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A new mathematical model has been developed describing the thermodynamics of the
hydrogen absorption and desorption process in Metal Hydrides via the gas phase. This
model is based on first principles chemical and statistical thermodynamics and takes into
account structural changes occurring inside hydrogen storage materials. A general state
equation has been derived considering the chemical potentials of reacting species and
volume expansion, from which the equilibrium hydrogen pressure dependence on the
absorbed hydrogen content can be calculated. The model is able to predict the classical Van
’t Hoff equation from first-principle analytical expressions and gives more insight into the
various hydrogen storage characteristics. Pressure-Composition Isotherms have been
simulated for various hydride-forming materials. Excellent agreement between simulation
results and experimental data has been found in all cases.

Thermodynamics Copyright © 2015, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
Van 't Hoff reserved.

- MH materials are generally characterized by pressure-
Introduction

composition isotherms [4—8]. A typical isotherm and corre-
sponding phase diagram for conventional MH alloys are

Metal Hydrides (MH) can be successfully employed as efficient
and safe storage media of hydrogen gas. In these materials
storage takes place under moderate pressure and temperature
conditions. In that respect MH have a significant advantage
over traditional hydrogen storage systems, which suffer from
either extremely high pressures or very low temperatures.
Storage in MH is therefore one of the key factors, facilitating
e.g. hydrogen-driven fuel cells and Nickel-Metal Hydride
(NiMH) batteries [1-7]. In order to unravel the complex
hydrogen storage process, a more detailed understanding is,
however, essential.

schematically shown in curves (a) and (b) of Fig. 1, respectively
[6-9]. The isotherms are generally plotted versus the
normalized hydrogen content (x). During hydrogen absorption
at low concentrations a solid solution is formed, which is
generally denoted by the a-phase. In this concentration region
the partial hydrogen pressure (P;"z) is clearly dependent on the
amount of stored hydrogen. After the hydrogen concentration
reaches a certain critical value (x,), phase transition is initi-
ated and the «a-phase transforms into the g-phase as indicated
in Fig. 2a. The pressure dependence in this two-phase coex-
istence region is characterized by a (sloping) plateau [10,11].
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Fig. 1 — Schematic representation of a pressure-
composition isotherm (a) and phase-diagram (b) for a
typical hydrogen storage material. « and 8 solid solution
regions are indicated together with the temperature-
dependent two-phase (« + $) miscibility gap.

Hydrogen absorption induces significant volumetric expan-
sion of the crystal lattice, especially in two-phase coexistence
region, as is schematically represented in Fig. 2b [1-4,12].
After the a-phase has been fully converted into the g-phase at
Xz, a clear pressure dependence on x is again found in the solid
solution region of the g-phase. The two-phase miscibility gap
between x, and x; decreases at higher temperatures, to
completely disappear at the critical temperature (Fig. 1, curve
b). Above the critical temperature there is no two-phase
coexistence region [6—9,13,14]. Similarly the critical compo-
sition and critical film thickness has been identified at which
two-phase coexistence region is absent [12,15].

Several attempts have been made to describe pressure-
composition isotherms. Existing mathematical models are
often based on statistical thermodynamics, allowing simu-
lating macroscopic characteristics by using microscopic pa-
rameters, such as atomic interaction energies, etc. One of the
first thermodynamic models has been proposed by Lacher
[16]. This semi-empirical model successfully described iso-
therms above the critical temperature but did not give a
proper description in the two-phase plateau region. Further
improvements of the Lacher-model have been proposed by
others [17,18]. These models are, however, based on heuristic
assumptions and empirical parameters, and have a high level
of mathematical complexity. A different approach has been
adopted by Flanagan et al. [3,10,11] who described the ther-
modynamics of the hydrogen storage system in terms of
chemical potential of reactants and reaction products. Similar
model with simple atomic interaction energy term has been
proposed by McKinnon [19]. Unfortunately these models can
only describe isotherms with flat plateau regions, using the
so-called Maxwell construction. Attempts to describe sloping
plateaus were, however, rather empirical [20].

Recently a Lattice Gas Model (LGM) has been proposed for
MH systems [7]. The advantage of this LGM is that phase
transitions are included together with (inter-phase)
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Fig. 2 — (a) Schematic representation of the hydrogen
storage process. (b) Schematic representation of the lattice
gas model in the two-phase (a + ) coexistence region for a
typical hydrogen storage material. The various host
energies (L';), hydrogen guest energies (E';) and interaction
energies (U';) between hydrogen stored in the different
phases are indicated.

interaction energies of hydrogen inside the host material (see
Fig. 2b). The excellent agreement between simulation results
and experimental data has been shown for various types of
MH materials revealing both flat and sloping plateaus
[7,15,21]. The original LGM has, however, been developed with
the assumption that the change of the Gibbs free energy
during the (de)hydrogenation process depends on the mate-
rials solid-state properties only and other contributions were
therefore neglected. Consequently, the LGM was not able to
describe the characteristics of complete hydrogen storage
systems, hence excluding the possibility to simulate, for
example, the Van 't Hoff equation [5,22].
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In the present paper, a comprehensive model is proposed,
describing the thermodynamics of complete MH systems.
This model is based on first principles of statistical and clas-
sical thermodynamics and is a generalization of the previous
LGM, implying that contributions of all species involved in the
(de)hydrogenation process are included together with the
pressure dependence and materials volume expansion. The
simulation results will be compared with experimental
results.

Model description
System definition

Gas phase hydrogen storage is a complex multi-stage process,
which is schematically represented in Fig. 2 a. Dissociation of
hydrogen molecules at the interface of the metal and the gas
phase results in atomically adsorbed hydrogen. Subsequently,
hydrogen is absorbed in the bulk of the MH where hydrogen
atoms occupy interstitial sites of the host material. The overall
reaction, taking place during hydrogen absorption/desorption
can, in general terms, be given by

M+ %HZHMH, (1)

where the unhydrided host material is represented by M. (De)
Hydrogenation generally takes place in a closed container
with fixed volume.

According to the Lattice Gas approach the bulk of the MH
material can be considered as a host-guest system in which
hydrogen guest atoms can occupy the host sites [6,7]. It has
been argued that each host site can either be occupied by a
single hydrogen atom or is empty. Consider the bulk of a
hydride-forming material to consist of M unit cells, which are
during the hydrogen storage process either in the «- (M,) or
the g-phase (Mg). For many MH compounds the crystallo-
graphic structure of both phases are identical and M there-
fore remains constant during the absorption/desorption
process

M =M, + M,. 2)

When furthermore is assumed that the numbers of host
sites per unit cell (d) in both the «- and §-phase are equal, the
total number of host sites in the present hydride-forming
system (N) can be represented by

N=N,+Nz=d-M, +d-M;. (3)

Denoting the number of hydrogen guest atoms in the «-
and g-phases as n, and ng, respectively, the total number of
occupied sites (n) is then given by n=n, + ng. The normalized
number of absorbed hydrogen atoms (x) can be represented by

n Ny + Ng
X = =— "

(4)

nmax nmax

where Npme is the maximal number of occupied host sites.
Assuming a linear dependence of the number of unit cells

during phase transition (see Ref. [7]), N, and N; can be repre-
sented as function of the normalized hydrogen content, ac-
cording to

Md, X <X,
N, =M,d = Md<x‘*_x>, X, <X <X,
X — Xa
0, X>Xg
0, X <X, ()
Ng = Mgd = Md(xix‘*), Xe <X < Xg
Xp — Xq
Md, X>Xg

where x, and x; are the phase transition points (Fig. 1). Simi-
larly, n, and ng can be represented as a function of x

XNmax, X <X,y
Xp—X
Ny = XoNmax X5 — Xq y Xa <x< Xz,
0, X>Xg 6)
0, X <X,
X — X,
Ng = § XgNmax X5 — X, , X <X<Xg
XNmax, X>Xg

The total Gibbs free energy (GumulJ]) of the MH system can be
written as [23—25].

