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Some recent thermodynamic results for the solution of H2 and hydride formation in fcc disor-
dered Pd-rich alloys based on a combined equilibrium-calorimetric technique are reviewed in
this paper. This dual approach is more powerful than employing only one of these techniques.
Some interesting thermodynamic results connected with these systems are presented, such as
minima in DHH and DSH as a function of the H content of the alloys.
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1. Introduction

Combined equilibrium-calorimetric measurements will be
described for the determination of thermodynamic properties
of H2 absorption by random binary substitutional fcc Pd
alloys. An earlier review covering this type of research was
published by Kleppa[1] in 1983 for a large series of Pd-rich
alloys. Most data were obtained at T ‡ 555 K, where the H2

solubilities are small and hydride phases do not form. They
did, however, carry out measurements for Pd-H at relatively
high pressures over the temperature range, 518-623 K, where
thermodynamic data for hydride phase formation was
determined calorimetrically.[2]

The research to be reviewed here uses the same dual
approach employed by Kleppa and co-workers,[1] where
thermodynamic parameters are determined using calorime-
try and equilibrium pH2 measurements. This dual approach
has advantages as compared to the usual technique of
employing only equilibrium pH2 measurements at a series of
temperatures because the calorimetric data are unaffected by
hysteresis in the diluteM hydride two-phase region[3] and it
is more accurate in the phase transition regions while the
equilibrium pH2 measurement method is more accurate in
the dilute phase.

Based on their lattice constants relative to Pd, fcc Pd
alloys fall into expanded or contracted categories and the
former have a more exothermic and the latter, a less
exothermic solution of H2 than Pd. This classification does
not work well for borderline cases where the lattice changes
are small but, otherwise, it is reliable.[4] Based on entropy
changes it is generally agreed that some octahedral inter-
stitial sites must be preferred to others.[1,5,6] Wagner and co-
workers[7,8] have shown directly from Mössbauer measure-
ments that H avoids interstices with Fe, Sn, Au, Pt, Co, etc.,
as nearest neighbors, however, it does not avoid interstices
with Rh nearest neighbors.

Except for the Pd-Rh and Pd-Ni fcc substitutional alloys,
all of the other Pd alloys have decreased miscibility gap
widths as compared to Pd-H and all fcc, disordered Pd
alloys have greater dilute/(dilute + hydride) phase bound-
aries (THS, terminal H solubilities) than that for Pd-H.

Another interesting feature are the minima found in plots
of DHH and DSH against H/(Pd(1-x)Mx), mol ratio, = r for Pd
alloys above their critical compositions, XM,c. A minima is
also found for Pd-H above its Tc.

[9] After the minima, there
is a linear increase of DHH with r (Fig. 1), which is
consistent with the linear increase of log pH2 in the hydride
single-phase region.[10]

Mohri and Oates[11] have used the cluster variation
method to calculate the phase diagram of Pd-H and have
found that, in addition to the stress induced long-range
attraction,[12] there is a shorter range, chemical, configura-
tional interaction. The integral internal energy of the former
is positive, while the latter is negative but their sum is
slightly negative.

For Pd-based alloys the |DSplat| for hydride formation or
decomposition are always 46 J/K ± 2 mol H in the temper-
ature range from about 273 to 373 K.[13] This is presumably
due to a cancellation of the configurational effects, although
this has not been explicitly shown.

2. Experimental

The Pd-M alloys employed in the research to be
described were prepared by arc-melting the pure compo-
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nents and then annealing the arc-melted buttons at 1173 K
for 3 days. The buttons were then rolled into thin foil and
re-annealed. The foils were cut into small pieces and mixed
with an equal mass of Cu powder for purposes of heat
conduction. The samples were then placed in the calorimeter
vessel and evacuated. Equilibrium pH2 against H/(Pd(1-x)
Mx) = r relations (303 K) were determined from the
changes of pH2 in known volumes. H2 uptake or evolution
was generally rapid in the all-metal system at 303 K where
the reaction calorimetry and equilibrium pH2 � r measure-
ments were carried out. For small increments of H2 added or
removed from the alloy in single-phase regions, (dq/dnH)T�
DHH where DHH ¼ HH � 1

2HH2 (g, 0.1 MPa).

