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HIGHLIGHTS

e Formation enthalpies of hydrogen-containing quaternary are calculated by extended Miedema’s model.
¢ Estimated maximum hydrogen content is found to corresponding to the most negative enthalpy.

e Maximum hydrogen capacity of Ce,MgNi, alloy reaches 1.57 wt. % H,, this is consistent with theoretical H-storage 1.64 wt. % H,.
e Hydride formation enthalpy of Ce,MgNi, alloy is —63.7 KJ/mol. It keeps with —59.1 KJ/mol H, obtained by Van’t Hoff equation.
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ABSTRACT

In this paper, an extended Miedema’s model is constructed to illustrate its applicability to
estimating the solid-solution enthalpies of Ce—Mg—Ni—H hydrides, adopting the range of
an optimized stoichiometry alloy in the contour map of solid-solution state enthalpy.
Ce,MgNi, alloy is designed to investigate its hydrogen storage properties, and its main
phase is confirmed with X-ray diffraction characterizations. The alloy shows a good acti-
vation ability and the pressure component temperature plateau is extremely flat. The
formation enthalpy of Ce,MgNi,—H, is calculated with the extended Miedema theory, with
the least enthalpy value of —59.1 kJ/mol for the corresponding hydrogen content of 1.64 wt
%. Both experimental and theoretical data of the hydrogen-containing alloy confirm that
the thermodynamic enthalpy of the quaternary Ce,MgNi,—H, is consistent with that of the
experimental results. When calculating the formation enthalpy of hydrogen and metal, the
enthalpy of the elastic contribution between metal and hydrogen was considered, gener-
ally improving the versatility and accuracy of the calculation. Moreover, the extended
Miedema’s model is used to predict the hydrogen storage performance.
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Introduction

In recent years, hydrogen storage materials have drawn
tremendous attentions due to their potential applications in
the development of hydrogen energy economy. Among the
various hydrogen storage materials, the researches on inter-
metallic compounds for hydrogen storage have received
intense interests because of their excellent material struc-
tures and hydrogen storage properties. They have found wide
application, such as hydrogen adsorption in metal-organic
frameworks (MOFS) [1], cathode materials for batteries [2],
high-entropy alloys [3], metal hydride and its alloy hydride
[4,5], metal-glass [6]. In these applications, the thermody-
namic properties of a hydrogen storage material are signifi-
cant, which govern the hydrogen storage capacity and
operating temperature. A number of isotherm models have
been used to discuss and calculate the absorption and
desorption thermodynamic data of the hydrogen storage
compounds. Miedema’s model is the one of these models. It
hasbeen widely applied in many areas, such as calculating the
standard formation enthalpy of intermetallic compounds and
liquid-phase alloys [7,8]. As well as predicting and assisting in
the calculation of phase diagrams and thermodynamic prop-
erties [9], determining crystal stability of phase in multicom-
ponent alloy systems [10]. And then theoretically scrutinizing
the amorphous forming composition range (AFCR) theoreti-
cally and glass forming ability (GFA) [11], and investigating the
mixing interaction on interface of solid-liquid system [12].
Moreover, with Miedema’s models, it is relatively simple to
predict the formation enthalpy or Gibbs energy of amorphous
and crystalline intermetallic compounds [13,14]. This advan-
tages is hard to achieve with other calculation methods, such
as current first-principles calculations and atomistic simula-
tion techniques. In addition, they are not economical and
time-consuming, unfavorable predicting thermodynamic of
multicomponent alloy. Liu.et al. [6,15] employed Miedema’s
model and Alonso’s method in thermodynamic calculations.
Itis revealed that the amorphous phase is favored in the large
composition region in the Mg—Ni—Y system. This can be
thought of as glass formation compositions first predicted by
thermodynamic calculations based on the extended Miede-
ma’s model. As for the single phase high-entropy alloys
(SPHEASs), King et al. [3] established that compare with the
density functional theory (DFT), Miedema methodology is
useful over a wider range of alloy compositions with far more
permutations-by orders of magnitude. Moreover, the Mie-
dema methodology tends to predict precipitation tempera-
tures and the tendency of precipitation of SPHEAs. This
approach is used to obtain and analyze the thermodynamic
properties of the Ti-Nb—Ta—Mn system consistent with the
experimental and thermodynamic results by Aguilaret al. [16].
Jacob et al. and Sreekumar et al. [17,18] calculated the
enthalpy and Gibbs energy of the Gd-Rh-O, Al-Mg—O ternary
alloy system, respectively, confirming that phase relations in
the system ternary could be computed as a temperature
function at constant oxygen partial pressures. Also calculated
were the enthalpies of the binary and multivariate systems for
non-metallic C, P and N [19—-21], with the results matched
with that of the experiment data. Accordingly, current efforts

are focused on finding the calculated formation enthalpy
suitable for metal hydrides purposes.