Guu = Gy + Gy, + GM,X + GHZ-, (7)

where Gy is the Gibbs free energy of hydrogen absorbed in the
host material, Gy, and Gy, are the Gibbs free energies of the
metal host lattice (M) for the « and g phase, respectively, and
Gy, is the Gibbs free energy of hydrogen (H,) in the gas phase.
Each term in Eq. (7) is the product of the chemical potential (y;
U mol ?)) and the number of moles (») involved [25,26], ac-
cording to

Gi = vip;, 8)

where index i indicates the various components of the
hydrogen-storage system, i.e. i =H, M,, Mg, H,.

During the (de)hydrogenation process the molar amount of
hydrogen changes in each part of the system together with the
equilibrium gas-phase hydrogen pressure (Py, [Pa]) and the
temperature (T [K]). The increment of the total Gibbs free en-
ergy for the (de)hydrogenation process (Eq. (1)) must therefore
be taken into account [23—26], which leads to

dGMH = ( > dVH + ( dVM(k
oy TPy Phto My i o, T.Priy 1, i

0G G
+ (6 MH) dvy, + (6 MH) dvy,
VM5 / TPy, g, s, VHa /T Pu, gty g

dPy, +
< aPHz 2 oT Py VWM Mg VHy

) ar.
TvH My YMg VH,
©)
Obviously, under isothermal conditions, the temperature is
constantand thelasttermof Eq. (9) is zero. According to general
thermodynamics, the system is in equilibrium when dGyy =0
[25,26]. When furthermore, the definition of the chemical
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potential w; = (0G;/0w;)1. P, is taken into account, Egs. (8) and

(9) can be rewritten under equilibrium conditions as
dGm = v + iy, dvm, + tiyg, dvm, + py, dvn,
aPHz ToH M, VMg PH,

The equilibrium condition of Eq. (10) can now be connected
to the microscopic parameters of the hydrogen storage sys-
tem. Considering the general expression for the Gibbs free
energy, G=H — TS, the chemical potentials of each compo-

(10)

dPy, = 0.

Eﬂ + UO(D(X7

EsxXs — EaXa — UaaX2(No/Mmax) + UgsX5(Ng/Nmax) + UasXaXs(Na/Nmax — Ng/Nmax) /2

Considering the normalized hydrogen concentration x, vy can
be represented by

nmax
vy = Na X, (14)
leading to
<%> _ Na <%> = Fey, (15)
aVH TPy, Nmax ox TPy,

where N, is Avogadro's number, F (= eN,) the Faraday con-
stant and ey [eV] is defined as

Xy <X < Xg (16)

Xg — Xo
Eg + U55X7

nent in the system can be expressed by

= (E) _ (ﬁ) - T(a_sf) (1)
l Ovi TPy, % i TPy, i TPy,

where H; [J] is the enthalpy and S; [J K] the entropy. As the
enthalpy can be described by H=U+PV, Eq. (11) can be
expanded to

aGi> <6Ui> (asi) (6Vg)
= (o = (== ~T(2) Py (o :
' ( o TPh, 2 o TPh, o TPy, NG TPy, 4

(12)
in which U; [J] is the internal energy and V; [m?] is the volume
of the component under consideration. Eq. (12) will be derived
below for each component in the system.

Hydrogen in the solid (nydvy)

The first term in Eq. (12) requires the total internal energy of
hydrogen absorbed in the hydride-forming material (Uy). The
so-called Bragg-Williams approximation has been adopted,
implying that the absorbed hydrogen atoms are randomly
distributed in the host material [27]. E; [eV] represents the
energy of the individual hydrogen atoms absorbed in both the
« and B phase as indicated in Fig. 2b. It is assumed that the
hydrogen atom absorbed at a particular site can interact with
hydrogen atoms at any other sites with a characteristic
interaction energy. According to the mean-field approxima-
tion the interaction energy between the occupied sites does
not depend on their location. U,, and Ugg [e€V] correspond to
the attraction or repulsion energies of H-atoms in the «- and -
phase, respectively. U,; represents that between H-atoms in
the different phases (Fig. 2b). Taking the amount of hydrogen
in each phase into account, Uy can be described by

U(YD(
Uy = e{Eﬂ,nﬂ + Egng + n? +

0] U,

2nmax' 4 2nmax

where n; has been defined by Eq. (6) and e is the elementary
charge (1.6-107*° C) [23]. Eq. (12) requires the derivative of Uy
with respect to the amount of absorbed hydrogen (vy). How-
ever n; are functions of normalized hydrogen concentration.

in both solid solutions (x <x, and x>x;) and the two-phase
coexistence region (x, < x < Xg).

The second term in Eq. (12) requires the entropy of absor-
bed hydrogen in the three crystallographic regions, which can
be obtained from the Bolzmann equation [7].

xInx+ (1-x)In(1 - x),

Xg — X X — Xy
S = —RMmaxq SO (h) +5§ (x,; — X),- X <x<x, (17)

X <X,

xlnx+ (1-x)n(1-x), X>Xg

where k is the Boltzmann constant (1.38:10°2* J K%). The
partial entropies in the plateau region (S?) can conveniently be
expressed as a function of x, and xg, according to

S? = x; Inx; + (1 — x)In(1 — xi), (18)

where i again refers to the individual crystallographic phases.
Differentiating Sy in Eq. (17) with respect to the molar amount
of absorbed hydrogen and taking Eq. (14) into account yields

. <asH> N (asﬂ>
a= (2 — 9oH
vy ) 1, Py, Imax ox /1 Py,

()
In , X <Xq
X
P -0
=Ry *—F X, <x<x, (19)
X — Xa
(%)
In[—, X>Xg
X

where R=kNs=8.31 [J mol~* K7Y], is the gas constant [23].
Substituting Egs. (15) and (19) into Eq. (12) leads to the
following expression for the chemical potential of absorbed
hydrogen

oVy

uy = Fey — Tsy + PH2 <E> s (20)
T.Pit, g 71

which, after multiplication by the increment dvy, forms the
first term in Eq. 10

i\
updvy = <F8H — Tsy + Py, (aTS) )de. (21)
'l"PH2 PMq VMg
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Host lattice contribution (uy, dvm, + g, dvm,)

