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HIGHLIGHTS

e Performances of metal hydrides
(MH) for thermally driven H,
compressors are modelled.

e PCT characteristics of metal-H,
systems are used as an input to
the modelling.

e Modelling results are defined by
the Pressure-Temperature condi-
tions of the MH.

e Deriving cycle productivity of MH
materials and heat consumption
for the compression.
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GRAPHICAL ABSTRACT
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ABSTRACT

This work presents a model to determine productivity and heat consumption of hydrogen
compression utilising metal hydrides (MH) by using Pressure — Composition — Tempera-
ture (PCT) diagrams of the MH materials at defined operating conditions — temperatures
and hydrogen pressures. The present Part I is focused on the analysis of hydrogen
compression performances of several ABs- and AB,-type intermetallic alloys which, when
operating between temperatures of 20 and 150 °C, provide H, compression up to 500 atm,
with a cycle productivity about 100 NL H,/kg MH and compression ratio of up to 10, at H,
suction pressure below 10—15 atm, or up to 5 at higher suction pressures.
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We show that calculated cycle productivities of hydrogen compression are related to
the operating conditions and significantly vary for the different MH materials, even though
showing similar trends in their changes. The cycle productivity of MH material increases
with decrease of the cooling temperature, decrease of the discharge pressure, increase of
the heating temperature and increase of the suction pressure. When hydrogen pressure
approaches plateau pressures for H, absorption at cooling or H, desorption at heating, the
changes of the cycle productivity become very pronounced. Particularly, the compression
productivity becomes very sensitive to the P-T variations when the isotherms show
presence of “flat” pressure plateaux which are characteristic for the ideal PCT diagrams of
the MH. Thus, in the latter case, even minor changes in P-T result in a dramatic variation of
the cycle productivity and when aiming at increased efficiency of the process, a strict P-T

control is required.

© 2020 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.

Introduction

Use of the efficient and environment friendly energy storage
involving hydrogen and fuel cells, is a promising path in the
development of future energy technologies. Recently, special
attention has been paid to the portable, vehicular and sta-
tionary hydrogen energy systems which utilise metal hy-
drides (MH) for on-site storage of hydrogen, as well as for the
storage and conversion of low- and medium-grade heat [1-5].

Hydrogen compression is an important component of
hydrogen energy systems and is used for on-site storage of
compressed hydrogen gas, the most frequently used H, stor-
age technology, as well as for the refuelling of fuel cell vehicles
[6—8].

Among various hydrogen compression methods [8], ther-
mally driven hydrogen compression utilising MH is particu-
larly promising due to a number of advantages including high
purity of the delivered hydrogen and a possibility to utilise
waste heat for hydrogen compression, together with absence
of moving parts (solid or liquid pistons or diaphragms),
simplicity of design and operation [9—15].

Fundamentals and the most important applications of the
metal hydride compression were considered in our reviews
[9,10]. It was shown that the optimisation of the performances
of a metal hydride compressor (MHHC), first of all, tailoring
their operating H, pressure range, increasing their efficiency
and productivity, requires to properly account the character-
istics of the utilised MH materials, to optimize design and
technological features and operating conditions.

For a single-stage hydrogen compression operating be-
tween the temperatures T; to Ty and H, pressures from P; to
Py, the cycle productivity is defined by a reversible hydrogen
storage capacity of the material, AC:

AC:CA(PL,TL)—CD(PH,TH) (1)

where C, and Cp are the equilibrium hydrogen concentrations
in the MH for hydrogen absorption and desorption, respec-
tively. Equilibrium dependencies between hydrogen pressure
(P) and temperature (T) are described by the Pressure-
Composition-Temperature (PCT) diagram of the hydrogen-

metal system [10,16] (see Fig. 1). Consequently, the produc-
tivity of compression, V, can be determined as:

mAC
V=" @)
where m is the weight of the MH material and At is the time of
the H, absorption — desorption cycle.

Instead of time-consuming experimental measurements
of multiple sets of isotherms at variable T; and Ty to deter-
mine AC, use of a modelled PCT diagram covering relevant
ranges of temperatures and pressures is very useful. Such a
diagram is modelled by firstly fitting the available experi-
mental data and then by calculating the absorption and
desorption isotherms at the required conditions from the
determined thermodynamic parameters of the system. Such
approach was used by Galvis E et al. [17] and was adopted

100 o

P [atm]

60 80 1 (I)O 1 2IO 1 AIlO 1 (ISO
C [NL/kg]

Fig. 1 — Determination of reversible hydrogen storage
capacity/cycle productivity for the H, compression using
LaNis MH alloy. The fitted isotherms for H, absorption
(ABS) and desorption (DES) are based on the experimental
data [20] which were fitted by the PCT model [21]. The cycle
productivity of 138 NL/kg is a difference between the
charge capacity at T, and P, and the discharge capacity at
TH and PH.
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during simulation of a three-stage MHHC. The used PCT
model was developed by Zhou et al. [18,19] and took into ac-
count such features of non-ideal isotherms as sloping
plateaux and hysteresis. Consequently, the MHHC using three
AB,-type alloys providing H, compression from P, 2 bar (Ty..
=23°C)to Py 180 bar (Ty = 132 °C) were tailored towards
operation temperatures, weight of the MH and volume of its
containment at each stage.

