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HIGHLIGHTS

e Model of solid solutions Pd—H with a symmetric two-well mixing energy is considered.
e The model explains the linear dependence InP (1/T) for formation of palladium hydride.
e The formation pressure is determined by the reaction Pd + (z/2)H, = PdH, at z = 0.63

e Deviation of InP (1/T) from linearity in this approximation is 1% at 194.5 < T < 565 K.

e Similar results are obtained for the systems Pd-D, Ni—H, and Ni-D.
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Thermodynamics of solid solutions

phases with different hydrogen concentrations. Formally,
such a dependence could be observed for the transformation
Me + (z/2) H, = MeH,, where z = const, if the standard
(referred to Py = 1 atm) enthalpy AH? and entropy AS° of this
transformation did not depend on temperature, since in this
case

Introduction

A large number of metal-hydrogen systems exhibit a linear
dependence In P(1/T) in wide ranges of temperature (T) at low
hydrogen pressures (P) where hydrogen can be considered as
ideal gas for phase transformations occurring between solid
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In(P/Po) = 2/(zRT){GYers; — Gue — Gho} = 2/(zRT)AG®
=2/(zR){AH’/T — AS°}, (1)

where AG? is the standard Gibbs energy of transformation and
R is the universal gas constant.

We were unable to find in the literature a discussion of the
question of why the values of AH® and AS° for the formation of
a hydride with fixed hydrogen content H/Me = z are weakly
temperature dependent. Instead, a more mysterious problem
has been discussed for several decades: why the linear
dependence In P(1/T) is observed in the most widely used and
best studied Pd—H system (see Fig. 1a), in which the hydride is
formed by an isomorphic transition between phases of vari-
able composition — depleted in hydrogen (primary solid so-
lution) and enriched in hydrogen (hydride). The compositions
of these phases approach each other with increasing tem-
perature until they coincide at the critical point, and this can
be depicted on the T-x projection of the T-P-x phase diagram as
a dome of the miscibility gap in the solid Pd—H solutions
(Fig. 1b).

The problem was considered in most detail in Refs. [6,7].
Both papers, however, only analyzed the behavior of AH(T)
derived from the slope of In P as a function of the reciprocal
temperature. In Ref. [6], the following expression was ob-
tained for the three-phase equilibrium Me; (H, + A(x—y)
H2 = MelfoX:

d(InP*?) (1 -x)(1-y)(H, — Hn) + xy(Hx - Hy)
d(1/T) (x—yR
y(Hy — Hy) +x(H, - Hy)
‘ (x—y)R
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In this expression, the symbols H denote the partial molar
enthalpies of the phases participating in the reaction. The
unprimed symbols refer to the primary solid solution Me;_yH,,
the single-primed symbols to the non-stoichiometric hydride
Me; yHy, and the double-primed symbols to the gaseous
hydrogen. The enthalpies of the primary solution and hydride
are unknown functions of the temperature and hydrogen
concentration. As noted in Refs. [6,7], the obtained expression
is “not amenable to facile quantitative interpretation.”

In Ref. [7], the authors considered separately the equilibrium
with hydrogen of single-phase solid solutions and hydrides
near the transformation line. After some simplifications and
assumptions, the following expression was obtained:

d(InP¥?) AH< AHy ., 2nw —w — B
diT) R R T {1/”(1’”)’24{5%5*%6

1 (0Au.(n) dn

/()] m(55"),
where n = H/Pd;8=[1—4n(1—n)(1—exp(—w /RT))]|"*w' =1 —exp
(—w/RT); w is the pairwise interaction energy between the two
hydrogen atoms, and Ap.(n) has been attributed to a filling-in of
the d-band of palladium by electrons from the hydrogen atoms.

The authors of Ref. [7] came to the conclusion that the
factors leading to the constancy of d(In P¥2)/d(1/T) in the above
equation were largely fortuitous, but they did not specify what
those factors were. The authors also considered it quite
possible that for systems other than Pd—H, d(ln PY?)/d(1/T)
may have significant temperature dependence.

