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HYDROGEN ABSORPTION-DESORPTION ISOTHERMS IN MAGNESIUM
INTERMETALLIC COMPOUNDS

A statistical theory of hydrogen absorption-desorption in the system CeMgCo.-H, was developed.
The values of free energies of the two phases formed by dissolving hydrogen in a crystal CeMgCo, both
CeMgCosH, and CeMgCo,Hg were calculated. The calculation was carried out using simplifying
assumptions: the crystal lattice was assumed geometrically ideal, the interatomic interaction only for the
nearest atom pairs was taken into account, and the correlation in the substitution position of the lattice
atoms was not taken into account. The thermodynamic equilibrium conditions of these phases were
determined. The minimizing of the free energy, which determines the equations of thermodynamic
equilibrium, allowed studying the hydrogen sorption of crystals at different temperatures. The possibility
of occurrence of the hysteresis effect, which disappears with increasing temperature, was shown. The
absorption-desorption isotherms close to the real ones were obtained, and the appearance of these curves
at the phase transition temperatures was explained. The calculations show that the experimental study of
the sorption isotherms of hydrogen in the crystals can allow their mind to reveal the presence or absence
of phase transformations in the system, as well as a possible phase transition temperature, if any.
Comparison of experimental and calculated isotherms showed their similar nature.
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PaszpaGorana craTucTHYeckasi TeopHusi Ipolecca adcopOuuu-gecopdéuuu BOJOpPOJa B cHCTeMe
CeMgCo4-H,. Paccuutanbl cBOOOIHBIe JHepruu JBYX a3 CeMgCoH, m CeMgCoyuHg,
dopmupyrommuxcsi npu pacTBopeHuH Boaopoaa B kpucramie CeMgCo,. Pacyer mnposoamiicsi ¢
YHPOIAIONIMMH TMPeNOI0KEHHsIMH: KpHCTAUIMYecKas pellleTKa TNPHHUMANIACH TeoMeTpPHYecKH
HAeallbHOH, Me:KaTOMHbIe B3aMMOJEHCTBHSI YUHTBHIBAIMCH TOJIBKO s OJMKAMIIMX aTOMHBIX map,
KOppe/siusi B 3aMelleHHMHM NO3WIHUIi pelleTKH aTOMaMH He Y4HMThIBajack. OmnpeseneHbl ycJ0OBUS
TepMOAMHAMHMYECKOr0 paBHoBecus ¢a3. MuHuMH3anusa CBOOOAHBIX DJHEPruii, ompegesomas
YPaBHEHHS] TEPMOAMHAMHYECKOr0 PABHOBECHS, IO3BOJIHJIA H3YYHTh BOJOPOJHYIO COPOIHOHHOCTH
KPUCTA/LIOB /UISl Pa3HBIX TeMIepaTyp. YCTAHOBJIEHA BO3MOKHOCTH MOSIBJeHHSI THCTEPE3NCHOIO
3¢ dexTa, KOTOpHIH HcYe3aeT ¢ MOBBIMEeHHeM Temmepatypsl. IlocTpoeHbl 0H3KHe K peaJbHBIM
H30TepMbI, 00BSICHEHO TOSIBJIeHHe HAa HHX M3rM00B B TOYKax (pa3oBoro mepexona. BouimoaHeHHBI
pacyeT MNOKAa3bIBaeT, YTO 3KCIHEPHMEHTAILHOE MCCIe0BaHHEe H30TepM BOJOPOAHOI copOuuH B
KPHCTA/IaX IO03BOJsIeT N0 WX BHAY BBISIBUTh HAJW4YHe WJIM OTCYTCTBHe B cHcTeMe (a30BbIX
npeBpalleHuii, a TakKe oNpefeJUTh BO3MOKHYIO TeMIepaTypy (a3oBoro nepexoja npu ero HaJH4Hu.
CpaBHeHHe IKCIIEPUMEHTAJIbHBIX H PACUeTHBIX H30TePM MOKA3aJI0 HX CXOAHBII XapakTep.

KuoueBble c10Ba: BOJOPOIHASI COPOLHS, H30TEPMBbI, HHTEPMETAILIN/IBL.