Further development of the above-mentioned approach
will provide the data concerning influence of the process pa-
rameters (Tp, Ty, P, Py) on the productivity of single- and
multi-stage MHHC's. This will allow to properly design the
compressor from the viewpoint of selection of the MH mate-
rials and their amounts while the process parameters can vary
within the specified P-T range.

However, it appears that application of the modelling
procedure [17] incorporating PCT approximation [18,19] is
difficult for a number of practically important cases. The
considered model is unsuitable to correctly describe the area
of the PCT diagrams where o (a+p) and (e+p) P transitions
take place. This issue becomes particularly challenging when
PCT diagram contains several plateau segments (particularly
important for the multiphase MHs) or when operation tem-
perature approaches critical temperature for the MH. As a
result, the accuracy of AC calculations becomes insufficient.

In the current study, we consider the application of our
earlier developed model of phase equilibria in the metal —
hydrogen systems [21] for modelling of the performances of
MHHC's. The model [21] while being semi-empirical, allows to
estimate temperature dependencies of the “boundary”
hydrogen concentrations in the «-solid solution and B-hydride
with a high accuracy. Importantly, it is able to simultaneously
fit both hydrogen absorption and desorption experimental
PCT data using the same set of the fitting parameters and is
suitable even for the evaluation of incomplete experimental
data sets.

Analysis of the application of the model [21] for the
calculation of performances of hydrogen storage and
compression systems utilising various MH materials has been
presented in our recent publication as related to the operating
temperatures and hydrogen pressures [22]. The present paper
describes further details of the modelling and is focusing on
evaluation of the effect of the changes in the pressures and
temperatures on the productivity. Part I presents analysis of
hydrogen compression performances of several intermetallic
hydride forming materials used for the development of MH-
based hydrogen compression systems.

Application of the PCT modelling also allows to estimate
heat consumption required to achieve the H, compression, via
calculation of concentration-dependent partial molar en-
thalpies of H, desorption. Though the PCT-derived heat con-
sumption data deviate from the calorimetrically derived
values [23], the deviations are reasonable (see Supplementary
Information file, Section S1) validating the developed
approach.

Materials and methods
MH materials and their PCT properties

The data characterising three AB,- and six ABs-type inter-
metallic alloys, which were used in the development of
industrial-scale MHHC's at the authors' institutions
[14,16,20,25], are listed in Table 1. Table 1 also presents the
most important experimentally measured hydrogen sorption
properties of these materials including maximum hydrogen
absorption capacity as related to the temperatures and
hydrogen pressures, entropy and enthalpy changes during H,
desorption calculated from the van't Hoff dependencies at the
plateau midpoints, as well as the calculated hydrogen
compression performances.

As performance of MHHC utilising LaNis was found to be
very sensitive to the number of hydrogen absorption/desorp-
tion cycles, we included in Table 1 the data for both as-
delivered alloy and the same material cycled 10 times during
the operation of the MHHC [20].

The PCT properties of the MH materials were measured
using volumetric Sieverts-type setups. The used experimental
conditions are specified in the Table 1.

According to the data of the XRD studies, all used alloys
contained a title intermetallic phase as the major component
(98.5-100 wt%): CaCus-type, space group P6/mmm (#191) for
ABs and C14- (MgZn,-type; space group P6s/mmc (#194)) Laves
phase for AB, alloys. The unit cell parameters of the major
phases well agreed with the reference data.

Cyclic  hydrogenation/dehydrogenation  experiments
resulted in line broadening on the XRD patterns indicating
decrease of the crystallite size and appearance of strains; this
effect was more pronounced for the ABs-type materials. The
LaNis alloy after multiple (~19000 times) H, absorption/
desorption cycles showed its partial disproportionation
resulting in the formation of the metallic Ni and a binary
LaH,,, hydride while for the Ce-substituted LaNis the
disproportionation was not observed [20].

Modelling

Pressure — composition isotherms

All experimental sets of the measured PCT data were pro-
cessed by the model [21]. Within the model, the pressure —
composition isotherms are constructed as pseudo-
convolutions of “ideal” isotherms (derived from H—M phase
diagram built assuming that H atoms in the metal matrix
behave as a lattice gas) while applying in addition two modi-
fied asymmetric pseudo Voight distribution functions (for H
desorption and absorption). This allows to properly model the
plateau slope and hysteresis. When applying the model, the
median of the absorption distribution is shifted as compared
to the desorption distribution towards the higher pressures;
the shiftis related to the free energy loss due to hysteresis and
an excessive chemical potential of hydrogen in the over-
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saturated o-solid solution. The PCT diagram as a whole is
described by a set of parameters (16 per one plateau segment;
see Table S1) some of which (e.g. critical temperature, hys-
teresis energy loss, enthalpy and entropy of hydride forma-
tion) have a great value in the characterisation of the MH and
have a clear physical meaning, while some other parameters
describing temperature- and concentration-dependent
plateau slope, are semi-empirical and are determined by nu-
merical simulations and refinements.

The H-M phase diagram was described by the “core
model” of van der Waals lattice gas. The plateau pressures for
H, absorption and desorption at the cooling (T;) and heating
(Tw) temperatures (Table 1) were calculated for hydrogen
concentrations in the plateau “midpoint” defined as 1/3 of the
asymptotic limiting H concentration on forming am H satu-
rated hydride.

A brief description of the modelling procedure [21],
together with the results of the fitting of some experimental
datasets, are presented in Supplementary Information, sec-
tion S2.

