.14 eV for Immm phase at 20 GPa pressure. Thus,
both phases of K,PdH, exhibit a semiconductor character.

In Fig. 5, the total and partial density of states were cal-
culated for the obtained phases of K,PdH, The largest con-
tribution below the Fermi energy level in both phases comes
from Pd-4d electrons. Above the Fermi energy level, the
largest contribution comes from K-4s electrons.

The gravimetric hydrogen density (GHD) is an im-
portant parameter for hydrogen storage materials which
can be calculated as follows:

(H /MM,
Mhost +(H/M)MH

Cyrop = [ X 100}%, 3)
where H /M is hydrogen to metal ratio, M, is the molar
mass of hydrogen and M, is the molar weight of host mate-
rial. The obtained GDH of K,PdHj, is about 2.09 wt%.

In addition to GHD of K,PdHy, the hydrogen desorption
temperature is predicted for evaluating the applicability of
K,PdH, using the following equation:

AH =T, x AS, “)

where AH and AS are the enthalpy and entropy changes of
the dehydrogenation reaction, and hydrogen desorption
temperature is represented by 7,. The hydrogen entropy
change is previously determined as 130.7 J/mol-K, so the
predicted desorption temperature is 312.74 K.

Table 2. The calculated bulk modulus B, shear modulus G,
B/G ratios, Poisson’s ratios 6, and Young’s modulus £ of K,PdH,

K,PdH, | B,GPa | G,GPa | B/G 6 | E,GPa
HA/mmm | 1478 | 7.67 194 | 028 | 19.50
Immm 20.11 | 7.86 2.55 032 | 2086
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Fig. 4. The calculated electronic band structures of K,PdH, at
zero pressure (a) and at 20 GPa (b).
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Fig. 5. (Color online) The calculated partial and total DOS of
K,PdH, obtainedat at zero pressure (a) and at 20 GPa (b).
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4. Conclusion

This study investigates phase transition, mechanical,
electronic, and hydrogen storage properties of K,PdH,. It is
found that K,PdH, undergoes a phase transition at 5.4 GPa.
The mechanical stability examination based on the Born
stability criteria has shown that both the tetragonal and
orthorhombic phases of K,PdH, are mechanically stable.
According to obtained B/G ratio values for two structural
phases of the material, the K,PdH, is a ductile material.
The electronic band structures of the phases show a band
gap between conduction and valence band. Additionally,
the gravimetric hydrogen density and hydrogen desorption
temperature of K,PdH, have been predicted. The GHD is
found as 2.09 wt% and the hydrogen desorption tempera-
ture is found as 312.74 K.

This study was supported by the Kirsehir Ahi Evran
University under Scientific Research Project (BAP)
No.: TBY-A4-20-002.
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BrnactmBocTi 36epiraHHsa BOAHIO, CTPYKTYPHUIA aHarnis,
NPY>KHi Ta enekTpoHHi BnactusocTi K,PdH,

S. Al, C. Kurkcu

Teopis (yHKUIOHATY T'YCTHMHH BUKOPHCTOBYETHCS AJSI BU-
BYCHHS (ha30BUX MEPEXOMiB, CTPYKTYPHUX, NPYKHUX Ta CICKT-
POHHMX BIIacTHBOCTeH HakomuuyBaua BoaHio K,PdH,. [locmi-
JDKeHO CTpykTypHy eBomronito K,PdH, mim BucokuM THCKOM
Pa3oM i3 BIaCTHBOCTSAMU HAKOIMYEHHS BOAHIO. B yMOBax HaBKO-
mumHboro cepenosumia K,PdH, kpucranisyerscst y Terparona-
JBHI CTPYKTYpi 3 HPOCTOpPOBOIO rpynoio [4/mmm. Ilpu mocry-
MOBOMY 301IBIIIEHH] THCKY Ha KPHCTAJ CHOCTEPIraeThes (ha3oBuid
Hepexiz 10 OpTOpoMOiYHOI CTPYKTYPH 3 HPOCTOPOBOIO IPYIOIO
Immm. OTpUMaHO T'yCTHHY CTaHIiB Ta CTPYKTYpPY €JECKTPOHHHX
30H 1Sl KOXKHOI (ha3u. MexaHidHi BIaCTUBOCTI, TaKi K IUIACTHY-
HICTh Ta KPUXKICTh, HOCTI/PKYIOTHCS 33 JIONOMOIOIO IIPY>KHHX
KOHCTaHT, sIKi € BHPILIaJbHUMHU [apaMeTpaMu AJs TBEPIOTLIb-
HUX MarepianiB mojo 30epiraHHs BoaHIO. Jleski BIACTHBOCTI
aHaNI3yIOThCs 32 JonoMoroo Moy FOnra, 3cyBy Ta 00’ €eMHOTO
MOJIyJIsI JUISl BUSIBIICHHS XapakTepy 3B 53Ky y K,PdH,.

KirouoBi croBa: TBEpIOTIIbHE HAKONWUYEHHS BOJHIO, TiIPHUIIH,
CTPYKTYpHA CBOJIFOIIIS.
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