Po3po0iiena craTucTu4Ha Teopis mpouecy adcopouii-gecopoduii rinporeny B cucremi CeMgCo4
H,. Po3paxoBani BinbHi eHeprii n1Box ¢a3 CeMgCo,H, i CeMgCo,Hg, 10 popMyHOThCS NIPU PO3YHHEHHI
BoAHIO B KpucTaldi CeMgCo, Po3paxyHOK BUIBLHMX eHepridi mMpoBOAMBCSI 3 BHKOPHUCTAHHSIM TaKHX
CIPOIeHb: KPHUCTATIYHA PpeliTKa BBaXKAJACh I'eOMETPUYHO iealbHOI, MIXKATOMHI B3aemonii
BPaxoOBYBAJIMCS TIIbKH JJISl HAHOJIMKYMX aTOMHMX Nap, Kopejsiuis B 3aMillleHHi mo3uumiii pemiTku
aToMaMU He BpaxoBYyBaJjiacb. Bu3HaueHo yMoBH TepMoamHaMiuHOi piBHoBaru ¢a3. Minimizauisn
BIIbHUX eHepriii, sika BHU3Ha4yaja PiBHAHHA TePMOAMHAMIYHOI pPiBHOBAru, [103BOJIMJIA BHBYHTH
copOuiiiHicT, KPHUCTAJLIB 0 BOAHIO NpH pisHUX Temmeparypax. Iloka3zaHa MoIUBICTB ricTepesucHOro
edekTy, IKUil 3HMKa€ 3 migBuueHHAM Temuepatypu. IloGynoBani 6/m3bKi 10 peanbHux izorepmu i
MOsICHEHA MOsIBa HA HUX BUTHHIB B TOYKaxX ()a30BOro nepexoay. Bukonanuii po3paxyHok moka3sas, IO
eKCIIePUMEHTAIbHE NOCJIilKeHHs i30TepM copOuii riziporeHy B KpHcTajax [J03BOJSAIThL 32 BHIOM
i30TepM BHABHTH HasiBHiCTh a00 BiacyTHicTh B cucTeMi ¢a30BHX NnepeTBOpPeHb, 4 TAKOK BU3HAYUTH
MOKJIMBY TeMIiepaTypy ¢a3oBoro nepexoay 3a iioro HasisHocTi. I[lopiBHAIHHS pe3y/1bTaTiB pO3paxyHKiB
Ta eKCIepUMEHTAJbLHHUX i30TepM MoKa3a10 iX NoAi0HiCTD.

KuiouoBi cioBa: copOuis rinporety, i30TepMu, iHTEpMETaIIN.
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Introduction

New perspective intermetallic hydride materials that proved to be attractive (because
of their cheapness, non-toxicity, availability) for both the accumulation and storage of
hydrogen and for practical use as battery electrodes supply [1] have been recently
synthesized. Among the intermetallic compounds capable of absorbing hydrogen crystals
are Mg;MnNi,, MgsTiNiy, MgsAINi,, LaMgNi,, CeMgCo,4 and also other ones [2,3]. Their
hydrogen sorption capacity makes up 5.4 - 7.6 % weight of hydrogen.

Investigation of the kinetics of hydrogen absorption-desorption in CeMgCoq
compound showed that the system CeMgCos-H, demonstrates the formation of two
hydrides (deuterides): with a relatively small amount of hydrogen more stable a phase of
CeMgCo4H, is formed while with a higher concentration of hydrogen B phase of
CeMgCo4Hy is formed. In the process of absorption crystal lattice expands so that its
increase in volume makes 20%. Experimental absorption-desorption isotherms show
hysteresis effect (Fig. 1) [1]. Bends in the curves indicate the hysteresis loop for the
implementation of the phase transition o — f3.
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Fig.1. Experimental absorption-desorption isotherms for CeMgCo,-H, system [1].

One may be interested in constructing the statistical theory for the hydrogen
sorption processes in the CeMgCo4-H, system, as well as ascertaining the conditions of
thermodynamic equilibrium during phases formation process and describing isotherms of
the process, identifying possible manifestations of the sorption hysteresis effect and the
impact of a — P phase transition.

Theory. The comparison with experiment

To achieve the objectives we have calculated free energies F; of hydride phases o =
CeMgCo4H, and B = CeMgCo,H; using the known formula [4-8]

F, = E, — kTInW, — kTN ;;In/, (1)

where i = a, B; E;— internal energy of the configuration for i-th phase, determined by the
sum of the energy of interatomic interactions, W; — thermodynamic probability of
distribution of atoms in a crystal on their positions, calculated according to the rules of
combinatorics, Ny — the number of hydrogen atoms in the crystal, A; — their activity, k& —
Boltzmann constant, 7 — absolute temperature.

The crystal structure of the intermetallic compound CeMgCo, is cubical. When
forming the a and B phases hydrogen atoms first form octahedra around magnesium
atoms, o phase occurs, aand further with hydrogen concentration increasing hydrogen
atoms begin to fill more lattice cavities, for example, centers of some of the planar
surfaces of the unit cell, B phase occurs. The lattice parameter equals to a = 7,501 A.
Hydrogenation (deuteration) of CeMgCo, crystal does not change the crystal lattice type,
but causes its expansion by 20%.