Heat consumption for hydrogen compression

The total heat consumption, Q, of H, compression cycle can be
estimated by the integration of concentration dependence of
partial molar enthalpy for the desorption process, AHp(C), in
the corresponding range of hydrogen concentrations in the
MH:

Ca
Q= / &H5(C) dC 3)

Cp

The integration limits C, and Cp were calculated using PCT
model for the MH material as:

CA = CA(PL‘,TL) (4)
Cp = Cp(Pu, Tu) "

The partial molar enthalpies were calculated according to
the differential form of the van't Hoff equation:

din(P)  AH,

d(1/T) R

()

First, the hydrogen concentration limits for the H,
desorption were determined (Eq. (4)). This procedure was
followed by the calculation of the equilibrium pressures for H,
desorption by applying the PCT model in the form:

P=Pp(C,T). (6)

The calculations (Eq. (6)) of the series of the equilibrium
pressures, P;, were carried out for several values of tempera-
tures equally distributed in the interval T, < T; < Ty. Each
series (P;,T;) was calculated at a fixed hydrogen concentration,
Cp < Cr < Cx followed by the linear fitting of the In P—1/T
dependence:

Y-A+B X

X =

==

The partial molar enthalpy at C=C,, was further calculated
as:

AH,=B-R. (8)

For numerical integration (Eq. (3)), the trapezoid rule was
applied. In doing so, we calculated AHy (Eqs (7) and (8)) in N
points of the interval Cp < C < C4 with the uniform step equal
to:

_C=6Cp

C="1" ©)
Accordingly, the total heat consumption will be calculated

as:

AT o AE. N-1
Q C-m (AH1;4AHN+ ka) (10)
k=2

where m is the weight of the MH material.
A specific heat for hydrogen compression, g, will be equal
to:

Q

q:m'(CA_CD) ' oy

Taking into account Eq. (9) and Eq. (10), Eq. (11) can be re-
written as:

AH; +AHy N-17%77.
7+ Do AHk

q N—1 (12)

The values of the specific heat, g, for hydrogen compres-
sion were calculated using Eq. (4),6—8,12. The numbers of
points in the concentration and the temperature grids were
set to N = 50 and 10, respectively. The specified numbers
corresponded to the empirically determined optimum
providing sufficient accuracy (about +0.05—0.1 kJ/mol H,).

Results and discussion
Hydrogen compression performances of MH materials

Fig. 2(a—d) shows selected maps of the calculated cycle pro-
ductivities for ABs-type MH used for the hydrogen compres-
sion starting from a low pressure of around 2 bar H, as related
to the operating temperatures (a) and pressures (b—d). Further
details are presented in Supplementary Information, Section
S3 (Fig. S8).

A typical general trend is illustrated by the maps for
LaNig oSno 1 (Fig. 2(a), Figs. S8(c and d)) built in a broad pressure
— temperature range (PCT data is given in Fig. S3). When the
heating temperature (Ty) increases and/or the discharge
pressure (Py) decreases, this results in lowering of the
hydrogen concentration at the discharge conditions, Cp(Py,-
Ty). Furthermore, when charging with H,, CA(P.,T;) increases
with the increase of P, and decrease of T;. Consequently, the
reversible hydrogen sorption capacity or cycle productivity,
AC (Eq. (1)), will increase.

Though a noticeable degradation of hydrogen sorption
capacity of LaNis because of its disproportionation occurs only
after several thousand H, absorption/desorption cycles, the
altering of its PCT properties as related to the history of the
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Fig. 2 — Calculated cycle productivities [NL/kg] for ABs-type MHs used for the compression of low-pressure hydrogen
depending on the cooling/heating temperatures (a) and suction/discharge H, pressures (b—d). Influence of the process
parameters on the cycle productivity for the regions circled in (a) and (b) is shown in detail in Fig. 3.

alloy ([20]; see Table 1) results in dramatic changes in the
hydrogen compression performance (compare Fig. 2(b) with
Fig. S8(f)). For the uncycled as-produced alloy material the
cycle productivities of H, compression between 3.5 and 35 atm
are higher than 100 NL/kg at Ty > 122 °C, independently on the
cooling temperature when it is in a range between 10 and 30 °C
(Fig. S8(e)) while for the cycled LaNis this performance can be
achieved only at much high temperatures Ty > 160 °C and
when Py < 33 atm (Fig. 2(b)). At the fixed T, = 20 °C and
Ty = 160 °C, the influence of the operating pressures on the
cycle productivity of the cycled LaNis changes spasmodically
at P.~3 atm and Py~30 atm for the cycled material (Fig. 2(b))

while even at the lower heating temperature (Ty = 140 °C) the
as-produced alloy provides a very high (>135 NL/kg) produc-
tivity when starting from P, > 2 atm (Fig. S8(f)).The rate of
changing AC sharply changes when either absorption (P;,Ty) or
desorption (Py,Ty) conditions are close to the plateau areas at
pressures close to P;, (absorption at T = Ty) or Py (desorption at
T = Ty) resulting in significant changes of C4 or Cp, following
even minor variations of the temperatures or pressures. As it
can be seen from Fig. 3(a), the decrease of the desorption
temperature by only 3° results in a drop of the cycle produc-
tivity of LaNig 9Sno 1 in more than two times at fixed H, charge
and discharge pressures.