Matysik [22] summarized the application of Pettifor sta-
bility structure maps to MHx binary metal (M) hydrides in
accordance with their hydrogenation properties. A compari-
son was also conducted on the enthalpy values obtained from
experiments or calculations based on the Miedema, Born-
Haber and Energetic models. The semi-empirical models
showed a nearly satisfactory estimation of the binary hydride
stability. The calculations of thermodynamic enthalpy for
metals with hydrogen have been reported before [7], but they
are limited to the binary or early Miedema’s models. Hence,
the most serious problems are the confined practicability and
the wide off-margins of the calculation errors.

Ce—Mg—Ni alloys are of considerable interest for their
excellent hydrogen storage properties [23—25]. There are
several potential candidates for hydrogen storage in the Mg-
rich corner of Ce—Mg—Ni ternary systems, such as Mggo(Ce,
Y)10-xNix, Mg—10Ni-2Mm (Mm is misch-metals), and Mg—Ce/
Ni [26—28]. Quite a few researches have investigated the
constituent binary systems of Ce—Mg—Ni using experimental
and thermodynamic calculation methods. Some ternary
phases have been reported in Ce—Mg—Ni ternary system, such
as CeMg,Ni, [29,30], CeMgNiy [31,32], CeMg,Ni [33], Ce,MgNi,
[31,34] and Ce,3MgyNi; [35]. However, there are few studies on
the hydrogen storage properties of these compounds.

Our design is particularly critical for Ce—Mg—Ni—H alloy
system as the foundation. The thermodynamic enthalpies are
estimated by the extended Miedema model and compared
with previously available experimental data and evaluations
of the hydrogen storage performance, including the thermo-
dynamic of hydrogenation properties executed on the results.
In this study, Ce,MgNi, alloy is selected to investigate its
activation performance and thermodynamic properties. Ac-
cording to our early estimation, the ternary phase of Ce,MgNi,
is the most easily formed of all visible ternary phases. With
this, it is verified that the enthalpies of ternary hydrides
Ce—Mg—Ni—H coincided with that of the experimental data
trends.

Thermodynamic calculations

In order to predict the targeted thermodynamic enthalpy in a
quaternary Ce—Mg—Ni—H system containing hydrogen. The
formation enthalpies of the ternary and quaternary system
are obtained by three pseudo-binary interpolations and four
ternary interpolations respectively, as shown schematically in
Fig. 1.

For the calculation and deduction process of ternary
enthalpy of formation, our research group has made a detailed
explanation in the literature is made [27]. Here, according to
the derivation process of ternary, the formation enthalpy
calculation of the quaternary is presented. According to Toop
model, when constructing the quaternary geometric model,
the premise is that the thermodynamics of quaternary sys-
tems shall be composed of the thermodynamics of four
ternary systems, and that the interaction between ternary
systems should be taken into account, regarded as the general
mathematical properties of semi-empirical enthalpy of
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Fig. 1 — Schematic diagram showing calculate procedure for extension of Miedema model from binary to quaternary system.
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extended version for quaternary system. The specific values of
parameters were listed in Table S1.

Experimental

The master Ce,MgNi, alloy was prepared by induction levi-
tation melting in a water-cooled copper crucible under a he-
lium atmosphere. The master Ce—Ni alloy was first melted
thrice as a raw metal, and Mg was then adopted and melted
twice for homogeneity. Appropriate amount of Mg was added
to compensate for the evaporative losses of Mg during
melting.

The crystal structure of the alloy was measured by Bruker-
D8 Advance X-ray diffractometer (XRD) with Cu-Ka radiation
at45kV and 40 mA. The Rietveld refinements were carried out
using Maud soft.

The hydrogen storage properties and hydrogenation cycling
of the alloys were measured by Setaram PCTPro system using
the Sievert’s method. About 1.0 g sample was used for
hydrogen storage testing. Before the measurement, the sam-
ples were pumped at 300 °C for 4 h. Samples hydrogenation
cycle consisted of absorption at 3.0 MPa for 4 h. The hydroge-
nation kinetic temperature was 30, 100, 150 and 200 °C, and PCT
de/absorption temperature was 200, 250, 300 and 320 °C.