At the same time, linear dependences In P vs. 1/T and/or
AGY%T vs. 1/T were also observed for isomorphic trans-
formations in the Nb—H system [8] (Fig. 2a) and the Ni—H
system [9] (Fig. 3a). This is already a regularity that cannot
be attributed to random coincidences. A common feature of
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Fig. 1 — Compilation of experimental data available in the literature for the Pd—H and Pd-D systems. (a) Decomposition
pressures of palladium hydrides (open red symbols) and deuterides (solid black symbols) determined in Refs. [1] (Wicke64),
[2] (Lasser83), and [3] (Wicke81). The open stars show the positions of the critical point [4] (Wicke78). (b) T-x projection of the
Pd—H phase diagram: the literature data compiled in Ref. [S]. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)
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Fig. 2 — Decomposition pressures of niobium hydrides (a) and T-x projection of the phase diagram of the Nb—H system (b)

determined in Ref. [8]. P, = 1 bar = 0.1 MPa.
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Fig. 3 — (a) Available experimental values of the standard Gibbs energy AG%T as a function of 1/T for the reactions Ni + %H,
— NiH (open red symbols) and Ni + 2D, — NiD (solid black symbols) compiled and corrected in Ref. [9]. (Phase

transformations in the Ni—H and Ni-D systems occur at pressures of the order of 1 GPa when hydrogen can no longer be
considered an ideal gas, therefore the In P vs. 1/T dependences are substantially nonlinear.) (b) T-x projection of the phase
diagram of the Ni—H system [10]. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

all three systems Pd—H [5], Nb—H [8], and Ni—H [10] is the
symmetry of the miscibility gap of the Me—H solid solutions
with respect to the critical concentration x., = z/2, where z is
the atomic ratio H/Me for the hydride phase at T — 0 K (see
Figs. 1b, 2b and 3b, respectively).

This paper proposes possible solutions to two problems:

i) Assuming that the mixing Gibbs energy of the interstitial
Me—H solid solution is a two-well function symmetric
with respect to the hydrogen content x., = z/2, leads to a
symmetric miscibility gap and shows that the tempera-
ture dependence of the pressure of the corresponding
isomorphic phase transformation is determined only by
the temperature dependences at a fixed pressure of
Po = 1 atm of the thermodynamic properties of the pure
metal and its hydride with the fixed composition MeH,
attained at T — O K.

ii) Using the available literature data on the P(T) dependences
for the isomorphic phase transformation and temperature

dependences of the heat capacities of pure metal Me and
hydride (deuteride) with an invariable composition MeH,
(MeD,), gives negligible deviations from linearity for the
temperature dependences of the standard Gibbs energy
AGP(T) = AH(T) — T-AS°(T) of transformations in the Pd—H,
Pd-D, Ni—H, and Ni-D systems. The changes in AG(T) are
much less than the changes in AHT) and T-AS%(T),
because these terms mostly have the same sign and
partially compensate each other.

Thermodynamics of solid solutions with a
symmetric energy of mixing

The condition for the equilibrium of two phases at a given
temperature and pressure in any two-component system is
the presence of a common tangent line to the concentration
dependences of the Gibbs energy of these phases. If
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Fig. 4 — Graphical illustration of the common tangent rule
for two-phase equilibrium in solid solutions.

components A and B form a solid solution, then all phases are
described by one common potential G(T,P,c), and the common
tangent rule turns into

oG oG
&(Cl) = &(CZ)
(2) and (3)
G - G(Cz) — G(Cl) - AG
E (CZ) - Cy —C1 - E

where c; and c; are the concentrations of component A in the
two phases in equilibrium with each other [11]. The rule is
illustrated in Fig. 4.

Substitutional solid solutions

Consider a substitutional solid solution with components A
and B and write its Gibbs energy in the form

G(T,P,c) = c+Ga(T,P) + (1 — ¢)+Gy(T,P) + AGmix(T, P, ),

where G, and Gg are the Gibbs energies of crystals of pure
components, and AGmix is the mixing energy, the sign of
which determines whether the formation of solid solution is
energetically favorable (AGnix < 0) or unfavorable (AGuyix > 0).
Now let AGpix represent a double-well potential as a function
of the concentration ¢ at temperatures and pressures below
critical, and let it be symmetric with respect to the replace-
ment of ¢ by 1—c, i.e., AGmix(c) = AGmix (1—¢). As can easily be
shown, the derivative 8(AGnix)/dc should be an antisymmetric
function of ¢, ie., 9(AGmix())/oc = —0(AGmix (1—c))/dc (for
example, introducing a new variable t = ¢—1/2, the problem
can be reduced to the well-known lemma that the derivative
of an even function G(t) must be odd).