04

P [atm]

0.1

0 20 40 60 80 100 120 140 160
C [NU/kg]

7 (b) LaNi; (cycled) D160 A20

0.1

0 20 40 60 80 100 120 140 160 180
C [NL/kg]

Fig. 3 — Hydrogen absorption (A) and desorption (D) isotherms (temperature in °C are given as labels) used for the
determination of cycle productivities for H, compression using LaNi, 9Sng 4 (a; circled region in Fig. 2(a)) and cycled LaNis (b;
circled region in Fig. 2(b)). The cycle productivities are shown in bold italic as the differences in hydrogen concentrations at

(Py_, Ty_) and (PH, TH).
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(a) Tig ¢5Zr0.55(Cr,Fe,Mn,Ni), P,=50 atm, P,;=200 atm
te0 126
1
190 45 %
a
o 66
= 140 86 6
S
E
101 so
130 35
1 20
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15 20 25 30 35 40
T [°Cl

(b) Tig 7,21, 24(Cr,Fe,Mn,Ni),
160

P =100atm, P,,=500 atm

T.rCl

Fig. 4 — Calculated cycle productivities [NL/kg] for AB,-type MHs used for the high-pressure hydrogen compression

depending on the cooling/heating temperatures.

Dramatic changes of the cycle productivity take place
when the plateaux have an “ideal” flat shape while the oper-
ating pressures are close to the plateaux pressures. This
feature is illustrated in Fig. 3(b) presenting hydrogen absorp-
tion (T, = 20 °C) and desorption (Ty = 160 °C) isotherms for the
cycled LaNis. A drop of the cycle productivity from >120 NL/kg
(75% of the full hydrogen capacity) to almost zero is observed
when the suction pressure decreases from 3.0 to 2.7 atm and
the discharge pressure increases from 30 to 35 atm.

In our earlier review publication [9] we have shown that
use of MH materials with flat plateaux is very much superior
compared to the hydrides with incline plateaux, with
compression ratio dropping in several times for inhomoge-
neous alloys having incline isotherms. On the other hand, the
present study shows that for the materials having flat
plateaux on pressure — composition isotherms their hydrogen
compression performances are much more sensitive to the
changes of the operating pressure — temperature conditions
than for the alloys with incline isotherms, particularly, when
the operating hydrogen pressures are close to the plateau
pressures. Thus, fine tuning and control over the P-T condi-
tions for both low T and high T levels is required to reach the
best compression performance.

The main reason of the sloping plateaux in metal-
hydrogen systems with multicomponent alloys is a composi-
tional inhomogeneity of the parent alloy [27,28]. The compo-
sitional inhomogeneities causing a plateau slope increase
with the increase of the number of the alloy components
(particularly, if the introduced additive significantly alters
thermal stability of the corresponding hydride) and decrease
after annealing of the alloys [27]. One example is TiMn,_x AB,-
type alloys [29], where the plateau slope strongly depends on
the alloy preparation route and increases in the series “cast-
annealed quench-annealed < as cast < melt quenched”.
Thus, when selecting the H, compression material it is
important to control a plateau slope by the altering the ma-
terial preparation route. Use of a reasonable small number of
alloy components in combination with annealing is recom-
mended for the increase of compression ratio via achieve-
ment of flat plateau. Conversely, if a stable operation at
varying pressure/temperature conditions (via sloping plateau)
is necessary, it is better to use an as-cast or a melt quenched
multicomponent alloy characterised by a significant plateau

slope: rapidly solidified Lag 9,Ceo 0sNis (see Table 1) is a typical
example.

Generally, the observed behaviours for the medium-
(Fig. 2(c), Fig. S9) and high- (Figs. 2(d), Figure 4, Fig. S10) pres-
sure MH materials show similar trends as were found for the
low-pressure hydrides (Fig. 2(a,b), Fig. S8) when the cycle
productivity increases with the increase of Ty and P, and the
decrease of Py and T;. Significant decrease of the productivity
is observed when approaching plateau either for absorption
(Fig. 4(a)) or desorption (Fig. 4(b)) pressure — temperature
conditions. However, due to the sloping plateaux for these
materials, the changes of the cycle productivities when
changing the process temperatures and pressures become
rather continuous with no abrupt variations.

In summary, most of the studied ABs- and AB,-type MH
materials are able to provide hydrogen compression from 1 to
500 atm, with a cycle productivity about 100 NL/kg and
compression ratio up to 10 at H, suction pressure below
10—15 atm, or up to 5 at the higher suction pressures (see
Fig. 5).

The calculated heat consumptions of the H, compression
(Table 1) were found to be close to the values of the dehy-
drogenation enthalpies, AH®. Taking into account approxi-
mately linear trend of the increase of the dehydrogenation

T,=20°C, T=150°C

AC~100 NL/kg
Tig.72Zrg.25(Cr,Fe,Mn,Ni), I:I
Tig 6sZro 35(Cr,Fe,Mn,Ni), I:I
Tig g5Zr0.15(Mn,V,Ni,Cr,Fe), I:I

La, sCey ,Nis

| (La,Ce)(Ni,Co,Mn,Al)

T
1 10 100
P ... Py [atm]

Fig. 5 — Operating pressure ranges for some of the studied
MH materials (see also columns 8-9 of Table 1).
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partial molar enthalpy with hydrogen concentration for the
studied MH (see Fig. S1) this means that the average H con-
centration in the MH during H, compression process at the
specified conditions (Table 1) was close to the plateau
midpoint. Consequently, the heat consumption of hydrogen
compression will increase with the increase of thermal sta-
bility of the MH.