Results and discussion
Formation enthalpy of Ce—Mg—Ni—H for solid-solution

Fig. 1 exhibits ternary Ce—Mg—Ni phase diagram showing the
investigated compositions including their formation en-
thalpies. The least enthalpy value of Ce—Mg—Ni compounds is
—62.0 kJ/mol and the corresponding approximate atomic ratio
of Ce, Mg, Ni is 5:1:8. Theoretically, CesMgNig can form the
most stable compound. However, ternary phases in CeMg,Ni,,
CeMgNi,, CeMg,Ni, Ce,MgNi,, and Ce,3MgyNi; have been re-
ported to exist commonly in the Ce—Mg—Ni ternary system.
As shown in Table 1, the formation enthalpies of several
Ce—Mg—Ni nominal alloy compositions calculated by Miede-
ma’s model result in unstable compounds. Xie et al. [36,37]
prepared Mg—5Ni—5Ce and Mg—7Ni—3Ce (wt. %) alloys. The
final stable phase is metal phase (Mg), binary phase (CeMg,,
CeMg;, and Mg,Ni) and long-period stacking ordered phase
(LPSO). Lin et al. [24,38] reported the mixing enthalpy of the
constituent atomic pairs in the Ce—Mg—Ni system, finding
that the pronounced chemical affinity among the elements is
emphasized by mechanical alloying on Mg-rich sites. Finally,
the enthalpy value of the Ce—Mg—Ni is —39.0 kJ/mol, not relate
with atomic ratio. Table 1 shows the list of Ce—Mg—Ni ternary
compounds. It can be seen that the value of our calculation of
Ce14.94Mg11 1Niy3 96 is —38.9 kJ/mol, close to the given value
listed. These nominal alloy compositions are decomposed
into CeMg,Ni,, CeMgNi, and CeNis phases after fully crystal-
lization. However, for Ce;gMggoNi, compound, Ouyang et al.
[23] considered this alloy composed of Mg;Ce phase (57 wt %),
Ce,Mg;; phase (29 wt %), CeMg (7 wt %), CeMgNi, (5 wt %), and
a small amount of MgO (2 wt %). Compared with others, most
of the Ni exists in the ternary CeMgNi, phase in the as-

prepared MggoCegNi, alloy, and Mg phase is no longer
observed. To ensure a wider Ce—Mg—Ni phase diagram, Wu
et al. [39] selected ten samples by thermodynamic calculation
coupled with experimental verification. With annealing at
673 K for 120 days, the selected nominal alloy compositions
samples were found to contain ternary CeMg,Nis, CeMgNiy,
CeMg,Ni, Ce,MgNi, and CeysMgyNiy. It should be reminded
that the Ce,MgNi, and CeNi, were obtained after annealing of
the Cess 1yMg; 54Nis7 20. The enthalpy value obtained by Mie-
dema’s model was - 62.0 kJ/mol. For single phase Ce,MgNij, (P),
the enthalpy value of our calculation is - 44.1 kJ/mol. There-
fore, it is believed that Ce,MgNi, has a relatively negative
formation enthalpy, and it is the most easily formed com-
pound among the ternary Ce—Mg—Ni alloys.

Table 2 lists the parts of formation enthalpies of several Ce/
Mg/Ni hydrides based on experiments and calculations. Ac-
cording to our calculation of formation enthalpies of pure
metal hydrides and binary hydrides, these hydrides are
similar to those available in literatures. For Ce—H system,
common hydrides containing CeH, and CeHj; [40] are attrib-
uted to valence of Ce element. In the case of ignoring the ef-
fects of temperature, the equilibrium pressure of the H,
surrounding Ce is a significant thermodynamic variable along
with the lowest isotherm data available in the literature for a
stable CeH,. With the increase of hydrogen pressure, CeH,
further combines with H to form more stable CeHs. Hence, the
least enthalpy value of —188.4 kJ/mol can be obtained at a
corresponding atomic ratio of 3.35 wt % by estimation of the
formation enthalpy of Ce—H and comparison with the actual
3.0 wt %. However, the formation enthalpy determined by
calculated value of —146.0 kJ/mol is less accurate in terms of
the experimental observations of —241.0 kJ/mol. Therefore,
form the studies mentioned above, it can be concluded that
the least formation enthalpy value of pure metal hydride is
the most stable hydride, with a feasible corresponding
hydrogen concentration value as the maximum binding de-
gree of pure metal and hydrogen. For the combination of Ni
and H, the formation enthalpy is estimated to be approxi-
mately 12.2 kJ/mol. In comparison with the experimental
values of 8.4—10.6 kJ/mol, it is easy to obtain positive forma-
tion enthalpy values for Ni and H. It is generally considered
that a positive enthalpy value, according to two element sets,
is difficult to combine and easy to decompose. Therefore, for
metal hydrogen-storage material, Ni element is considered as
the non-hydrogen absorbing material. In course of the
hydrogen desorption and absorption, Ni element plays an
extremely important role. Extensive experimental and theo-
retical studies have been performed to explore thermody-
namic properties Mg—H systems, Pozzo M et al. [41] adopted
diffusion Monte Carlo (DMC) calculations to study the struc-
tural properties and thermodynamic parameters of magne-
sium hydride (MgH,), with the experimental value of 6.0 kJ/
mol. However, the 0K temperature assumed in the calculation
is far beyond the scope of the application. As mentioned
previously, the calculated value of Herbst [40] is —54.0 kJ/mol.
Despite some deviation from the experimental value, the
enthalpy value of Mg and H can be directly estimated in the
different concentration ratio. Our extended value of calcula-
tion is —88.0 kJ/mol, being the enthalpy of the most stable
hydride in Mg—H systems.
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Table 1 — The enthalpies of formation of several Ce-Mg—Ni compounds calculated by the Miedema’s model.