To make further formulas look simpler, let AGmix(c) = f(c)
and 3(AGmix(c))/dc = ¢(c). For fixed values of T and P, we then
get

G(c)=c+Ga+(1—c)+Gp +f(c) (4)

8G/dc=(Ga — Gg) + 0(c) (5)

Substitution of these expressions into conditions (2) and (3)
for the existence of a common tangent line gives

o(c1) =o(c2) 6)

o(c2)=[f(c2) —flca)] / (ca — 1) ?)

Next, replacing ¢, by 1—c, in Eq. (7) and using the symmetry
of f(c) and antisymmetry of ¢(c) for the inverse replacement
1—c, — cp results in

o(1-0)=[f(1-c)—fler)] /(1 —ca—c1)
—o(ca) =[f(c2) —fle)] / (1 —ca —ca) ®)
Adding (7) and (8), we finally obtain

[f(c2) = flen)](1 = 2¢1)

(c2—c1)(l—ca—c1)

Possible solutions:

a) ¢; = % — the point of maximum in G(c) and an extraneous
root.

b) f(c1) =f (c2) — a binodal, i.e., a boundary of the dome of the
miscibility gap on the T-c diagram of the solid solution.

On the binodal:

From (7) and (6): ¢(c2) = [f (c2) — f (ca)l/(co—c1) = 0 = o(ca).
From (5): 8G/dc = (Ga — Gg) + ¢(c) = Ga — Gg.

Thus, Egs. (2) and (3) of the common tangent line turn into

9(AGmix)
oc
oG

—= T,P) — Gg(T,P
70 = Ga(T.P) ~Ga(T.P)

=¢(c;,T,P) = ¢(c1,T,P) =0
(9) and (10)

This is the main result for two-phase equilibrium in the
model with the mixing energy in the form of a two-well po-
tential symmetric with respect to the replacement of ¢ by 1—c,
or, which is the same, symmetric with respect to the point
cer = ¥%. As seen from Eq. (9), the concentrations ¢; and ¢, of the
phases inside the two-phase region are determined by posi-
tions of the minima on the concentration dependence AGmix(c)
at given T and P and are independent on G, and Gg. In its turn,
the function 8G/dc, which determines the position of the phase
transformation curve on the T-P diagram, does not depend on
the concentration ¢ and is solely determined by the thermo-
dynamic properties of crystals of pure components A and B.

Interstitial solid solutions

To proceed from the solid substitutional solutions to inter-
stitial hydrogen solutions, imagine that the interstitial solu-
tion is a substitutional solution of the components A = Me and
B = MeH,, where z = const. Then the concentration c, of 1 mol
of this interstitial solution will be equal to

Nuenz _ NH/Z

Cc, = =
* " Numenz + Nye Na

where N, is the Avogadro number; Ny and Nyen, are the
numbers of “molecules” of the components, and Ny is the total
number of hydrogen atoms in 1 mol of the solution. For 8G/dc,
this gives
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G oG 1 e
& _ T, = —2 o7Nx =zl N 12
3, 0Ny 0¢,/0Ng  ONg 2 A~ 2 tHa (12)

where ;! = 9G/dNy is the chemical potential of hydrogen in
solid solution.

Thermodynamic equilibrium between the hydrogen in a
sample of the solid solution and in the gaseous hydrogen
surrounding the sample is reached when

1 ]
SHE = M

where p¥ is the chemical potential of molecular hydrogen.

Multiplying both sides of this equation by zN, and using
condition (10) of two-phase equilibrium, we obtain

Z _oas 0G
EGEIZ :a_CZ = GMeHz - GMe-,
wherefrom

Z
GMe + EGngaQS = GMeHz

This energy balance exactly corresponds to the reaction Me
+(z/2)H, = MeH,, in which z = const.