Consider the internal energy of the host lattice Uy [J] of both
crystallographic phases. Denoting the energy contribution of
each unit cell by L; [eV] (Fig. 2b), the internal energy of the host
material can be represented by

UMi = eLiMi s (22)

where the number of unit cells (M;) in each phase satisfies Eq.
(5). Obviously, in the solid solution regions of both the «- and
g-phase M; is constant, consequently (9Uy,/0vy, )y, Py, = 0. In

the two-phase coexistence region the derivative

(80U, /v, ), Py, CaN be calculated, taking into account that

Y, = Nﬂ;\, which leads to

(), (%)
=Na
Oy, TPy, oM; TPy,

As the host material is assumed to be crystalline, its en-
tropy can be considered constant [25], therefore
(0Sw; /O, )1 Py, =0. Obviously, the derivative of »y, is zero

— FL. (23)

when M; is not present in the system. The following expres-
sions for the chemical potentials therefore hold in the three
crystallographic regions

oV,
PHz <a M“) ) X < Xu
M. /T, Py, Mg
= A% )
M=\ FL, + Py, < M) . X <x<x, MW
v, T, Py, My
0, X>Xg
0, X < X,
Y%
FLg + Py, <ﬂ> , X <X < Xg
= Oy /. Py, M, ) (24)
A%
Py, ( 3 Mﬁ) , X>Xg
My /T, By, M,

According to the definition of Eq. (2) the total number of
unit cells in the present MH-system remains constant during
the hydride-formation process, implying that

M = VM, + VM, (25)

and hence that

dvy, = —dvy,. (26)
In the two-phase coexistence region Egs. (25) and (26) imply

that

diy, = —dvy, = f‘% 27)
The summation of the second and third term in Eq. (10) can

then be written as Eq. (28)

07

o, dvm, + g, dvig, = dve{ FL + Py,

T, Pry 2ty

07

in which L = b3k,

Hydrogen in the gas phase (uy,dvy,)

Considering hydrogen as a di-atomic ideal gas, the chemical
potential uy, under isothermal conditions has been derived to
be

iy, = RT @ - so> +RT 1n%, (29)
where P, is the reference pressure (10° [Pa]). Note that Rs,
defines the molar entropy of hydrogen gas under standard
conditions. Eq. (29) represents a generalization of the classic
expression for the chemical potential of monoatomic ideal
gases given in Ref. [28]. Its derivation can be found in
Appendix I for the convenience of reader.

Considering a closed system in which the total amount of
atomic hydrogen (v,: [mol]) in the system is constant, the
conservation law requires that

Viot = VH + 20y, (30)

where the stoichiometric coefficient 2 converts the amount of
molecular hydrogen into atomic hydrogen. In this equilibrium
situation any change in the amount of hydrogen in the solid
can only be achieved at the expense of the gas phase
hydrogen, i.e.

1

dvy, =
Therefore the fourth term in Eq. (10) can be represented by

o, dver, = _% (RT (g - so> +RTIn i“;) dvy. (32)

Pressure-related term ((0G/ OPH, )T 1y . dPy,)

Consider the pressure-related term in Eq. (10), which includes
the partial derivative of the Gibbs free energy with respect
to the gas-phase hydrogen pressure (aG/asz)T_sz,yH‘dePHz-

According to the ideal gas law [23—25] the hydrogen pressure
can be expressed in terms of the amount of hydrogen in the
gas phase, according to

V4Pu, = v, RT, (33)

where V, is the volume of the gas phase. Due to the volume
expansion of the hydride-forming material, which sometimes
can be quite significant [4,12], V4 may change during the (de)
hydrogenation process in a fixed container. Using Eq. (31), Eq.
(33) can be rewritten as

X < X,

oV,
1( M“) —}<w> , Xe<X<Xg. (28)
d 61/MH d aVMa T, PH27VM5\

X>Xg
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1
V,-dPy, + Py, -dVy = —=

ZRT‘dVH,

(34)
from which the total pressure increment can be obtained

F
2
The partial derivative of the Gibbs free energy with respect

to hydrogen pressure can be found, using the definition of Eq.
(29) and that of the ideal gas (Eq. (33)) [25], according to

1

Vg

v,

dPHz = E

RT + PH2 dVH.

(35)

< oG ) _ <6(VHZ,LLH2)>
aPHz T.vH VM, Mg VHy aPHZ T.vH VM, VMg VH,
0 RT
_—— <ﬁ> e =V, (36)
aPHz T M, VMg Vi, PHz

Combining Egs. (35) and (36), the following expression is
obtained

(

3G
Py,

av,
m:| dVH.

dPy, (37)

1
) f{fRTJrPHZ
TvH VM VMg V] 2
WH Mo Mg VHy

Obviously for isothermal measurements, for example
by making use of Sievert-type equipment, the total vol-
ume of the entire hydrogen storage system is considered
constant. The change in the free gas volume can therefore

be expressed in terms of the volume change of the solid
which, in turn, depends on the stored hydrogen content
inside the solid. This is dependent on the materials vol-
ume expansion.

Equilibrium condition (dG = 0)

According to the general condition of equilibrium (Eq. (10)) the
Gibbs free energy is minimum when dG =0. Introducing Egs.
((21), (28), (32) and (37)) into Eq. (10) the following Eq. (38) is
obtained.

Obviously, Eq. (38) requires the bracketed terms to be zero,
which yields after rearrangements Eq. (39).

Eq. (39) represents the general state equation for hydrogen
storage systems and includes the gas phase, the host material
and hydrogen absorbed inside the various crystallographic
phases of the host material. It describes hydrogen absorption/
desorption isotherms in its most general form, taking into
account hydrogen pressure changes and materials volume
expansion, and connects microscopic materials properties
with macroscopic characteristics, such as pressure and vol-
ume, which can be measured experimentally. Eq. (39) can be
solved analytically with respect to Py, using the so-called
Lambert W-function [29]. Denote

dGy, =0
1 v, [avy 1 7 Py
{ERT—PHZ Fj_ <M>Tp - ] -5 <RT <§—so> +RT1nP';> +Fey—Tsy pdvy, X<X,
PHy VM VMg
RT dv, 1/0V; 1/0V, \% 1 7 P
={d-Tpy J”< M”) += (a M) - (a—ﬂ> +FL—Z (RT <Wso> +RT1ni> +Fen—Tsy pdvy, X, <X<Xs
2 dVH d aVM}3 T~PH2~VM(X d aI/Mu TPy, 2y aVH T Pr, g WM 2 2 Pref
1 v, [ov, 1 7 P
—ZRT—Py, |-—2— <J> = <RT <Jso> +RT1ni> +Fey—Tsy pdvy, X>Xg
2 dVH aVH TVPHZ Mg My 2 2 Pref
(38)
RT 1 7 Py, v, (9Vy
—_— - — — — 2 | —= <
{ 55 <RT <2 So) +RT1nP,ef> +Fey—Tsy PHZ d]}H e N s X<X,
+PHy WMo VMg
RT 1 7 P v, 1/0V 1/0V \%
0= ——7—<RT<7750>+RT1nﬂ>+FsH7TsH+FL7PHZ —9”< M") +7<a M“) 7<6—“> . Xy <X<Xg
2 2 2 Pyef dVH d 61/MG T-PHZ e d avM“ TYPHZ oy aVH T~PHZ-VM“~VM@
RT 1 7 P v, (av,
———7<RT<7—50)+RT1n H2>+F5H—TsH—PH2 ekl <J> . X>Xs
2 2 2 Pyef dVH aVH T-,PHQ My My