The application of the model for the simulation of the
performances of single- and multi-stage MHHC's, together
with the model validation by comparison of the modelling
results with experimental data generated during the tests of
industrial-scale metal hydride compressors developed in the
authors' institutions, will be presented in a related publication
(Part II of this work [Lototskyy, Yartys, et al,, Int ] Hydrogen
Energy, submitted]). Part II of this work will also present per-
formance forecast for the 30—500 atm MH compressor pres-
ently being developed by the authors.

Conclusions

e A model for the evaluation of the performances of metal
hydride materials for hydrogen compressor has been
developed. The model used as an input the data of the PCT
diagrams for the hydride forming materials together with
operating temperatures and hydrogen pressures.
The model is capable of calculating (a) cycle productivities
of the MH materials in the compressor, and (b) specific heat
consumption for the H, compression. Importantly, the
variations of the performances with the change of the
process parameters can be modelled as well.
Analysis of hydrogen compression performances of three
AB,- and six ABs-type intermetallic alloys used in the
development of industrial-scale MHHC's at the authors'
institutions has been performed. When operating between
the temperatures of 20 and 150 °C, these MH materials
were shown to be able to provide H, compression in the
range from 1 to 500 atm, with a cycle productivity about 100
NL/kg and compression ratio up to 10 at H, suction pres-
sure below 10—15 atm, or up to 5 at the higher suction
pressures.
The trends in changing the calculated productivities with
the change of operating temperatures and hydrogen
pressures have been identified. The cycle productivity of
MH material increases with the decrease of the cooling
temperature, decrease of the discharge pressure and in-
crease of the heating temperature together with the in-
crease of the suction pressure. However, when hydrogen
pressure approaches plateau pressure for H, absorption
(at the cooling temperature) or plateau pressure for H,
desorption (at the heating temperature), the changes of
the cycle productivity become more pronounced. Partic-
ularly, these changes become evident when the plateau
pressure is flat having a close to “ideal” shape. In the latter
case, even minor changes in the operating pressure or
temperature result in a dramatic variation of the cycle
productivity.
e The heat consumption for the H, compression increases
with the increase of thermal stability of the used MH
material.
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S1. Relations between hydrogen desorption enthalpies calculated from PCT data and measured
calorimetrically

Figure S1 presents the data on concentration dependencies of partial molar enthalpies of hydrogen
desorption from the hydrogenated Tio.9Zro.1Mn13Vo.7 reproduced from [S1]; the phase composition of
the hydride can be estimated from the pressure—composition isotherm at T=52 °C presented as a
dashed line (right Y-axis).

Note that a comparison of the calorimetric data and PCT-derived data shows a reasonably good
agreement while deviations between the two corresponding values does not exceed 20% (8% in
average).
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Figure S1. Absolute values of the temperature-dependent dehydrogenation partial molar enthalpies calculated from the
PCT data and measured using the calorimetric experiments. Dashed line presents pressure—composition
isotherm at T=52°C.



S2. Results of the fitting of the experimental PCT data

Below will be presented results of the fitting of the selected experimental pressure — composition
isotherms (PCI’s) modelled according to semi-empirical model of phase equilibria of hydride forming
metals and alloys with hydrogen gas (PCT diagrams) [S2].

Generally, the model can describe PClI’s characterised by several plateau segments each associated
with accommodation of the H atoms in energetically equivalent interstitials of the metal matrix. The
modelling of this feature uses a simplified Kierstead approach [S3] by representing the resulting
hydrogen concentration, C, as:

C= Cmax Z{le Wi Gi (T: P)I (Sl)

where Chax is the maximum (asymptotic) hydrogen concentration, i = 1...k is a number of the
plateau segment with the weight Wi, &(T,P) is a filling fraction for the i-th segment.

The model [S2] accounts temperature (T) and pressure (P?) via auxiliary variable, X (different for the
different plateau segments) equal to:

X=InP —InP,. (S2)
In Eq. S2, In Py is calculated by the van’t Hoff equation:

AH

RT '’ (83)

ll’lPO :_%4'

where AS and AH are the standard entropy and enthalpy, respectively of the reversible reaction:

absorption
M(s)+x2Hy(g)  MH(s)
desorption ) (S 4)

At any temperature, T, the PCI for the i-th segment is calculated as ®i(X) presented as a pseudo-
convolution of one core function, &(X), with two integral distribution functions, ¥,(X) and ¥, (X),
for the H absorption and desorption, respectively:

e For the dehydrogenation (H desorption):

0p(X) = (1= Wp(X))8,(X) + ¥p(X)bp(X); (S5)
e For the hydrogenation (H absorption):

04(X) = (1 = W4 (X))0(X) + Wa(X)0(X). (S6)

Here subscripts « and g represent hydrogen concentrations in the o~ and S-phases, respectively,
calculated as the corresponding segments of the common core function, &X), equal to a filling

Ill

fraction which corresponds to the “ideal” PCl built according to the model of van der Waals lattice

gas as a solution of Eq. S7 as respect to &

1 Ref. [S2] uses fugacity further re-calculated to the pressure

2



X =F(0,z) — F(0,,2),

(S7)

where z=Tc/T (T¢ is the critical temperature), & is the filling fraction in the plateau midpoint (for the

model of van der Waals lattice gas, changes from 1/3 at z=0 to 1/2 at z=o0 or T=0), and F(0,z) is

equal to:

F(8,7) = 21n(ig) +2---2z0.