Estimates of the deviation of the AG(T) and
AG°(1/T)/T dependences from linearity due to
changes in AH® and AS° with increasing
temperature

The T and P values in Egs. (9) and (10) for the common tangent
are points on the equilibrium line for the isomorphic trans-
formation Me; ,H, + 'a(x—y)H, = Me;_xH,. The equilibrium
line is distinguished by the condition AG = 0 for the Gibbs
energy of this transformation. The dependences of In P vs. 1/T
analyzed in the present work determine a completely
different, standard Gibbs energy AG°(T,P;) referred to the
pressure P, = 1 atm. Since at T = const, the differential
P
dG = —SdT + VdP = VdP and, therefore, G(P) = G(Po) + / VdP,
Po
then for each fixed temperature T and equilibrium trans-
formation pressure P(T), the standard Gibbs energy can be
P
calculated from the condition AG®(Po) + / AVdP = 0, where
Po
AV (T,P) = Vitentz (T,P) — Vie(T,P) — (2/2)Vio(T,P) is the change in
the molar volume of the Me—H system. Correspondingly,
Py
AGO = / AVdP.
P

For transformations at low hydrogen pressures up to
several tens of atmospheres and temperatures of the order of
the room one and above, gaseous hydrogen is well described
by the Clapeyron-Clausius equation PV = »RT, where v is the
number of moles, and the difference between the molar vol-
umes of the hydride and metal is negligible compared to the
volume of hydrogen (z/2)Vy,. Under these conditions, with
good accuracy

Py P
AGY(T,Pg) = — g / VipdP = gRT % - gRTln(P/PO)

P Py
and we arrive at the well-known Eq. (1). If AH°(Po) u AS®(Po) are
independent of temperature, Eq. (1) gives a linear dependence
In P vs. 1/T, and the equation AG%(T) = AH%(T) — T-AS%(T) gives a
linear dependence AG° vs. T.

It is worth noting that models with temperature-
independent values of AH® and AS° describe quite satisfacto-
rily the lines of phase transformations at moderate tempera-
tures in many metal alloys without light elements. For most
metals and alloys, the Debye temperatures are in the range of
250—450 K, therefore their heat capacities Cp = Cy are close to
3R per gram-atom already at room temperature in accordance
with the Dulong and Petit rule. With the transformation
XA + yB = A,By, an increase in temperature from T, to T, leads

T
to an increase in enthalpy by 6H%(T,) = / CpdTand entropy by

Ty
T2
0S%(Ty) = / %dT for each of the phases. For the enthalpy and
Ty
entropy of the
T, T,
S(AHO(T,)) = / AGsdT=0 and  6(ASO(Ty)) = / ATCPdT:O,
Ty

T

phase transformation, this gives

because
ACp = (x4Y)Co™ — (x -CB +y +CB) =3R-[(x+Y) —(X+Y)] =3R -0~
= 0. Heat capacities close to the sum of the heat capacities of
the components have been observed in many alloys and
compounds, and this has even been called the Neuman-Kopp
rule [11].

According to the results of Section Interstitial solid
solutions, in the metal-hydrogen systems with a symmetric
miscibility gap, the quantities AH(Po) and AS°(Po) acquire a
clear physical meaning as the differences in thermodynamic
quantities for a hydride of a fixed composition MeH,, gaseous
hydrogen in a fixed amount (z/2)H,, and the parent metal Me
without hydrogen. This made it possible for the first time to
estimate the changes in AH’(P;) and AS°(P,) with increasing
temperature and the contribution of these changes to the
temperature dependence AG’(T,Py) for transformations be-
tween the phases of variable composition.

The Pd—H and Pd-D systems

The experimental values of the decomposition pressure of
palladium hydrides and deuterides taken from the literature
[1—3] are shown in Fig. 1a. The positions of the critical points
from Ref. [4] are also added, and they are found to be in good
agreement with the linearly extrapolated dependences of the
decomposition pressures. The decomposition pressures were
chosen for the analysis because in metal-hydrogen systems,
these pressures are usually much closer to the equilibrium
pressures than the pressures of hydride formation [1,12].

Fig. 5a shows the dependences AG%T = (zR/2)In(P/Py) for
the Pd—H and Pd-D systems calculated in accordance with
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Fig. 5 — Experimental values of the standard Gibbs energy AG® for the reactions Pd + (0.63/2)H, — PdH, 63 (open red symbols)
and Pd + (0.63/2)D, — PdDy e (solid black symbols) plotted as AG’/T vs. 1/T (a) and AG® vs. T (b). Designations as in Fig. 1a.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 1 — Standard (at P, = 1 atm) enthalpy AH® and
entropy AS° of formation of PdH, ¢z and PdD, ¢ calculated

from the temperature dependences of the decomposition
pressures of, respectively, palladium hydrides and
deuterides measured in Refs. [1-3].