(39)
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v, <6VH>
dvy vy T‘PHZ,VM“,VMB’
dvy 1<6VM8) +1<6VMA> <6VH
dl/H d aVM’K TPu, i, d (')VML, T.Pu, »u, 6VH
v, <6VH)
dvy vy T,pHT,,MG_W,ﬁ7

then equilibrium hydrogen pressure enters Eq. (39) in the
linear (—Py,2) and in the logarithmic terms (—%RTln%).
Introducing new variables Eq. (39) can be written in the

following form:
—z(X)+aY+blnY =0, (41)

whereY = ii;; a = —PA; b = —12RT and function z(x) is defined
as

_|:F(€H—€M)—T<SH—%RSO> —%RT—FL} , Xo <X < Xg

2(x) = 1 9 ’
- {F(eH —em) — T<sH - iRso> — Z}RT} , otherwise
(42)

Eq. (41) can be further rearranged with respect to the

normalized pressure term Y as
cY-exp(cY) = cZ(x), (43)

where c=a/b; Z(x)=exp(z(x)/b). Eq. (43) is solved in terms of
standard Lambert W-function [29] as

- %W(CZ(X)), (44)
which leads, in the expanded form, to

_RT 2)Pref 220
Py, _ﬂw( T m). (45)

Both Egs. (40) and (45) are, in principle, discontinuous at the

9
Py, = Py exp< 3 + so>

> ’ Xa<X§X‘]’
T, PH2 M s PMg

(40)

phase transition points x, and xX;. From a physical point of
view it is, however, obvious that the isotherms must be
continuous. In order to obtain continuous dependencies in Eq.
(45), the following restrictions are imposed to preserve the
continuity of Py, (x) at x, and X,

Hm Py, (x)

= lim Py, (x).

x|Xg

= lilrn Py,(x) and lirm Py, (%) (46)
XXy xTxg

No volume expansion

Now the general state equation has been derived (Eqg. (39)) it
is interesting to theoretically investigate the impact of the
materials volume expansion on the simulated isotherms. In
this specific case, the volume expansion in both the solid
solution and two-phase coexistence regions is considered
negligible and all volume-related terms can therefore be
neglected. Consequently, function 1 defined by Eq. (40)
is reduced to zero. The final state equation can then be
significantly simplified to

1 Py, 9 1 ent+Ll , X, <X<x
SRT In Py —3RT- T<SH - ERSO) + F{ P , otherwise ’
(47)

Substituting the expressions for sy (Eq. (19)) and ey (Eq. (16))
into Eq. (47) an explicit expression is obtained for the partial
hydrogen pressure as a function of the normalized hydrogen
concentration in the hydride-forming material

RT

2F 1-x
ﬁ(1—:a+UWX)721r1< > , X<X,4
_ _ 2 2 B 0 <0
X exp 2F EpxXy — EaXo — UaaX, (No/Nmax) + UgpXj(Ng/Nimax) L 2F UasXoX5(No/Mmax — No/Nmax) /2 + I, Sa =5 L Xy <X < Xg
RT Xg — Xy RT Xg — Xq RT Xp — Xq
F 1-
—(Eﬁ-i-Uﬁﬁx)—Zln( X) , X>Xp
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To preserve pressure continuity at the phase transition
points in Eq. (48), Eq. (46) can be applied which, after simpli-
fication, gives the following continuity conditions

L Dus — Dy —Dg + Eo + Eg + UsaXo + UgsXg 1
2(Xﬁ - Xa) (Xﬁ - Xa)z
UMxi — U,wxﬁ D, — Dg —E,+ Eﬁ — UsaXa + Uﬁﬁxﬂ
U = - (X5 — Xa)
X Xg XaXg

where Da:¥1n<%>, Dﬂzgmc;%), Doy = KT(S0 — 9).

Both the general state expression (Eq. (39)) and constant volume
expression (Eq. (48)) offer the theoretical description of
hydrogen absorption/desorption isotherms, allowing detailed
parameter identification of complex hydrogen storage systems.

Volume expansion influence

The general expression for hydrogen absorption/desorption
isotherms (Eqg. (39)) also includes a volume expansion term,
which is denoted as Py, A, where 1is defined by Eq. (40). A can be
determined in three main crystallographic regions, which can
be denoted as

Aa(x)v X < Xq
A(x) = { Aap(X), Ko <X <Xg . (50)

Ag(x),

In the specific case that 1,=23=1,5=0 this corresponds to

the constant volume situation considered before, which is

covered by Egs. (48) and (49). If A deviates from zero, Eq. (39)

still applies. However, the continuity conditions represented
by Eq. (49) have to be replaced by the following expressions

L(A) =L+ (ANB(XA) - Aa(xa))Pa + (Aaﬁ(xﬂ) - Aﬁ(xﬁ))Pﬁ

Uas (3) = Uag 2 2 [(Rap(Xe) = 2a(%0))Pu = (s (%5) = 25(%))Ps]
B8

(51)

where L and U,z corresponds to the case that 1=0.

Van ’t Hoff relationship

Considering the simplified case with no volume expansion,
Eqg. (47) can, for example, in the two-phase coexistence region
be rearranged to

EIDPHZ 7F(8H+L) 7%RT1_SH7%RSO.

27 Pry R T R (2)

The reader will recognize in this expression the well-
known Van 't Hoff relationship, which is generally repre-
sented by

Py
P ref

_AH' 1 AS

R T R’

2

1
3 (53)

in which the molar enthalpy (AH°) and entropy (AS°) of the
hydride (de-)formation reaction are considered to be

|:E5X@ — E“Xa +

temperature-independent [5,22]. The Van ‘t Hoff relation is
generally determined in the middle of the two-phase coexis-
tence region where P, holds. Considering the above mathe-

Uﬁ/} Xé — Uc\a Xi
2
(49)

matically derived expression (Eq. (52)), AH® and AS° can now be
represented by

AH = F(ey + L) — ZRT, (54)
and

1
AS = sy — 5 Rso. (55)

In contrast to the classical Van 't Hoff equation (Eq. (53)),
the molar enthalpy and entropy in the present derivation (Eq.
(47)) are temperature-dependent and can be determined at
any hydrogen concentration along the isotherms. Eq. (47) can
therefore be considered as a generalization of the classical
Van ’t Hoff relationship, disclosing deeper insight into the
microscopic properties of hydride-forming materials.