(S8)

Furthermore, the median of the absorption distribution, W,(X), is shifted from the one of the

desorption distribution, ¥, (X), towards higher pressures and, in turn, values of X, by the value

related to a minimum of a hysteresis free energy loss (assumed to be constant) and an excessive

chemical potential of hydrogen in over-saturated a-solid solution.

Summary of the fitting parameters is presented in Table S1.

Table S1. Fitting parameters for the model [S2]

. o _ General Number (for k
Group Notation Description [units] constrains plateau
segments)
Crnax Maximum hydrogen concentration [!)] Cnax>0 1
: i Wi=0; 1)
General Wi Segment weight [-] KW= k-1
Hysteresis free energy loss
. >
AGha) [J / mol H] AG=0 k
Tc Critical temperature [K] Tc>0 k
Entropy of reaction (Eq. S4) o
Core function ASi [J / (mol H; K)] A45°<0 k
Enthalpy of reaction (Eq. S4) o
AH; [/ mol Hy] AH°<0 k
Wo(a,i) Width parameter, 1/2 FWHM at X=0 (P=P) [-] wo>0 k
Distribution A0 Contribution of Lorentz profile [-] 0<np<1 k
(absorption) Ani Asymmetry [-] - k
S(A) Slope factor [-] 0<s<1 k
Wo(,i) Width parameter (1/2 FWHM at X=0 (P=Po) [-] wo=0 k
Distribution 1o, Contribution of Lorentz profile [-] 0<p<1 k
(desorption) Ap.p Asymmetry [-] - k
S,i) Slope factor [-] 0<s<1 k
o Tor Characteristic temperature related to the minimum 7,50 K
Distributions 0(i) plateau slope [K] 0
temperature 5H() Pearson correlation coefficient between AS and AH [-] 0<psy<1 k
dependence — —
M; Mixing coefficient [-] M>0 k
TOTAL 16 k

Notes: Y — Any units proportional to H/M atomic ratio
@ — For k=1, W;=1 (not varied)

The procedure of refinement of the fitting parameters is based on the minimisation of the squared

shortest distances, &, of the experimental points from the calculated PCl curves built in coordinates

C/Ciax — In P:

SR =YN_, 6% = min,

(S9)
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where N is the total number of the experimental points. Accordingly, the goodness of the fit, R;, was
determined as:

SR
Ry = \/N (N-1)

Additional criterium of the goodness of the fit was the mean squared deviation of the calculated and

(s10)

observed H concentrations normalised as respect to Cax:

AC 1 \/ZIIX=1(Cobserved_Ccalculated)z (511)

Cmax Cmax N(N-1)

Further details of the modelling procedure are described in the original publication [S2].

The results of fitting the experimental PCT data for the materials used for the H, compression are
presented below. For LaNis and LagsCeosNis, the fitting results were presented in [S4].

We note that for the most of materials exhibiting two plateau segments (Figure S2,Figure S5,Figure
S6), a small first low-pressure segment was associated with H trapping and, according to our earlier
approach [S5], was modelled as an imaginary segment characterised by the critical temperature
close to zero. For LaNiseSno1 (Figure S3) and LaosCeo;Nis (Figure S4), which exhibited plateau
splitting similar to the one observed earlier for LaNis at T>65 °C [S6], the two segments were
associated with different interstitial sites accommodating the H atoms.

Table S2. PCT fitting parameters for H, — (La,Ce)(Ni,Co,Mn,Al)s system (Figure S2)

Parameters [units] Values (errors)
Segment 1 | Segment 2
Asymptotic H concentration, Cmax [NL/kg] 185.0(5)
Segment weight [-] 0.090(6) 0.910(-)
Critical temperature, Tc [K] 200(30) 525(4)
Entropy change for the hydride formation, —AS [J/(mol H, K)] 75(2) 112.20(3)
Enthalpy change for the hydride formation, —AH [kJ/mol H;] 31.7(8) 35.61(1)
Hysteresis energy loss, AGy [J/mol] 1000(-) 660(10)
Distribution Width parameter, wp [-] 0.22(-) 0.430(8)
parameters: H Contribution of Lorentz profile, 75 [-] 0.9(-) 0.80(3)
desorption Asymmetry, Ap [-] -2.5(-) -2.0(1)
Slope factor, sp [-] 1(-) 1(-)
Distribution Width parameter, wa [-] 0.22(-) 0.43(6)
parameters: H Contribution of Lorentz profile, 7 [-] 0.9(-) 0.72(4)
absorption Asymmetry, Ax [-] -2.5(-) -2.0(2)
Slope factor, sa [-] 1(-) 0.57(8)
Temperature Mixing coefficient, M [-] 0.1(-) 0.5(2)
dependence of the Temperature corresponding to the 900(-) 501(9)
distribution minimum plateau slope, To [K]
parameters Pearson correlation coefficient, psy [-] 0.31(-) 0.88(4)
Goodness of the fit AC/Crax 0.001
RAC,In(P)) 0.0008
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Figure S2. Experimental (symbols) and calculated (lines) pressure—composition isotherms in H, — (La,Ce)(Ni,Co,Mn,Al)s
system. H absorption is shown by the filled symbols / solid lines; H desorption — by empty symbols / dashed
lines.
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Figure S3. Experimental (symbols) and calculated (lines) pressure—composition isotherms in H, — LaNis ¢Sno 1 system. The
legend is specified in Table S3.