System AHC, AS®, Reference
kJ/mol of J/mol/K of and
PdH0.63 PdH0‘63 method
or PdD0_53 or PdDo_53
Pd—H —12.6 (2) —29.9 (4) This paper,
AG%T vs. 1/T
-12.6 (2) —30.2 (4) This paper,
AG%vus. T
—12.3 (1) —28.7 (3) Ref. [1],
In Pus. 1/T
123 (2) —29.1 (4) Ref. [2],
In Pus. 1/T
Pd-D -11.6 (2) —30.6 (4) This paper,
AGY%T vs. 1T
—11.5(2) —30.3 (4) This paper,
AG%vus. T
~11.7 (1) -30.8 (3) Ref. [1],
In Pus. 1/T
~11.2 (2) —29.4 (4) Ref. [2],
In Pus. 1/T

Eqg. (1) using the experimental values of In P vs. 1/T presented
in Fig. 1a. A value of z = 0.63 was chosen for the calculations
for both hydride and deuteride at T = 0 K, since the
maximum values of z obtained at the lowest measurement
temperature T = 194.5 K in Ref. [1] were z = 0.635 for the
hydride and z = 0.625 for the deuteride. Fig. 5a also presents
the values of the enthalpy AH® and entropy AS° of formation
of the PdHye; and PdDg g3 phases obtained by linear inter-
polation of the experimental dependences AG%T vs. 1/T.
Generally speaking, interpolation of experimental data as a
function of reciprocal temperature is not the most accurate
method to obtain any thermodynamic values, since this pro-
cedure greatly overestimates the statistical weight of the
experimental points obtained at low temperatures — under

the conditions most difficult to achieve thermodynamic
equilibrium. In this regard, we have also prepared Fig. 5b with
the dependences AG®(T), which should be linear as well and
more suitable for precise interpolation.

Table 1 compares the values of AH and AS° obtained in this
paper and in Refs. [1,2]. Along with the experimental results
from Refs. [1,2], the datasets analyzed in this paper include
results for the near-critical region in the Pd—H system [3] and
the positions of the critical points in both Pd—H and Pd-D
systems [4]. The values of AH® and AS° presented in Refs.
[1,2] were recalculated for the compositions PdHpe3 and
PdDg g3. As seen from Table 1, the values obtained in our paper
well agree with those from Refs. [1,2]. This suggests that the
high-temperature points from Refs. [3,4] fall onto almost the
same linear dependences as the low-temperature points
considered previously [1,2].

To assess the changes 6H%(T) and 3S°(T) occurring in AH%(T)
and AS%(T) with an increase in temperature from the mini-
mum experimental value Ty, to the temperature T, of the
critical point, we used the previously published temperature
dependences of the heat capacity of the phases participating
in the reactions Pd + (z/2)H, = PdH, u Pd + (z/2)D, = PdD, at
z = 0.63. The results are shown in Fig. 6.

The heat capacities Cp of molecular hydrogen (blue curve in
Fig. 6a) and deuterium (magenta curve in Fig. 6b) weakly
depend on temperature and are approximately equal to (7/2)R,
because in the temperature range shown on the figures, all
rotational modes of H, and D, molecules are already excited,
and the temperature is not high enough to excite a noticeable
number of stretching modes. The differences ¢C in the heat
capacities that determine the changes in AH%(T) and AS%(T)
with increasing temperature are shown at the bottom of
Fig. 6a and b with thick cyan lines. In contrast to what is
observed in the formation of substitutional alloys without
light elements (see Section Estimates of the deviation of the
AGYT) and AG°(1/T)/T dependences from linearity due to
changes in AH® and AS° with increasing temperature), this
differences are by no means negligible in comparison with the
heat capacities of the components of the reactions.
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Fig. 7 shows temperature-induced variations in the stan-