Heat capacity

Another important material characteristic is the heat capacity
of hydride-forming materials (Cyy) which is generally
expressed as the partial derivative of the internal energy of the
solid with respect to temperature [25], according to

_ (WU
o= (557),

where Uyy in the present terminology is the total internal
energy of the solid, consisting of the energy of absorbed
hydrogen (Uy in Eq. (13)) and energy of the host material
(Umi, i=a,8 in Eq. (22)), i.e. Uwg = Uy + Uy, + Uy,. As a first
approximation the partial derivative 2 can be represented
as a finite difference between the internal energies at two
different temperatures (T, and T,). The heat capacity of Eq. (56)

can then be rewritten as

(56)

~ Uwmn, — Umy,

e 57)

Results and discussion
Influence of volume expansion on the isotherms

Eqg. (39) makes it possible to model the hydrogen equilibrium
pressure as function of the amount of absorbed hydrogen,
taking into account all processes, including the gas phase
pressure and volumetric materials changes. Fig. 3 illustrates
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Fig. 3 — Pd-H isotherms simulated at 150 °C according to
Eq. (39). Simulations without volume expansion (curve (a))
are compared with included volume expansions of 10%
(curve (b)), 25% (curve (c)) and 100% (curve (d)). The insert
shows pressure increase between curve (a) and curves (b),
(c) and (d) accordingly. Corresponding curves are denoted

as (b)(2), (c)~(a) and (d)—(a).

the influence of the volume expansion on the hydrogen ab-
sorption/desorption isotherms described by Eq. (39). The
simulation results for Pd at 150 °C without volume expansion
are shown in the black curve (a) using the analytical solution
of Egs. (48) and (49). The simulations including volume
expansion are represented by the grey curves and are calcu-
lated from Eq. (39), using the W-Lambert function of Eq. (45).
Curve (b) corresponds to the case of 10% volume expansion in
the fully hydride PdH case, which visually coincides with
curve (a). Assuming a volume expansion of 25%, similar to the
fully hydride LaNisHg case (curve (c)) also hardly shows any
deviation from curve (a). When a volume expansion of 100% is
assumed, some small difference can be seen in the 8 solid
solution region for pressures above 100 bar. The insert in Fig. 3
shows the pressure increase above curve (a) in more details.
One can see that increase in the volume in general leads to
increase in the pressure, and this pressure increase is pro-
portional to the pressure as given by curve (a). This behavior is
completely in line with the derivations of Appendix II, where it
is shown that negative values of A lead, ceteris paribus, to
increasing pressure, see Eq. (A7).

It can therefore be concluded that for conventional
hydride-forming materials at average temperatures and
pressures the influence of the volume expansion on the iso-
therms is negligibly small. Only when the volume expansions
becomes larger than 100% a small pressure increase is to be
expected but for most hydride-forming materials these are
unrealistic expansion values.

Influence of pressure on the isotherms

The pressure-related terms appear in the expression for the
Gibbs free energy of Eq. (38). In the previously developed
models the influence of the pressure on the isotherms has not
been taken into account. The presence of the pressure-related

Xq Xp
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Fig. 4 — Pd-H isotherms simulated at 150 °C according to
Eq. (39), considering (curve (a)) and not considering (curve
(b)) a pressure contribution.

terms in the final equations gives more physically realistic
values for both the microscopic and macroscopic parameters.
Fig. 4 shows, as an example, the simulated isotherm of Pd at
150 °C with (curve (a)) and without (curve (b)) considering the
influence of the hydrogen pressure. Note that curve (a) in Fig. 4
is identical to curve (a) in Fig. 3. It can be concluded that the
influence of the pressure is indeed quite significant and cannot
be neglected in the mathematical description of isotherms.

Van ’t Hoff relationship

Plotting the experimental values for }In(PY, /Pr) as a function
of the inverse temperature, the Van ’t Hoff relationship for Pd
is obtained as shown in Fig. 5a. From this linear dependence
AHP and AS° can be calculated from the slope and intercept,
respectively. The calculated experimental values for
AH® =42.40 k] mol~* and AS°=0.10 k] mol~* K~! are in close
agreement with those reported before [30—32]. The molar
enthalpy and entropy can also be calculated at the mid-
plateau region for the simulated isotherms, using Egs. (51)
and (52). The average values obtained in the simulated tem-
perature range are AH=4235 k] mol' and
AS=0.10 k] mol™* K%, which are very close to the experi-
mental values obtained from the classical Van 't Hoff
expression Eq. (53).

Using the present model, the results for the Van 't Hoff
equation can accurately be simulated at various hydrogen
content. Fig. Sb illustrates the situation when these de-
pendencies are plotted at the center of both the « (curve (b))
and g solid solution region (curve (c)), together with the mid-
plateau region result (curve (a)). Obviously, curve (b) is below
curve (a), as expected. Curve (c) is above curve (a), indeed
indicating a steep increase of the partial hydrogen pressure in
the solid solution region of the g-phase.

Isotherms

Desorption isotherms have been further simulated according
to the above presented model without considering volume
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Fig. 5 — (a) The Van ’t Hoff dependence for the
experimentally determined Pd-H isotherms as a function
of 1/T. (b) The calculated Van ’t Hoff dependencies
corresponding to the simulated mid-plateau region (curve
(a)), at the center of the a-phase region (curve (b)) and at the
center of the considered B-phase region (curve (c)).

expansion as this influence appears to be rather limited. The
simulation results will be compared with experimental results
in this section. The experimental isotherms have been
determined with conventional Sievert's type of equipment [33]
on a variety of hydride-forming materials, i.e. at palladium
powders in the temperature range of 100—300 °C, and at LaNis,
LaNiy oAl 1, LaNiy 7Alg 3 and Lag gCep oNis powders in the tem-
perature range of 40—80 °C. All isotherms are normalized with
respect to the absorbed hydrogen content (x).

Simulations of desorption isotherms of Pd-hydride at 100,
150, 200, 250 and 300 °C are shown in curves (a)-(e) of Fig. 6a,
respectively. Excellent agreement between the experimental
data (symbols) and simulations (lines) is found in all cases.
These simulations are performed, using Egs. (48) and (49) and

Equilibrium pressure [Pa]

350
Te
250 A )
<, o o
=
150 A
(b) 50 T T T T
0 0.2 0.4 0.6 0.8 1

N

Fig. 6 — a. Simulation (lines) of experimentally measured
Pd-H pressure-composition desorption isotherms
(symbols) at various temperatures: 100 °C (a), 150 °C (b),
200 °C (c), 250 °C (d) and 300 °C (e). b. Temperature-
composition phase diagram of Pd-H constructed based on
the simulation results (a).

assuming a constant sample volume during dehydrogenation,
i.e. 2= 0. The isotherm simulated at 300 °C (curve (e)) is above
the critical temperature (T.) of Pd-hydride (T. =293 °C [30]) for
which the two-phase coexistence region is absent. Obviously,
the 300 °C isotherm has been simulated using the solid solu-
tion equations only, implying the first and third expression of
Eq. (48). The model parameters have been determined by a
non-linear least square method and the as-obtained values
are listed in Table 1. The simulated phase diagram for the Pd-
hydride system is shown in Fig. 6b. These results demonstrate
that the miscibility gap is clearly influenced by the tempera-
ture. With increasing temperature the plateau pressures in-
crease and the miscibility gap becomes narrower to finally
disappear at T.. Consequently, the Pd-hydride system only
exhibits solid solution states at higher temperatures.