83



Hydrogen absorption-desorption isotherms in magnesium intermetallic compounds

The calculation of free energies has been performed using simplifying assumptions:
the crystal lattice was taken geometrically ideal, interatomic interactions were taken into
account only for the nearest atom pairs, correlation in substitution of atom positions in the
lattice was not taken into account, the dependence of the energy of interatomic
interactions on the hydrogen concentration was taken quadratic, the known dependence of
the activity of atomic hydrogen in the crystal on external pressure was applied

7\.1 = Gi pl/z (2)
where p — pressure; G; = const for each phase.

For calculation of internal configuration energy E; terms with the energies of pairs of
metals interaction are included in the constant term E, of this energy. Energy E; is
determined by the formula

E;=E, +Ncyucy t Nyguyy + Nggtgg N gty

where Ncy, Ny, Nxu, Ngy — numbers of the nearest atomic pairs CeH, MgH, CoH, HH
(or DD), a ucy, uym, Ukn, uyy — energy of their interaction.

Numbers of the nearest pairs of Ncy, Nyu, Ngr, Ny can be found via considering the
crystal lattice geometry. The unit cell of a phase contains four atoms of sodium and
magnesium and 16 cobalt and hydrogen atoms. The connection between MgH atom pairs
in octahedra is strong and short. CeH pairs exist at two distances 'cy and 7"cy. Distances
for the nearest atom pairs are r'cy =a / 232 = 2,652; 'y = a3’/ 4= 3248, ryy=a /4=
1,875; rim = a3/ 8 = 1,624; ryy = a | 2°* = 2,652. Indicating the number of atoms'
positions for metals Ce, Mg, Co as 6N, we get the number of Ce, Mg, Co atoms as N, N,
4N respectively. The numbers of positions of hydrogen atoms in o and B phases are,
respectively, 4N and 6N. Some of these positions are vacant. Let assume ¢ and ¢, to be
concentrations of hydrogen atoms and vacant positions.

Consider first a phase of CeMgCosHy (0 < x < 4). In this phase

c=Ny/4N=x/4, ¢,=1-c. 3)
Calculating the numbers of the next atom pairs gives in result
Ncn= New(r'cn) = 8N-c; N"cu= Neu(r" cu) = 4N-c;
Nur(rym) = 6N-c; Niu(rgn) = 8N-c; Ny(run) = 24N-¢".

With taking into account these formulas, the configuration energy £,

E, = E o +4N(20' cpp+ut" ey +3/ 20y + 2 gy + 6t gy ) - “4)
Thermodynamic probability ¥, defined by the formula

_ (4N)!
“ N,/(4N-N,)!

with using the Stirling formula In(X!) = X(In(X) — 1), which is true for large numbers X,
allows to obtain the natural logarithm

W, = 4NIn(4N) - NyIn(Ny;) - (4N - Ny)In(4N - Nyy). (5)

Substituting the expressions (4) and (5) in Eq. (1) with the formulas (3), we obtain
the free energy of a phase
F,=E, +4N{U,(c)+kT[clnc+(1-c)in(1-c)] — kTc), } (6)

2
where Ua = Uac + U'ac 5 Ua: 2u'CH +u”CH +3/2MMH + 2”1(1{ 5 U"a: 6uHH-
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Energies U, and U", depend on the hydrogen concentration due to the significant
expansion of the crystal lattice in the process of absorption. It increases the interatomic
distances and interaction energies of atoms are reduced by the absolute value. Generally,
this energy is determined by a fractional-rational function with polynomials of the fourth
degree of concentration of hydrogen in the numerator and denominator of the works [4, 5, 8].
In our particular case, this dependence can be simplified and supposed to be quadratic.
Thus, configuration energy E,, is of fourth degree of the hydrogen concentration.

The obtained formula (6) defines the dependence of the free energy of a phase on
the temperature, pressure (taking into account (2)), the concentration of hydrogen atoms,
their activity (G, coefficient) and energy parameters of the interaction of atomic pairs.

The equilibrium concentration of hydrogen is defined by the minimal free energy

OF, /0c=0. (7)

Substitution free energy F, (6) into the condition (7) with accepting the quadratic

dependence of the energies U',, U", on hydrogen concentration results in a formula
nP=2ln— ¢+ 1 ®)
G/(l-c) kT

where [,(c) = yoc3 + y‘cz +y'"c+ y*, and constants y,, v, 7", y* are defined via ucy, Unm, Uy, Unp.