T
dard enthalpy 6H%(T) = / 0C(T)+dT, entropy oS%(T) =

Trmin

T
/ %d'ﬂ Gibbs energy 6G%(T) = 6H°(T) — T-4S°(T) and, sepa-
Tmin
rately, in the —T-6S%T) term of the Gibbs energy for the re-
actions Pd + (0.63/2)H, = PdHy ¢3 and Pd + (0.63/2)D, = PdDg ¢3.
Tmin = 194.5 K is the minimum temperature at which the
decomposition pressures of palladium hydrides and deu-
terides were experimentally determined. The resulting de-
pendences AG%1/T)/T — 6G°(1/T)/T and AGYT) — 6G(T) are
shown in Fig. 8.
The total changes accumulated in going from Tyin to Tey are
not very large, but noticeable. For example, in the Pd-D

system, AH® and AS° change by about 12%, and AG° changes by
about 6%. The change in AG is approximately two times less,
because 6H® and 3S° have the same sign and the terms 6H° and
—T-6S° in 6G° partially compensate each other. In the Pd—H
system, the compensation is more perfect: AH® changes by
4%, AS® by 3%, while the change in AG is a few times less and
only reaches 0.6%. As seen from Fig. 8a, the dependence AG%(T)
— 6G%(T) is well approximated by a straight line in the Pd—H
system and satisfactorily in the Pd-D system. Fig. 8b shows
that the dependences AG(1/T)/T — 6G°(1/T)/T are linear with
good accuracy in both systems.

The Ni—H and Ni-D systems

Phase transformations in the Ni—H and Ni-D systems occur at
pressures of the order of 1 GPa, when hydrogen can no longer
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be considered an ideal gas, and its molar volume decreases to
such an extent that, compared with it, the differences in the
molar volumes of solid phases cannot be neglected. Accord-
ingly, when calculating the standard (at Po = 1 atm) Gibbs
P
energy from the condition AG®(Po) + / AVdP = 0, the differ-
Py
ence AV(T,P) = Vyenz(T,P) — Vme(T,P) — (2/2)Vyo(T,P) signifi-
cantly differs from (z/2)Vy,(T,P), and Vy,(T,P) is much larger
than the volume of an ideal gas. Compared to the Pd—H and
Pd-D systems, the factor z drops out of the formulas for the
Ni—H and Ni-D systems, since the compositions of nickel
hydrides and deuterides are close to NiH and NiD at T — 0K
(see Fig. 3b).

In addition, the mixing energy AGmix(T,P,c) of solid solu-
tions considered in Section Thermodynamics of solid
solutions with a symmetric energy of mixing is a function of
pressure. Decomposition of hydrides and deuterides of
palladium occurs at pressures of the first tens of atmospheres,
and its effect on AGnix is negligible. In the Ni—H and Ni-D
systems, the pressure of the isomorphic phase trans-
formation is not small, but its effect on AG; can also be
neglected, since, as has been shown in Ref. [19] and confirmed
in Ref. [10], solid nickel-hydrogen solutions well obey the
Vegard law and their molar volume v varies linearly over the
entire concentration range 0 < x < 1. Accordingly, when the
solution is separated into phases with different hydrogen
concentrations, the volume of the sample does not change
and, therefore, its AGmix does not change either, since
d(AGmix) = Av-dP at a constant temperature. Thus, on the T-x
phase diagram of metastable Ni—H solutions at P, = 1 atm, the
critical temperature and boundary concentrations of the
miscibility gap will be the same as at the equilibrium high
pressures.

Taking into account all the above, temperature de-
pendences of the standard Gibbs energy AG(T) of hydride
(deuteride) formation in the Ni—H and Ni-D systems were
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Fig. 9 — Experimental values of the standard Gibbs energy
AG? for the reactions Ni + (1/2)H, — NiH (open red
symbols) and Ni + (1/2)D, — NiD (solid black symbols)
plotted as a function of temperature [9]. (For interpretation
of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

calculated in Ref. [9]. These dependences and the values of
AH® and AS° obtained by their linear interpolation are shown
in Fig. 9. The dependences of AG%/T vs. 1/T shown in Fig. 3a are
recalculated from the experimental data presented in Fig. 9.
As seen from Figs. 3a and 9, the dependences of both types are
linear with good accuracy. The parameters AH® and AS° of the
linear fit indicated in Fig. 9 are preferable. No critical point is
indicated on the dependencies for the Ni-D system, since its
position has not yet been determined.


https://doi.org/10.1016/j.ijhydene.2022.03.034
https://doi.org/10.1016/j.ijhydene.2022.03.034

15206

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 47 (2022) 15198—-15208

T T T
C¥ of NiH, jacoustic mode:
251 e

opt

Cv of NiH, optical modes

C,, J/IK/mol Ni

5C= Cr‘:lH,ac+ C:'H opt_ cs\ ac_ Cgu magn_ (1/2)C2_

8C, J/IK/mol Ni

1 1
0 200 400 600 800
T,K

1 1 1
1000 1200 1400 1600

. T T T
25 L C,, of NiD Eacov\st\c mode:

20k C“’/pj of NiD, optical modes b)

15 (112)C, of D, .