Nominal alloy composition Observed phases Our work Ref.
AHg, (KJ/mol)
CeMgsNi, Mg\CeMg1,\Mg,Ni\LPSO ~196 [36]
CeMg;oNi, Mg\CeMg;,\Mg,Ni\ LPSO -5.6 [36]
CeMg1oNiqo Mg\Ce,Mg;,\Mg,Ni\ LPSO ~136 137]
CeMgsNigs Mg\Ce,Mgy,\ LPSO ~15.6 [37]
Ce4MggsNig Mg\Ce,Mg;,\Mg,Ni -2.0 [24]
CesMgssNig Rich-Mg -2.1 [24]
CesMggoNis Mg\Ce,Mg;,\Mg,Ni\MgeNi —il.2 [24]
CesMgy Niy Mg\Ce,Mg;7;\Mg,Ni -1.1 [24]
CesMgooNiy Mg\Ce,Mg;,\Mg,Ni -0.8 [24]
Ce3MgosNis; Rich-Mg =04 [24]
Ce10MgyoNigo Mg\Ce,Mgi7\ Mg,Ni —8.8 [38]
CeysMgsoNips Mg\Ce,Mg;,\ Mg,Ni -19.7 [38]
CeoMgeoNing Mg\Ce,Mg;,\ Mg,Ni -13.1 [38]
Ce10MggoNizg Mg\Ce,Mg;,\ Mg,Ni -13.9 [38]
Ce13.3MgeoNize 7 Mg\Ce,Mg;,\ Mg,Ni -14.6 [38]
Ce;sMg;oNiss Mg\Ce,Mg;,\ Mg,Ni 7.7 [38]
Ce10MggoNiio Mg\Ce,Mgi,\ Mg,Ni 3.7 [38]
Ce;gMggoNi, CeMg;\Ce,Mg;;\CeMg\ CeMgNi, -21 [23]
Cey.9,Mgo1 84Nis 54 Mg\Mg,Ni\CeMg;, -1.1 [39]
Ce.93Mggs 90Nig 18 Mg\Mg,Ni\CeMg;, =i [39]
Ceg 87Mgeo 95Nins 18 CeMgNi,\ Ce,Mg;7\ Mg,Ni -8.4 [39]
Ce1s.16Mg14.9Nigg 04 CeMg,Niy \ CeMgNiy —38.4 [39]
Ce14.94Mg11.1Niz3.06 CeMg,Ni, \ CeMgNi, \CeNis —38.9 [39]
Cess.17Mg 54Nis7 o9 Ce,MgNi,\ CeNi, —62.0 [39]
Cesg 13Mgs7.45Niq3 40 CeNi\ Ce;Nis\ Ce,MgNi, -22.3 [39]
Ces3 65Mgs 06Nisg 20 Ce,3MgsNiy\ CeMg\ Ce,MgNi, —47.3 [39]
Cesg 78Mgs0.82Nif0 4 CeMgs\ CeMg\ Ce,MgNi, -13.4 [39]
Cegs 16Mg43 25Nizs 59 CeMgs\ CeMgNi,\ Ce,MgNi, -27.0 [39]
CeMg,Ni, (P) CeMg,Ni, \CeNis\MgNi, —23.2 [29,30]
CeMgNi, (P) CeMgNi, —40.6 [29,30]
CeMg,Ni (P) CeMg,Ni\CeMgs -19.7 [33]
Ce,MgNi, (P) Ce,MgNi,\ CeNisz\ CeMgs —44.2 [31,34]
Ce,3MgaNi; (P) Cey3MgNi; —28.5 [35]
Note: "-" data not found in the literature; “P" represents single phase.