According to (8), one can be calculate isotherms of hydrogen absorption-desorption
in CeMgCo,sHy crystal with determining the dependence of P on the hydrogen
concentration at different temperatures. Previously energy parameters yo, ¥, v", ¥ and G,
coefficient must be evaluated. This evaluation was performed using the experimental data
for the process of hydrogenation-dehydrogenation in CeMgCo4Hy crystal at temperature
equal 323°C (Fig.1). Evaluation showed that G, = 1 and the energy parameters are

Yo=4,16 €V, Y'=-6,24¢V, y'=2,08 ¢V, y* =0,01eV. )

Using the values calculated according to (8) the isotherms of hydrogen absorption -
desorption in CeMgCo,Hy crystal were plotted for different temperatures (Fig. 2). As one can
see, the graph has a certain degree of symmetry, so for /= InP the following relation is true

Aoy=r1-o). (10)
Moreover, we see the sorption hysteresis effect appearance. The hysteresis loop narrows
with increasing temperature, shortens and disappears.

There is no mentioned symmetry on an experimental graph (Fig. 1). Possible
explanation is following: at x > 3 (c > 3/4 x) the introduction of hydrogen atoms into the
crystal is more intensive, hydrogen atoms begin to fill not only vertices of octahedra, but
also other cavities of the crystal lattice, for example, the centers of the planar planes in the
cell unit with coordinates z = a/8, a/4, a/2, 3a/4, Ta/4. It leads to the significant expansion
of the crystal lattice and the implementation of the structural phase transition o — .

The structure of  phase (CeMgCo,H) is not yet clarified due to its instability. But it
can be stated that the free energy of this phase will be similar to the F, (6)

F,=E,, +6N{U,(c)+kT[clnc +(1-c)ln(1-c)] —kTci, |-

In B phase c =Ny/6N=x/6,0<c <1, 0<x=<6. The condition of thermodynamic
equilibrium (7) also results in equation, similar to (8)
C n Fﬂ (C) .
Gy(1-c) kT

InP=2In
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Fig.2. Estimated absorption-desorption isotherms of hydrogen in magnesium intermetallic
compound CeMgCo,H, according to (8) for the energy parameters (9) and for different
temperatures equal to k7 = 0.032, 0.036, 0.05, 0.06, 0.07, and 0.09 eV (curves a, b, ¢, d, e, f).
Dashed parts correspond to the unstable state of the system. Circles on the curves mark the
extreme points. Shaded area shows the sorption hysteresis effect. Coordinates c, x define
hydrogen concentration in the intermetallic compound: 0<c¢<1,0<x<4.
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Fig.3. Estimated isotherms of hydrogen absorption-desorption: a — in CeMgCo,Hy crystal at
0<x<4,Ga=1,Ta(c); b—in CeMgCo,Hx crystal at 0 <x <6, Goa = 0,1 and | I'B(c) | =
0,5 | Ta(c) | ;5 ¢ —in the system with a — f phase transition at x = 3. Shaded area
demonstrates the hysteresis effect.

Thus, due to the lattice expansion the absolute value of energy I's(c) is reduced in
comparison with [',(¢) and activity of hydrogen atoms decreases (activity characterizes
system energy changing simultaneously with changing number of hydrogen atoms
entering the crystal)
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As an example, absorption-desorption isotherms were constructed in the o and 8
phases in the case of Gg =0,1G, and | Ip(c) | =0,5 | I'y(c) | , which are shown in Fig. 3a, b.

According to Fig. 3b, the hysteresis effect in B phase at the selected temperature is
absent. Fig. 3c is a superposition of graphs a and b taking implementation of the phase
transition oo — f§ at x = 3 into account, when the curve 1 smoothly transforms into curve
2. Hydrogen atoms with increasing pressure (absorption) has been extensively introduced
into the crystal while with decreasing pressure (desorption) intensively leave it. As a
result of the phase transition a — [ hysteresis loop is distorted in comparison to that one
in Fig. 3 in the absence of transformation. The comparison of the calculated and
experimental isotherms in Fig. 3 and 1 indicates their similar nature.

Conclusions

A statistical theory of the hydrogen absorption-desorption in CeMgCo, crystal with
forming hydrides (deuterides), i.e. a and B CeMgCosH, phases, makes it possible to
explain and justify the behavior of the isotherms of the process, observed experimentally.
The free energies of phases determining their dependency on temperature, pressure,
hydrogen concentration, and activity of the hydrogen atoms and energy constants have
been calculated. Minimization of the free energy, which determines the thermodynamic
equilibrium equation, allowed studying the hydrogen sorptivity of crystals at different
temperatures. The possibility of the hysteresis effect that disappears with increasing
temperature has been shown. Consideration of the phase transformation oo — B allowed
constructing the isotherms close to real ones and explaining the appearance of curves at
the phase transition for them.

Performed calculations show that the experimental investigation of the hydrogen
sorption isotherms in crystals can identify presence or absence of phase transformations
in the system and also identify the possible phase transition temperature, if any. We
should also note that the estimated energy parameters are not optimal. Summarizing
results of independent experiments may allow using the above formulas to set the curves
of absorption and desorption more clearly, as well as to estimate the temperature of phase
transformations in the crystal.
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