C,, J/K/mol NiD

10

5C= C’;‘D ac, C';‘D‘ opt_ Cr;u ac_ C:‘ magn_ (1/2)0:3_

m_10 2 1 1 " 1 1 N 1 1 " 1

0 200 400 600 800 1000 1200 1400 1600
T,K

C, J/K/mol NiD

Fig. 10 — Heat capacities of the components of the reactions Ni + (1/2)H, — NiH (a) and Ni + (1/2)D, — NiD (b). The Cp(T)
dependences for gaseous H, (blue curve) and D, (magenta curve) are the same as in Fig. 6a and b, respectively. The heat
capacities Cy for Ni (olive curves) and for acoustic modes in NiH and NiD (orange curves) are calculated from their Debye
temperatures 0y; = 360 K and 6y;; = 300 K determined in Ref. [22]. Heat capacities Cy for optical modes (red curves) in NiH (a)
and NiD (b) are from Ref. [18]. The magnetic contribution to the heat capacity of Ni (green curves) is taken from Ref. [20]. The
thick cyan curves show the difference in the heat capacities, which determines the changes 6H%(T) and 5S°(T) occurring in
AH®(T) and ASY(T) with increasing temperature. The dashed vertical black lines indicate the temperature range 298—633 K, in
which the decomposition pressures of nickel hydrides and deuterides were measured [9]. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

2 ——————2
Ni + (1/2)H, = NiH a)

T -TsS’
<1t 41
= 0 0
E 3G’ =5H" - T6S -
= z
= 0 '26
2 £
o ot 2
2-1 L {4143
i 58° 1
T A

2F 4-2

L L I L L L L 1
300 350 400 450 500 550 600 650
T,K

T T T T T ™ 2

T T
Ni +(1/2)D, = NiD b)
a
Z 4L 58° 11
S)
£ oH’ a
= a]
2o 0 %
b 56" =M’ - ToS° E
5 =
o - -TsS X
@t {43
I,, O(g
ES
2t -2

300 350 400 450 500 550 600 650
T, K

Fig. 11 — Temperature changes in the standard enthalpy (red curve); entropy (blue curve, right vertical scale); Gibbs energy
(green curve), and the —T-6S%(T) term of the Gibbs energy (black curve) for the reactions Ni + (1/2)H, = NiH (a) and Ni + (1/2)
D, = NiD (b). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

The temperature dependences of the heat capacities of the
phases involved in the reactions Ni + (1/2)H, — NiH and
Ni + (1/2)D, — NiD are presented in Fig. 10. Unlike palladium,
nickel is a ferromagnet, and the magnetic contribution to its
heat capacity [20] is shown in Fig. 10a and b by the green
curves. Nickel hydride remains paramagnetic at temperatures
down to 0.3 K [21]. Consequently, there is no magnetic
contribution to its heat capacity in the investigated tempera-
ture range above 298 K.

Fig. 11 shows temperature dependences 6H(T), 5S°(T),
3G°(T), and —T3S°(T) for the Ni—H and Ni-D systems, calculated
by the same formulas as for the PdH and Pd-D systems (see
Section The Pd—H and Pd-D systems) using the ¢C(T) de-
pendences plotted with thick cyan curves at the bottom of

Fig. 10a and b, respectively. The resulting dependences AG°(T)
— 6G(T) are plotted with thick dashed curves in Fig. 12.
Similar to what we observed in the Pd—H and Pd-D sys-
tems, the terms 6H® and —T-6S° significantly compensate
each other in 6G° of the Ni-H and Ni-D systems. For
example, as seen from Fig. 10a, the value of 6G° = 0.5 kj/mol
NiH in the Ni—H system at the maximum temperature
Ter = 633 K turns out to be approximately two times less
than |0H? and three times less than |-T-#S°. Compared to
the total change in AG®(T) upon heating from 298 to 633 K,
this 6G° contributes less than 3% and only leads to a negli-
gibly small deviation of the AG®(T) — 6G%(T) dependence from
the linearity (see the dashed blue line in Fig. 12). The line-
arity of the AG%(T) — 6G%T) dependence in the Ni-D system
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(dashed orange line in Fig. 12) is even better, since the
contribution from 6G° at 633 K does not exceed 1.5%.