Table 2 — The enthalpies of formation of several Ce/Mg/Ni hydrides calculated by the Miedema’s model.

Hydride Observed phases Ex AHg,(KJ/mol) Cal AHg(KJ/mol) Our work Ref.
AHgg (KJ/mol) H-storage (at. %)
Mg-H MgH, —82.0/-54.0 -88.0 2.75 [40,41,46]
Ce—H CeH,,CeH3 —206.0, —241.0 —188.0, —146.0 —170.4, —188.4 2.00/3.35 [40,46]
Ni—H NiH 5.2 12.2 0.08 [40,46]
Ce,Mg;;—H CeHy, MgH, ~69.0/-87.0 -104.8 46.00 [38,40]
CeMg;—H CeH, 73, MgH, -87.0 —133.7 8.50 [40,42]
CeMg—H CeH,, MgH, -87.0 ~166.2 4.70 [40,42]
Mg,Ni—H Mg,NiH, —57.9/-64.0 —64.2/-54.2/-61.5 —52.2 7.50 [4,43,44]
MgeNi—H MgH,, Mg,NiH, —46.0 ~713 19.00 [24,38]
MgNi,—H Unknown phase —28.4 —-16.6 6.50 [47]
CeNis—H CeNisHg ~14.0 ~356 7.00 [40,45,48]
CeNiz—H Unknown phase -32.0 —58.5 6.00 [40,45,48]
Note: "-" data not found in the literature.

The common Ce—Mg hydrides, including Ce,Mg;,—H,
CeMgs;—H and CeMg—H, are also showed in Table 2, with the
hydride phase CeH, and MgH, as final stable phase. Lin et al.
[38] and Kohlmann et al. [42] investigated the componenst of
the Ce—Mg phase, with the enthalpy value of —87.0 kJ/mol for

Ce—Mg—H, not related with atomic ratio. Hence, in our
research, the formation enthalpy of all the hydrides are
calculated based on the Miedema model, obtaining the cor-
responding maximum H-storage (at. %). In the Mg—Ni—H
ternary system, the Mg,NiH, is a common intermetallic of
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Table 3 — The enthalpies of formation of several Ce—Mg—Ni—H hydrides calculated by the Miedema’s model.

Hydride Observed phases Theoretical Our work Ref.

H-storage Xext (Wt. %) AHg (KJ/mol)  H-storage Xcge (Wt. %)  0xy

(%)

CeMgsNi;—H MgH,, CeH, 3, Mg,NiH, <7.00 -31.3 1.48 = [36]
CeMgyoNi,—H MgH,, CeH, 73, Mg,NiH, <7.00 ~17.3 3.50 = [36]
CeMg;oNi;p—H MgH,, CeH, 73, Mg,NiH, <5.50 -19.6 1.74 = 137]
CeMgsNijs—H MgH,, CeH, 73, Mg,NiH, <5.50 ~15.0 1.79 = [37]
Ce;MggsNiz—H MgH,, CeH, 73, Mg,NiH, = -7.6 4.26 — [24]
CesMggsNig—H MgH, = 6.2 3.92 = [24]
CesMggoNis—H MgH,, CeH, ;3, Mg,NiH, 5.30 —-8.4 4.54 14.3 [24]
CesMgo;Nig—H MgH,, CeH, 73, Mg,NiH, = -8.1 473 = [24]
Ce;Mgo,Niys—H MgH,, CeH, 73, Mg,NiH, = —6.4 4.90 — [24]
CesMgo4Niz—H MgH, = —45 5.14 = [24]
Ce10Mg7oNiz—H MgH,, CeH, 73, Mg,NiH, 3.90 —24.1 3.19 182 [38]
Ce,sMgsoNips—H MgH,, CeH, 73, Mg,NiH, 2.70 —62.2 2.77 2.5 [38]
Ce,oMggoNiz—H MgH,, CeH, 73, Mg,NiH, 3.20 —47.0 2.71 153  [38]
Ce1oMgsoNize—H MgH,, CeH, 73, Mg,NiH, 3.18 286 2.55 19.8  [38]
Ce13_3Mg50Ni26>7'H MgHz, CeH2,73, Mg2N1H4 3.18 —35.2 2.58 18.9 [38]
Ce;sMg7oNiys—H MgH,, CeH, 73, Mg,NiH, 3.84 ~328 3.53 8.1 [38]
Ce10MggoNiyo—H MgH,, CeH, 73, Mg,NiH, 4.75 -19.7 3.94 17.0 [38]
Ceq1sMggoNi,—H CeH, 73, MgH, 4.03 324 441 8.6 [23]
Cey.0oMgo1 54Nis 24-H MgH,, CeH, 51, Mg,NiH, 5.31 247 457 13.9  [39]
Ce;.93Mgssg 9oNig 15-H Unknown phase - -9.0 3.97 - [39]
Ceg 87Mgeo 95Nip3 15-H Unknown phase - —44.7 3.04 - [39]
Ce1s.16Mg14.9Nigg 04-H Unknown phase - —63.7 1.21 - [39]
Ce14.94Mg11 1Niz3 06-H Unknown phase — —69.2 1.34 — [39]
Cess.17Mg7 54Nisy 29-H Unknown phase - —54.0 1.70 — [39]
Ceso 13Mg57.45Nij34o-H  Unknown phase - —74.2 2.72 - [39]
Ces3 esMgs 06Nizg 29-H Unknown phase - —63.9 2.18 — [39]
Cesg 78Mgs0.8oNij4-H Unknown phase - -53.8 3.22 - [39]
Ceyr16Mga325Nissso-H ~ Unknown phase - -37.7 2.39 — [39]
CeMg;Nis (P) —H Unknown phase = —38.3 0.97 = [29,30]
CeMgNiy (P) —H CeH, 55, CeMgNi Hy = —48.9 1.00 — [31,32]
CeMg,Ni (P) —H MgH,, CeH, 74, Mg,NiH, = ~32.7 2.58 = [33]
Ce,MgNi, (P) —H Unknown phase = —59.1 1.64 = [31,34]
CeysMgyNi; (P) —H Unknown phase = —77.8 2.24 = [35]
Note: "-" data not found in the literature; “P" represents single phase.