The chemical potentials of all species in the hydrogen
storage system calculated by Egs. (20), (24) and (29) for Pd at
150 °C are shown in Fig. 7a. The chemical potential of the
hydrogen stored in the hydride-forming material is fully
compensated by the chemical potential of hydrogen gas. The
differential characteristics of Pd-H formation at 150 °C,


http://dx.doi.org/10.1016/j.ijhydene.2015.11.038
http://dx.doi.org/10.1016/j.ijhydene.2015.11.038

3914

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 3904—3918

Table 1 — Parameters of the Pd-H hydrogen storage system. Optimized parameters are in bold.

N Par Dimension 100 °C 150 °C 200 °C 250 °C 300 °C
1 X = 0.079 0.116 0.110 0.299 =
2 Xg - 0.787 0.784 0.768 0.618 -
3 EY eV —0.041 —0.028 —0.017 —0.022 —0.021
4 E} eV —0.206 —0.092 —0.043 —0.055 -
5 ut, eV —0.448 —0.366 —0.306 —0.222 —0.196
6 Ul ev 0.014 —0.125 —0.184 —0.150 =
7 0 eV 0.076 —0.904 —1.327 —0.419 =
8 L-10? ev 7.364 2.134 0.306 1.193 -

enthalpy, entropy and Gibbs free energy (calculated from Egs.
(54) and (55)) are shown in Fig. 7b. The discontinuous behavior
of the differential curves of the enthalpy and entropy are a
clear indication of first-order phase-transitions [23,25]. How-
ever, these discontinuities at the phase transition points are of
equal, but opposite magnitude, resulting in continuous Gibbs
free energy curve and, consequently, isotherms. The singu-
larities of the Gibbs free energy near x =0 and x = 1 are caused

by the entropy related terms In (%‘) according to Eq. (19). The

individual phase contributions to the entropy of formation are
shown in Fig. 7c. As expected in solid solution regions, the
total entropy (black curve) completely coincides with en-
tropies of the corresponding phases. In two-phase coexistence
region the total differential entropy is the summation of the
partial increments of «- and g-phase.

Using the present model, the Gibbs free energies of the
system components can be calculated in the integral form.
The enthalpy, entropy and Gibbs free energy of the bulk of the
hydride-forming material as a function of normalized
hydrogen content for Pd at 150 °C are shown in Fig. 8. As ex-
pected, the contribution of the entropy to the Gibbs free en-
ergy is minor importance compared to that of the enthalpy
(see Fig. 8a). Both contributions are continuous but not
smooth and ‘kinks’ are clearly visible at the phase transition
points, which corresponds to the discontinuities in the dif-
ferential curves of Fig. 7b. For calculation of the above char-
acteristics, the partial energies of host crystal lattice of the
hydride-forming material in «- and g-phases (L, and Lg, Eq.
(23)) have been identified. It can simply be assumed that for
the unhydrided host material the internal energy can be
defined by the energy of a-phase unit cell, i.e. Uy=L,. The
enthalpy of pure palladium can be found in literature (e.g. in
Ref. [34]). Taking into account that for bulk material the in-
ternal energy is approximately equal to its enthalpy and using
the value for L = % (see Table 1), L, and L are determined to
be 0.034 and 0.049 eV, respectively.

Heat capacity

The molar heat capacity for Pd at 150 °C simulated by Eq. (57)
as a finite difference between 200 °C and 100 °C energy states
is shown in Fig. 9. The heat capacity of pure palladium was
assumed equal to that experimentally measured [34]. The
difference in heat capacity between the non-hydrated and
hydrated material is in a range reported in Ref. [35]. It is
interesting also to observe the decline of the heat capacity at
the end of the hydrating process.

Stoichiometric LaNis-based alloys

The desorption isotherms measured by the Sievert's type of
equipment [33] for LaNi-based alloys at various temperatures
have also been simulated in the present model. The com-
parison of the simulated and measured isotherms for LaNis
at 40, 60 and 80 °C are shown in Fig. 10. Excellent agreement
between the simulation results (lines) and experimental data
(symbols) is again found at all temperatures. The numerical
values of model parameters for LaNis were obtained by non-
linear least squares method and are listed in Table 2. The Van
't Hoff lines for all measured hydride-forming materials
considered in the present paper are shown in Fig. 11. The
influence of the substitution metal on the isothermal prop-
erties of LaNis can be clearly seen. Decreasing the Ni-content
and increasing the Al-content results in a decrease of the
plateau pressure, while adding Ce, replacing the La content in
the ABs-structure, results in an increase of the plateau
pressure. The parameters based on the experimentally
determined Van 't Hoff plot for LaNis (Eq. (50)) are
AH®°=31.22 kJ mol™"; AS®=0.109, k] mol™" K~'. Parameter
values obtained in the present simulations at the two-phase
coexisting region are very close to those reported in literature
[11,22,36].

Non-stoichiometric AB, alloys

The performance of the proposed model is not restricted to
materials with wide flat hydrogen absorption/desorption
plateaus. Fig. 12 shows the isotherms for various non-
stoichiometric LaNiy ,Cu alloys measured at 20 °C [13,14].
The copper content in these materials was fixed at Cu, o but
the overall non-stoichiometric AByx composition was varied in
the range of 5.0 and 6.0 by adjusting the Ni,_; content. The
experimental absorption and desorption isotherms are rep-
resented by the open and filled symbols, respectively. The
lines represent the simulated isotherms, which in all cases are
in good agreement with the experimental data. It is found that
the isothermal pressures increase with increasing degree of
non-stoichiometry. The stoichiometric ABs o alloy (curves (d))
reveals wide and flat pressure plateaus. Simultaneously, the
hysteresis between the absorption and desorption isotherms
decrease to completely disappear for the ABgq alloy (curves
(d)), which is in line with the in situ XRD measurements for
these alloys reported before [14]. Furthermore, the isotherms
become much more sloping with increasing degree of non-
stoichiometry. It can be concluded that the present model
accurately describes a wide variety of alloys with various
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Table 2 — Parameters of the LaNis hydrogen storage
system. Optimized parameters are in bold.

N Par Dimension 40 °C 60 °C 80 °C
1 X = 0.098 0.091 0.081
2 Xg - 0.808 0.809 0.819
3 Eb eV —0.018 —0.008 0.004
4 E} eV 0.004 0.003 0.006
5 ut, eV —0.304 —0.346 —0.405
6 Ub, ev —0.186 —0.183 —0.184
7 U eV —1.580 —1.688 —1.944
8 L-10? ev —2.428 —1.966 —1.744

characteristics, including sloping plateaus and hysteresis ef-
fects. This makes the proposed model universal to describe
hydrogen absorption and desorption processes of hydride-
forming compounds.
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Fig. 11 — Van ’t Hoff lines for Pd (a), LaNis (b), LaNis 9Alg 1 (),
LaNi4.7Alo.3 (d) and Lao.gceO_zNis (e).
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Fig. 12 — Pressure-composition isotherms for non-
stoichiometric LaNi,_,Cu alloys at 20 °C. Symbols
represent the experimental data and lines the simulations.
Open and filled symbols refer to the absorption and
desorption isotherms, respectively for LaNi, oCu (a),

LaNis »Cu (b), LaNis 4Cu (c) and LaNis oCu (d).