Conclusions

The work was devoted to one of the puzzling problems of
hydrogen materials science, which could not find a solution
for several decades. The problem was that in one of the most
important metal-hydrogen systems, the palladium-hydrogen
system, the logarithm of the hydride formation pressure lin-
early depends on the reciprocal temperature over the entire
investigated temperature range. Since this logarithm is pro-
portional to the standard Gibbs energy AG® = AH® — T-AS° of
hydride formation divided by temperature, it was assumed
that the standard enthalpy AH® and entropy AS° of the reac-
tion remain constant all along the investigated section of the
equilibrium line. This was surprising, since palladium hydride
does not have a fixed composition and is formed via a tran-
sition between two isomorphic phases of the Pd—H solid so-
lution with the hydrogen concentrations approaching each
other with increasing temperature and coinciding at the crit-
ical point, where the transition line breaks off. Attempts to
disclose the specific features of the Pd—H system that

maintain the constancy of AH? along the transition line have
not been successful until recently.

This paper showed that the main feature of the Pd—H
system, which ensures the linearity of the AG%T vs. 1/T
dependence, consists in the symmetry of the miscibility gap in
the solid Pd—H solutions with respect to the concentration z/2,
where z is the maximum H-to-metal atomic ratio attained by
the hydride in equilibrium with Pd metal at T — 0 K. A simple
thermodynamic analysis showed that a model with the mix-
ing energy AGnix in the form of a double-well potential sym-
metric relative to z/2 gives a symmetric miscibility gap in the
interstitial solution and makes it possible to determine the
line of the corresponding isomorphic transition using only the
properties of the pure metal and its hydride with a fixed
hydrogen content z.

Switching from the problem with variable phase compo-
sitions to the problem with fixed compositions opened the
possibility to establish the presence and magnitude of
changes in AH® and AS° for the reactions of hydride forma-
tion in metal-hydrogen systems with solid solutions. Using
the literature data for the metal and the hydride with the
maximum hydrogen content z, we calculated the tempera-
ture dependences of changes in AH®, AS°, and AG® for the
Pd—H and Pd-D systems, and also for the analog systems
Ni—H and Ni-D. The calculations showed that the total
changes accumulated in both AH? and AS° in going from the
minimum measurement temperature to the critical tem-
perature vary from 12% for the Pd-D system down to 4% in
the Pd—H system. The changes 6H° and 6S° in AH? and AS° are
mostly of the same sign, and the terms ¢H® and —T-4S°
partially compensate each other in 6G° As a consequence,
the changes in AG® are two to five times less than the changes
in AH® and AS° and reach 6% in the Pd-D system and 0.6% in
the Pd—H system. The resulting deviations of the AG%/T vs. 1/
T and G° vs. T dependences from linearity lie within the
experimental error and can only manifest themselves in
slight changes in the values of AH° and AS° obtained by
approximating these dependences by straight lines.

Palladium and its alloys are widely used for purification of
hydrogen, as well as catalysts that promote the hydrogen
absorption and desorption by other metals and alloys, and
also as hydrogen sensors, etc. As was noted many years ago
[4], much fundamental knowledge was gained and a lot of
experimental techniques were developed in the investiga-
tion of the Pd—H system and later implemented in the study
of other, more complex systems important for applications.
Nevertheless, despite a great deal of experimental and
theoretical work on palladium hydrides published since
then, some unusual experimental findings in the Pd—H sys-
tem itself have not yet been understood. For example, after
about 50 years of studying the inverse isotope effect in the
superconductivity of the Pd—H/D system [23], which strik-
ingly contradicts the Bardeen-Cooper-Schrieffer (BCS) theory
[24], neutron spectroscopy [25] has shown the fallacy of the
conventional explanation [26], relating this effect to the
strong anharmonicity of optical vibrations of hydrogen
atoms in palladium hydride. We believe that thanks to the
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present paper, the number of unexplained phenomena in the
Pd—H system has become one less.
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