Table S3. Legend to Figure S3

Number Temperature [°C]
H absorption (filled symbols / solid lines) | H desorption (empty symbols / dashed lines)
1 20.56+0.07 20.440.1
2 64.8+0.1 64.60+0.05
3 88.740.1 88.840.1
4 121.7+0.2 120.9+0.1

Table S4. PCT fitting parameters for H, — LaNis 9Sng ;1 system (Figure S3)

Parameters [units] Values (errors)
Segment 1 | Segment 2

Asymptotic H concentration, Cmax [NL/kg] 188(1)
Segment weight [-] 0.290(2) 0.710(-)
Critical temperature, Tc [K] 471(1) 465(3)
Entropy change for the hydride formation, —AS [J/(mol H, K)] 74.5(1) 108.0(1)
Enthalpy change for the hydride formation, —AH [kJ/mol H;] 22.91(5) 33.01(7)
Hysteresis energy loss, AGy, [J/mol] 2370(40) 1079(7)
Distribution Width parameter, wp [-] 0.20(7) 0.14(2)
parameters: H Contribution of Lorentz profile, 7p [-] 0.6(2) 0.7(3)
desorption Asymmetry, Ap [-] 2(4) 0(4)

Slope factor, sp [-] 0.9(1) 0.90(4)
Distribution Width parameter, wa [-] 0.20(7) 0.14(5)
parameters: H Contribution of Lorentz profile, 7a [-] 0.6(1) 0.4(6)
absorption Asymmetry, Ax [-] 1(4) 0(1)

Slope factor, sa [-] 0.9(1) 1(-)
Temperature Mixing coefficient, M [-] 0.1(1) 0.2(2)
dependence of the Temperature corresponding to the 400(-) 460(-)
distribution minimum plateau slope, To [K]
parameters Pearson correlation coefficient, psu [-] 0.6(-) 0.7(1)
Goodness of the fit AC/Crax 0.003

RAC,In(P)) 0.0018
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Figure S4. Experimental (symbols) and calculated (lines) pressure—composition isotherms for the H, — Lag sCeo >Nis

system. The legend is specified in Table S5.



Table S5. Legend to Figure S4

Temperature [°C]

Number H absorption (filled symbols / solid lines) H desorption (empty symbols / dashed lines)
1 10.2+0.2 9.6+0.1

2 20.4010.05 20.3910.04

3 40.21+0.08 40.310.1

4 70.1+0.1 70.27+0.06

5 100.19+0.09 100.2+0.2

6 120.6+0.1 120.5+0.2

Table S6. PCT fitting parameters for H, — Lag sCeo 2Nis system (Figure S4)

Parameters [units] Values (errors)
Segment 1 | Segment 2
Asymptotic H concentration, Cmax [NL/kg] 209(1)
Segment weight [-] 0.316(5) 0.684(-)
Critical temperature, Tc [K] 500(3) 580(30)
Entropy change for the hydride formation, —AS [J/(mol H; K)] 93.1(1) 107.21(8)
Enthalpy change for the hydride formation, —AH [kJ/mol H,] 24.54(2) 28.40(2)
Hysteresis energy loss, AGy, [J/mol] 2230(40) 1840(30)
Distribution Width parameter, wp [-] 0.10(4) 0.10(4)
parameters: H Contribution of Lorentz profile, 7p [-] 0.3(1) 0.3(1)
desorption Asymmetry, Ap [-] 3(2) 3(2)
Slope factor, sp [-] 0.6(-) 0.6(1)
Distribution Width parameter, wa [-] 0.2(-) 0.18(2)
parameters: H Contribution of Lorentz profile, 77 [-] 0.8(2) 0.6(1)
absorption Asymmetry, Aa [-] 1(-) 1(-)
Slope factor, sa [-] 0.9(3) 0.9(3)
Temperature Mixing coefficient, M [-] 0.2(-) 0.2(-)
dependence of the Temperature corresponding to the 200(-) 300(-)
distribution minimum plateau slope, To [K]
parameters Pearson correlation coefficient, psy [-] 0.5(-) 0.5(2)
Goodness of the fit AC/Crax 0.002
RAC,In(P)) 0.0013
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Figure S5. Experimental (symbols) and calculated (lines) pressure—composition isotherms in H; — Tig ¢5Zr0.35(Cr,Fe,Mn,Ni),
system measured at the temperatures of —25+0.5 (1), 25+0.2 (2) and 7540.2 °C (3). H absorption is shown by
the filled symbols / solid lines; H desorption — by empty symbols / dashed lines.