Conclusions

A new mathematical model has been presented, describing
the thermodynamics of hydrogen storage systems. The model
is based on first principles of chemical and statistical ther-
modynamics and consists of a detailed description of all parts
in the system, including the host metal, hydrogen absorbed in
the various crystallographic phases of the host material, and
hydrogen in the gas phase. Considering the energy, the Gibbs
free energy and the chemical potential as a function of
hydrogen content of each component in the system results in
a general state equation, describing temperature-dependent
isotherms. Conclusively, the equilibrium hydrogen pressure
can be accurately simulated as a function of hydrogen content
in the bulk of hydride-forming materials, taking into account
the gas pressure and the volume expansion of the host
material.

The simulation results of desorption isotherms at various
temperatures have been compared with the experimental
results obtained for Pd, LaNis, LaNiysoAly4, LaNiy;Alys and
Lag gCepoNis. The simulation results were found to be in good
agreement with the experimental results. The model was able
to calculate values of enthalpy (AH) and entropy (AS) of
hydride-formation as a function of hydrogen content and the
results were found to be in good agreement with the classical
experimental Van 't Hoff dependence. Using the model pa-
rameters at various temperatures, the heat capacity of the
hydride-forming materials has been simulated of hydrogen
content. The theoretically predicted heat capacity of Pd was
also found to be in good agreement with experimental results
reported in literature. In addition it has been shown that
sloping plateaus and hysteresis between the absorption and
desorption isotherms also can be accurately modeled.
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Appendix 1

Derivation of the chemical potential of hydrogen in the gas
phase

For the reversible change of state of gases the first thermo-
dynamic law holds [25]:

dU = TdS — pdV, (A1)

where Uis the internal energy of the gas atoms/molecules, T is
the temperature, S entropy p pressure and V is volume. The
state equations for the diatomic hydrogen gas can be repre-
sented by Refs. [6,24,28].

U— gNkT, pV — NKT, (A2)

where k is Bolzmann constant; N is the number of gas atoms.

Taking into account the general gas law [23,25], substitut-
ing Eq. (A2) into Eq. (A1) and integrate it from the reference
state (To, Po), the following expression is obtained

@) w

where s, = 200%) ang Sy(To, Vo) is the reference entropy of

hydrogen. Furthermore, it is known that [28].

S(N,T,p) = Nk

s
oN

I
7? ’ (A4)

uyv

where u is chemical potential of gas.

Applying the following notations [6,7]: u = u,, p = Pf} and
Po =Py, introducing R = kN, = k£, and differentiating Eq. (A3)
for isothermal conditions according to Eq. (A4) taking into
account Eq. (A2) one can obtain equation of the chemical po-
tential of diatomic hydrogen gas

€q

7 PH2
p, = RT <§ - so) +RTIn e (A5)

Appendix II

Sensitivity of equilibrium hydrogen pressure on A

It will be shown in this Appendix that there is a theoretical
reason that a decrease in 1 results in higher equilibrium
pressures. Consider function

RT 1 7 P
fPry,2) = —5 5 (RT(E - so> +RT lnﬁ;> + Fey — TSy — Py, 4

n FL, x,<x<ZXg
0, otherwise

According to Eq. (39), f(Py,,4) = 0 for all (small) deviations
of 2 and Py, from certain given (initial) value for 1 and Py,.
Consequently,

_of of .. RT dPy, _
df (Pu,, 2) = FHZdPHZ oy di=— o Py,d — AdPy, =0,
(A6)
and therefore
dPy, Py, a7)

da %+A'

Consider the constant volume case when 1 = 0, then Eq.
Py 2<pH2)2

(A7) results in —52 = ——3#—<0. Therefore, small but negative
values for 2 will always result in higher equilibrium hydrogen
pressure, which is in agreement with the results shown in
Fig. 3.

REFERENCES

[1] Fukai Y. The metal-hydrogen system. Berlin: Springer-
Verlag; 1993.

[2] Notten PHL, Latroche M. Nickel-metalhydride batteries: a

successful application of hydrogen storage materials. In:

Garche J, editor. Encyclopedia of electrochemical power

sources. Amsterdam: Elsevier; 2009. p. 502—21.

Flanagan TB. Thermodynamics of metal-gas reactions. In:

Grandjean F, Long GJ, Buschow KH]J, editors. Interstitial

intermetallic alloys. Dordrecht: Kluwer Acad. Publish; 1995.

p. 43—76. Chap. 4.

[4] Notten PHL. Rechargeable nickel-metalhydride batteries: a

successful new concept. In: Grandjean F, Long GJ,

Buschow KHJ, editors. Interstitial intermetallic alloys.

Dordrecht: Kluwer Acad. Publish; 1995. p. 151-96. Chap. 7.

Schlapbach L, Zuttel A. Hydrogen-storage materials for

mobile applications. Nature 2002;414:353—8.

[6] Ledovskikh A, Danilov D, Notten PHL. Modeling of hydrogen
storage in hydride-forming materials: equilibrium gas-phase
kinetics. Phys Rev B 2007;76. 064106(1-16).

[7] Ledovskikh A, Danilov D, Rey WJJ, Notten PHL. Modeling of

hydrogen storage in hydride-forming materials: statistical

thermodynamics. Phys Rev B 2006;73. 014106(1-12).

Griessen R, Riesterer T. Heat formation models. In:

Schlapbach L, editor. Topics in applied physics. Berlin:

Springer-Verlag; 1988. p. 219—84.

Frieske H, Wicke E. Magnetic susceptibility and equilibrium

diagram of PdH,. Ber. Bunsenges. Phys Chem

1973;77:48-52.

[10] Flanagan TB, Oates WA. Hydrogen in intermetallic
compounds I. In: Schlapbach L, editor. Topics in applied
physics. Berlin: Springer-Verlag; 1988. p. 49—85.

[11] Luo S, Flanagan TB, Notten PHL. Thermodynamic properties
of non-stoichiometric LaNiy ,Cu-H systems. ] Alloys Compd
1996;239:214—25.

[12] Notten PHL, Daams JLC, De Veirman AEM, Staals AA. In situ
X-ray diffraction: a useful tool to investigate hydride
formation reactions. J Alloys Compd 1994;209:85—91.

[13] Notten PHL, Einerhand REF, Daams JLC. On the nature of the
electrochemical cycling stability of non-stoichiometric
LaNis-based hydride-forming compounds Part I.
crystallography and electrochemistry. J Alloys Compd
1994;210:221-32.