alloy hydrides. However, as previously stated, Liang et al. [43]
concluded that formation enthalpy value of ball-milled
amorphous Mg,Ni hydride at high temperatures is —59.2 kJ/
mol, and maximum possible hydrogen capacity is 4.5 wt%.
Wang et al. [44] synthesized an intermetallic Mg,Ni alloy made
by dry milling for 40 h with the hydrogen capability of
approximately 4.9 wt%.Therefore, theoretically, the
maximum binding degree of hydrogen can reach 6.6 wt % (7.5
at. %) when the ratio of Mg and Ni is 2:1 based on the Miedema
model. This value is also correlated with the formation
enthalpy value of the previous MgH, calculation. Similarly,
with common Ce—Ni hydrides, including CeNis—H and
CeNiz—H, Klyamkin et al. [45] determined that the hydrogen
storage capacity of CeNis could reach 6.8 at. %, basically
similar to the predicted value of 7.0 at. %. For formation
enthalpy value estimation determined by
pressure—composition isotherm (PCI), the value of Klyamkin
is —14.6 kJ/mol on the first trial and —17.0 kJ/mol on the third
trial. It is then deduced that in the ideally, the value of LaNis
can be determined to be —19.0 kJ/mol for the first time. So our
deduction is that, ideally, the hydrogen storage of CeNis is
higher and the enthalpy value might be close to —33.1 kJ/mol,

the value of LaNis. This is roughly equivalent to-35.6 kJ/mol,
the estimated value of CeNis.

Table 3 lists the parts of formation enthalpies of several
Ce—Mg—Ni—H hydrides calculated by the Miedema’s model.
The final stable phase is hydride phase CeH,;s, MgH,,
Mg,NiH,, CeH, s, CeMgNisH, and CeH, 4. Thus, Lin et al. [38]
obtained the theoretical capacity of the crystalline Mg—Ce—Ni
alloys through calculation based on the formation of CeH, 73,
MgH, and Mg,NiH,. Additionally, they provided the mixing
enthalpy of the constituent atomic pairs in the Ce—Mg—Ni—H
system, with the pronounced chemical affinity among the
elements is emphasized by mechanical alloying on Mg-rich
sites. Ultimately, the enthalpy value of the Ce—Mg—Ni—H is
—142.0 kJ/mol, not correlated with atomic ratio. However, the
enthalpy value of Ces3 6sMgs 06Nizg 20-H by Miedema’s model is
—63.9 kJ/mol. For single phase Ce,MgNi, (P)—H and Ce,3Mg,Ni;
(P)—H, the enthalpy values of our calculation are —59.1 and
—77.8 kJ/mol, respectively. Therefore, it can be concluded that
the aforementioned article mentioned that the least forma-
tion enthalpy value of hydride is also the most stable hydride,
with the corresponding hydrogen concentration value as the
maximum binding degree of compound and hydrogen.
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Fig. 2 — Ternary Ce—Mg—Ni phase diagram showing the
compositions investigated including the enthalpies of
formation (KJ/mol).