Table S7. PCT fitting parameters for H, — Tig 65Zr0.35(Cr,Fe,Mn,Ni), system (Figure S5)

Parameters [units] Values (errors)
Segment 1 | Segment 2
Asymptotic H concentration, Cmax [NL/kg] 232(1)
Segment weight [-] 0.060(1) 0.940(-)
Critical temperature, Tc [K] 40(-) 378(1)
Entropy change for the hydride formation, —AS [J/(mol H; K)] 111.7(-) 102.44(6)
Enthalpy change for the hydride formation, —AH [kJ/mol H;] 64(5) 21.74(2)
Hysteresis energy loss, AGy [J/mol] 0(-) 530(20)
Distribution Width parameter, wp [-] 0.1(-) 0.160(3)
parameters: H Contribution of Lorentz profile, 75 [-] 0.5(-) 0.85(2)
desorption Asymmetry, Ap [-] 0(-) 0.99(6)
Slope factor, sp [-] 1(-) 1(-)
Distribution Width parameter, wa [-] 0.1(-) 0.150(3)
parameters: H Contribution of Lorentz profile, 77 [-] 0.5(-) 0.77(1)
absorption Asymmetry, Aa [-] 0(-) 0.4(6)
Slope factor, sa [-] 1(-) 1(-)
Temperature Mixing coefficient, M [-] 0.1(-) 0.32(-)
dependence of the Temperature corresponding to the 210(-) 690(10)
distribution minimum plateau slope, To [K]
parameters Pearson correlation coefficient, psy [-] 0.75(-) 0.80(4)
Goodness of the fit AC/Crax 0.003
RAC,In(P)) 0.0028
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Figure S6. Experimental (symbols) and calculated (lines) pressure—composition isotherms in the H, —
Tio_852r0_15(Mn,V,Ni,Cr,Fe)z system

Table S8. PCT fitting parameters for H, — Tig g5Zro.15(Mn,V,Ni,Cr,Fe), system (Figure S6).

Parameters [units] Values (errors)
Segment 1 | Segment 2
Asymptotic H concentration, Cmax [NL/kg] 272.9(7)
Segment weight [-] 0.990(-) 0.010(1)
Critical temperature, Tc [K] 397(7) 40(-)
Entropy change for the hydride formation, —AS [J/(mol H; K)] 109.68(3) 112(1)
Enthalpy change for the hydride formation, —AH [kJ/mol H,] 26.608(7) 49.6(1)
Hysteresis energy loss, AGy [J/mol] 950(15) 0(-)
Distribution Width parameter, wp [-] 0.28(4) 0.1(-)
parameters: H Contribution of Lorentz profile, 7p [-] 0.66(1) 0.5(-)
desorption Asymmetry, Ap [-] 0.0(2) 0(-)
Slope factor, sp [-] 0.15(2) 1(-)
Distribution Width parameter, wa [-] 0.25(3) 0.1(-)
parameters: H Contribution of Lorentz profile, 7 [-] 0.55(1) 0.5(-)
absorption Asymmetry, Aa [-] 0.0(5) 0(-)
Slope factor, sa [-] 0.24(3) 1(-)
Temperature Mixing coefficient, M [-] 0.13(7) 0.1(-)
dependence of the Temperature corresponding to the 680(90) 213(-)
distribution minimum plateau slope, To [K]
parameters Pearson correlation coefficient, psy [-] 0.8(1) 0.75(-)
Goodness of the fit AC/Crax 0.001
RAC,In(P)) 0.0011
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Figure S7. Experimental (symbols) and calculated (lines) pressure—composition isotherms in H; — Tig 72Zr0.28(Cr,Fe,Mn,Ni),

system
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Table S9. PCT fitting parameters for H, — Tig.72Zro.2s(Cr,Fe,Mn,Ni), system (Figure S7)

Parameters [units]

Values (errors)

Asymptotic H concentration, Cpax [NL/kg] 253.0(2)
Segment weight [-] 1(-)
Critical temperature, Tc [K] 349.6(3)
Entropy change for the hydride formation, —AS [J/(mol H; K)] 115.33(1)
Enthalpy change for the hydride formation, —AH [kJ/mol H;] 28.847(2)
Hysteresis energy loss, AGy [J/mol] 1415(9)
o Width parameter, wp [-] 0.190(3)
Distribution A -
arameters: H Contribution of Lorentz profile, 7p [-] 0.97(3)
P o Asymmetry, Ap [-] -0.30(3)
desorption
Slope factor, sp [-] 1(-)
o Width parameter, wa [-] 0.190(1)
Distribution T -
Contribution of Lorentz profile, 7a [-] 0.97(2)
parameters: H A try, An L[] 0.00(7)
absorption SYMMELTY, Za .
Slope factor, sa [-] 1(-)
T ; Mixing coefficient, M [-] 0.5(2)
emperature Temperature corresponding to the 500(70)
dependence of the L
S minimum plateau slope, Ty [K]
distribution parameters - —
Pearson correlation coefficient, osy [-] 0.7(1)
max 0.0008
Goodness of the fit AC/C
RAC,In(P)) 0.0007
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All the experimental data and results of their fitting (coefficients of the modelled C(P,T) functions)
were included in a Microsoft Access (version 14.0) database further used for the calculations of the

reversible hydrogen storage capacities of various MH materials according to Eq. 1 in the main text.

$3. Cycle productivity maps for the selected MH materials
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Figure S8. Calculated cycle productivities [NL/kg] for ABs-type MH materials used for low- to medium pressure hydrogen
compression depending on the cooling / heating temperatures (left) and suction / discharge H, pressures (right).
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Figure S9. Calculated cycle productivities [NL/kg] for ABs-type MH materials used for medium to medium-high pressure
hydrogen compression depending on the cooling / heating temperatures (left) and suction / discharge H, pressures

(right).
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Figure S10. Calculated cycle productivities [NL/kg] for AB,-type MH materials used for medium-high to high pressure
hydrogen compression depending on the cooling / heating temperatures (left) and suction / discharge H, pressures

(right).
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