[14] Notten PHL, Einerhand REF, Daams JLC. On the nature of the
electrochemical cycling stability of non-stoichiometric

3

[5

8

[9


http://refhub.elsevier.com/S0360-3199(15)30867-3/sref1
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref1
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref2
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref2
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref2
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref2
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref2
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref3
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref3
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref3
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref3
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref3
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref4
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref4
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref4
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref4
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref4
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref5
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref5
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref5
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref6
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref6
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref6
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref7
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref7
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref7
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref8
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref8
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref8
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref8
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref9
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref9
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref9
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref9
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref9
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref10
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref10
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref10
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref10
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref11
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref11
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref11
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref11
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref11
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref12
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref12
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref12
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref12
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref13
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref14
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref14
http://dx.doi.org/10.1016/j.ijhydene.2015.11.038
http://dx.doi.org/10.1016/j.ijhydene.2015.11.038

3918

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 41 (2016) 3904—3918

(23]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

LaNis-based hydride-forming compounds Part II. In situ x-ray
diffractometry. J Alloys Compd 1994;210:233—41.
Vermeulen P, Ledovskikh A, Danilov D, Notten PHL.
Thermodynamics and kinetics of the thin film magnesium-
hydrogen system. Acta Mater 2009;57:4967—73.

Lacher JR. The statistics of the hydrogen-palladium system.
Proc Cambr Phil Soc 1937;33:518—23.

Evans MJB, Everett DH. Thermodynamics of the solution of
hydrogen and deuterium in palladium. J Less-Common Met
1976;49:123—45.

Lototsky MV, Yartys VA, Marinin VS, Lototsky NM. Modelling
of phase equilibria in metal-hydrogen systems. ] Alloys
Compd 2003;356—357:27—-31.

McKinnon WR, Haering RR. Physical mechanisms of
intercalation. In: White RE, Bockris JM, Conway BE, editors.
Modern aspects of electrochemistry, vol. 15. New York:
Springer-Verlag; 1983. p. 235—304. Chap. 4.

Naito S, Yamamoto M, Doi M, Kimura M. Sloping plateaux in
the pressure—composition isotherms of the
titanium—hydrogen and TigsAle—hydrogen systems. ] Chem
Soc, Far Trans 1995;91:4143—7.

Kalisvaart P, Vermeulen P, Ledovskikh A, Danilov D,

Notten PHL. The electrochemistry and modelling of
hydrogen storage materials. ] Alloys Compd
2007;446—447:648—54.

Sandrock G. A panoramic overview of hydrogen storage
alloys from a gas reaction point of view. ] Alloys Compd
1999;293—-295:877—88.

Atkins P, De Paula J. Atkins' physical chemistry. 9th ed. New
York: Oxford University Press; 2006.

Kubo R. Thermodynamics: an advanced course with
problems and solutions. Amsterdam: Elsevier; 1968.

[25] Castellan GW. Physical chemistry. Reading, MA: Addison-
Wesley; 1983.

[26] Alberty RA. Use of legendre transforms in chemical
thermodynamics (IUPAC technical Report). Pure Appl Chem
2001,73:1349-80.

[27] Hill TL. An introduction to statistical thermodynamics.
Reading, MA: Addison-Wesley; 1960.

[28] Greiner W, Neise L, Stocker H. Thermodynamics and
statistical mechanics. New York: Springer-Verlag; 1995.

[29] Corless RM, Gonnet GH, Hare DE, Jeffrey DJ, Knuth DE. On the
Lambert W function. Adv Comput Maths 1996;5:329—-59.

[30] Manchester FD, San-Martin A, Pitre JM. The H-Pd (hydrogen-
palladium) system. J Phase Equilibria 1994;15:62—83.

[31] Flanagan TB, Luo W, Clewley JD. Calorimetric enthalpies of
absorption and desorption of protium and deuterium by
palladium. J Less-Comm Met 1991;172—174:42—55.

[32] Burch R. The adsorption and absorption of hydrogen by
metals. In: Roberts MW, Thomas JM, editors. Chemical
physics of solids and their surfaces, vol. 9. London: Royal Soc.
Chem; 1979. p. 1-17.

[33] PCT-Pro-2000. Installation and operations manual. Newark:
Hy-Energy LLC; 2007.

[34] Cordfunke EHP, Konnings RJM. The high temperature
thermophysical properties of ruthenium and palladium.
Thermochim Acta 1989;139:99—106.

[35] Gamberale L, Garbelli D, Piana G. Measurement of heat
capacity of PdHy. In: Li XZ, editor. Proceedings of the 9th
international conference on cold fusion; 2002. p. 105-8.
Beijing: China.

[36] Ohlendorf D, Flotow HE. Heat capacities and thermodynamic
functions of LaNis, LaNisHg 3¢ and LaNisHg 39 from 5 to 300 K. |
Less-Comm Met 1980;73:25—32.


http://refhub.elsevier.com/S0360-3199(15)30867-3/sref14
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref14
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref14
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref14
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref15
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref15
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref15
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref15
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref16
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref16
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref16
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref17
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref17
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref17
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref17
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref18
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref18
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref18
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref18
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref18
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref18
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref19
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref19
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref19
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref19
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref19
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref20
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref21
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref21
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref21
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref21
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref21
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref21
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref22
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref22
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref22
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref22
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref22
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref23
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref23
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref24
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref24
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref25
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref25
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref26
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref26
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref26
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref26
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref27
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref27
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref28
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref28
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref29
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref29
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref29
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref30
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref30
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref30
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref31
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref31
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref31
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref31
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref31
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref32
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref32
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref32
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref32
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref32
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref33
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref33
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref34
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref34
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref34
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref34
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref35
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref35
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref35
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref35
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref35
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref35
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://refhub.elsevier.com/S0360-3199(15)30867-3/sref36
http://dx.doi.org/10.1016/j.ijhydene.2015.11.038
http://dx.doi.org/10.1016/j.ijhydene.2015.11.038

	Modeling and experimental verification of the thermodynamic properties of hydrogen storage materials
	Introduction
	Model description
	System definition
	Hydrogen in the solid (μHdνH)
	Host lattice contribution (μMαdνMα+μMβdνMβ)
	Hydrogen in the gas phase (μH2dνH2)
	Pressure-related term ((∂G/∂PH2)T,νH2,νH,νMdPH2)
	Equilibrium condition (dG=0)
	No volume expansion
	Volume expansion influence
	Van ’t Hoff relationship
	Heat capacity

	Results and discussion
	Influence of volume expansion on the isotherms
	Influence of pressure on the isotherms
	Van ’t Hoff relationship
	Isotherms
	Heat capacity
	Stoichiometric LaNi5-based alloys
	Non-stoichiometric ABx alloys

	Conclusions
	Acknowledgments
	Appendix I
	Derivation of the chemical potential of hydrogen in the gas phase

	Appendix II
	Sensitivity of equilibrium hydrogen pressure on λ

	References