Notably, Xie et al. [36,37] obtained the theoretical H-storage of
Mg—5Ni—5Ce and Mg—7Ni—3Ce (wt. %) alloys based on the
preparing Nanocrystalline/amorphous composites by ball-
milling. Ouyang et al. [23] and Wu et al. [39] selected Ceqs.
MggoNi,—H and Cej 9oMgo 84Nis 24-H, and determined theo-
retical value of H-storage to be 4.03 and 5.31 wt %,
respectively. Compared with the estimated values of 4.41 and
4.57 wt % in this paper, the differences are so minimal enough
to reflect the effectiveness of our work. Hence, calculations
are conducted on the formation enthalpies of all the hydrides
provided based on the Miedema model and obtained the
corresponding maximum theoretical value of H-storage (at.
%). In this paper, for maximum theoretical H-storage (at. %),
the deviations of estimates are expressed as dy,, which is
given as dy,=|Xexpt —Xcaic| /N by Herbst [46], where N is the sum
of the measurements of each element including H. It is
necessary to state that the error calculation in this paper is
calculated in accordance with the atomic percentage xy_, (at.
%) when the concentration of the alloy hydride is the atomic
percentage. Compared with the experiment values found in
literatures, the deviations of the estimation dy, , is approxi-
mately 15%.

Formation enthalpy of Ce,MgNi,

Fig. 3 demonstrates the contour map of solid-solution state
Ce—Mg—Ni mixed enthalpy, with the enthalpy of the ternary
system changing with the atomic percentage concentration.
In the selection of concentration, as shown in Fig. 3, x is the
atomic percentage concentration, considered within the
scope of 0.1 <x<0.9. The contour maps are intuitively re-
flected, along with the Ce, Mg and Ni constituents, and the
variation tendency of the formation enthalpies caused by the
composition variation of the ternary alloy. Additionally, the
most negative enthalpy value range is in blue areas. Similar to

AH KJ/mol
@ Ce,MgNi, i-046192

0.8 \% -9.292

¢ -17.96
6, {-26.64

°
.6 o, [

+-43.98

H-52.65

-61.33

-70.00

0.2 0.4 0.6 0.8
Ce (at.%)

Fig. 3 — Contour map of solid-solution state Ce—Mg—Ni
mixed enthalpy.

Fig. 2 and Table 2, the enthalpy value of Ce—Mg—Ni com-
pounds is —62.0 kJ/mol, and the corresponding atomic ratio of
Ce, Mg, and Ni is 5:1:8. However, it is common that ternary
phases of CeMg,Nis, CeMgNi,, CeMg,Ni, Ce,MgNi, and Ceys.
Mg,Ni; have been reported in Ce—Mg—Ni ternary system. The
prepared Ce,MgNi, alloy is well edge in blue areas, with the
range for optimized stoichiometry alloys in the contour map
of the solid-solution state enthalpy. The Ce,MgNi, alloy is
designed to investigate its hydrogen storage properties.

Microstructure

The XRD patterns and Rietveld analysis of the as-cast Ce,.
MgNi, alloy are displayed in Fig. 4 with their crystallographic
data summarized in Table 4, and the main phase was identi-
fied as Ce,MgNi,. In addition, CeMgs; and CeNi; are observed as

— Experimental
Calculated
Rwp (%) =10.2
‘@
=
*]
~N—
=
[
I Q@eNigl IU1 10 1 LU WU W00 UG 0O Gnmnn o DR m
| CeMg; | | | 11 [ 11 Lo0n
I CeMgNis | y |y gy 01 umu BET REE R0 WEE WO WD DN
20 40 60 80
20 (°)

Fig. 4 — XRD and the Rietveld refinement of the as-cast
Ce,MgNi, alloy.
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Table 4 — Structural parameters and phase abundance of the as-cast Ce,MgNi, alloy.

Phase structure  Abundance (wt %)  Structure type C.s. S. G. a(A) c(A) a/° B/° ¥/°
Ce,MgNi, 56.41 U,Si, Tetragonal P4/mbm 7.596 3.7671 90.00 90.00 90.00
CeMgs 22.33 BiF3 Cubic Fm-3m 7.448 7.448 90.00 90.00 90.00
CeNi; 14.25 CeNi; Hexagonal P63/mmc 4.980 16.540 90.00 90.00 120.00

minor secondary phases. The presence of Ce,MgNi, alloy has
a relatively negative formation enthalpy and is probably the
most easily formed compound among the ternary Ce—Mg—Ni
alloys. The structural parameters and phase abundance are
refined and recalculated by Rietveld method using Maud
program. The calculated profile is in good accordance with the
measured pattern also shown in Fig. 4 with the detailed data is
listed in Table 4.

Hydrogen storage performances

To obtain the intrinsic sorption behavior, activation process
was carried out preferentially through three successive sorp-
tion cycles at 200 °C (3.0 MPa hydrogen pressure for absorp-
tion). As displayed in Fig. 5, the sorption behaviors of activated
as-cast Ce,MgNi, sample at 30, 100, 150 and 200 °C. From the
absorption curves under 3.0 MPa hydrogen pressure in Fig. 5, it
is seen that the hydrogen uptake capacity at 200 °C reaches
1.29 wt % H, in 90 min, while it takes 150 min for sorption
capacity to rise up to 1.20 wt % H, at 100 and 150 °C, since the
stated temperatures provide the dynamic conditions for
hydrogen diffusion. It is worth mentioning that the absorption
capacity of the as-cast Ce,MgNi, alloy at room temperature is
more 0.9 wt. Hy%.

Fig. 6a) shows the PCT desorption/absorption curves of
as-cast Ce,MgNi, alloy measured at 200 °C, 250 °C, 300 °C
and 320 °C. The maximum hydrogen capacity reaches
1.57 wt % H, at 320 °C. Moreover, under each temperature,
the absorption and desorption plateaus are all extremely
flat, so the hydride formation enthalpy, AH, and entropy,
AS, were calculated by Van’t Hoff equation [49]. The Van't
Hoff curves are illustrated in Fig. 6b), with the

Hydrogen absorption(wt%)

—e— 100°C
0.2} ——150°C
0.0 | —v— 200°C
(I) SIO 1(I)0 150 200
Time (min)

Fig. 5 — Isothermal hydrogenation kinetic curves of as-cast
Ce,MgNi, alloy at different temperatures.

hydrogenation enthalpy of —63.7 kJ/mol H, of the as-cast
Ce,MgNi,—H. Fortunately, by Miedema’s model, the
enthalpy value of Ce,MgNi,—H is —59.1 kJ/mol H,. Thus, it
can be seen that the enthalpy value of Ce,MgNi,—H in
keeping with the hydride formation enthalpy of as-cast
Ce,MgNi,—H could be obtained by Van’t Hoff equation.
Moreover, the maximum hydrogen capacity of as-cast Ce,.
MgNi, alloy is 1.57 wt % H, determined by PCT curves at
320 °C. The maximum hydrogen capacity is also consistent
with theoretical H-storage 1.64 wt % H,. Thus, the modeling
enthalpies data are made almost identical to experimental
results. Additionally, hydrogenation entropy of Ce,MgNi,
alloy for hydrogen absorption is —102.8 J/mol K H,. The
desorption enthalpy of Ce,MgNi,—H is 78.4 kJ/mol H,, and
desorption entropy is 127.7 J/mol K H,.

a —o— 200°C —2— 300°C
i —o— 250°C —v— 320°C
~_ v—V‘V M ——T—E -
< y A—A——A——
S | s
— —"
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& ©
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= o
0.01 ]
a
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0.2 0.4 0.6 0.8 1.0 1.2 1.4
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= = Fitting result of desorption
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Fig. 6 — a) PCT de/absorption curves of as-cast Ce,MgNi,
alloy at different temperature; b) Van’t Hoff curves.


https://doi.org/10.1016/j.ijhydene.2020.10.195
https://doi.org/10.1016/j.ijhydene.2020.10.195

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 (2021) 4201—4210

4209

Conclusions

An extended semi-empirical model has been developed for
estimating the hydrogen content and formation enthalpy of
Ce—Mg—Ni—H, and further deduced to a methodology for
predicting the maximum hydrogen capacity of the hydrides.
By comparing the calculation results, the following con-
clusions can be drawn:

1) The enthalpies of the ternary hydrides Ce—Mg—Ni—H
coincided with the trends of the experimental data. This
further clarified that the extended Miedema’s model is
feasible in estimating the enthalpies of these systems.

2) The formation enthalpy of Ce,MgNi,—H, could be calcu-
lated by the extended Miedema theory, with the least
enthalpy value of —59.1 kJ/mol H,corresponding to the
hydrogen content of 1.64 wt % H,.

3) The as-cast Ce,MgNi, alloy was prepared. The reaction
enthalpy is —63.7 kJ/mol H, obtained by Van’t Hoff equa-
tion. The maximum hydrogen capacity reachs 1.57 wt % H,.

4) The enthalpy value of Ce,MgNi,—H was calculated by
Miedema’s model and it keeps with the hydride formation
enthalpy of as-cast Ce,MgNi,—H obtained by Van’t Hoff
equation.
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