3. Results and Discussion

3.1 General Features of Pd-H and Pd-M-H Alloys

Pd-H has a miscibility gap separating the dilute and
hydride phases with a critical temperature of 563 K.[14] The
Pd sub-lattice is the same in the dilute and hydride phases
with an 11% volume expansion upon forming the hydride
phase (298 K). Another variable appears for Pd-rich fcc
alloys, the mol fraction of alloying element, XM, and
therefore three dimensions, pH2 , XM, r are needed for
isothermal representations. Often, however, isotherms of pH2

against r at constant XM are made for a series of T values
from which a T)r phase diagram can be obtained, or else
pH2 is plotted against r at constant T for a series of XM

values giving a XM)r phase diagram. Instead of

pH2 ;DlH ¼ RT ln pH2
1=2 can be employed at constant T.

There is generally a critical composition, XM,c, above which
the hydride phase disappears in the XM)r phase diagram at
constant T and, in the T)r phase diagram, there is a Tc where
the co-existing phases disappear for a fixed XM. For fcc Pd-
Rh and Pd-Ni systems an XM,c does not exist because both
Rh and Ni also form hydride phases isomorphous with Pd
hydride.

We have carried out equilibrium pH2 -calorimetric
measurements for several contracted Pd alloys, i.e., Pd-
Co,[15] Pd-Fe[13] Pd-6B metals,[16] and Pd-Cu[17] and for
several expanded alloy systems, Pd-Sn, Pd-Au and Pd-Ag
and Pd-Mn.[18] It should be noted that the metal atoms in
these alloys are ‘‘frozen’’ at the usual temperatures where
the thermodynamic determinations are made. At higher
temperatures and pH2 it is possible that the metal atoms
segregate according to a ternary equilibrium to form Pd-rich
and Pd-poor phases with different H contents. This has been
found for the Pd-Pt[19] and Pd-Ni[20] alloys. The Pd-Rh
alloys have a miscibility gap, but the phase separation is very
slow, e.g., 1 year at 873 K;[21] however, it has been found
that dissolved H accelerates the phase separation allowing it
to be achieved in much shorter times.[22] The temperatures
of the thermodynamic investigations to be discussed here
are too low for such segregation to occur but, nevertheless,
the thermodynamic results should be viewed for the above
alloys as states of meta-stable equilibrium. This ‘‘frozen’’
metal atom situation leads to hysteresis for the two-phase
reaction which is usually characterized by different, meta-
stable ‘‘equilibrium’’ pH2 for hydride formation and for
decomposition.

DH and DS, which will be designated here as DHplat and
DSplat in the two solid-phase region and DHH and DSH in
single phase regions and the latter partial values have been
determined over a range of r accessible up to about
pH2 ¼ 0:5 MPa. The D refers indicates a quantity relative to
1/2H2 (g, 0.10 MPa). Below its Tc a plot of DHH for pure Pd
shows discontinuities at the phase boundaries; however, the
discontinuity at the (dilute + hydride)/hydride phase bound-
ary is not as clear as for the lower boundary (Fig. 2).

3.2 Thermodynamic Quantities

In the single-phase regions DHH can be measured
calorimetrically as a continuous function of r by using
small increments of H2. Relative partial molar entropies,
DSH, can be obtained isothermally from the calorimetrically
measured enthalpies and corresponding equilibrium pH2

using:

DSH ¼ SH �
1

2
S�H2
ð1 barÞ ¼ DHH=T � R ln p1=2H2

ðEq 1Þ

The partial entropies relative to 1
2SH2ðpeqÞ, i.e., with

respect to different equilibrium pH2 at each r, are given by:

DSH;eq ¼ SH �
1

2
SH2
ðpeqÞ ¼ q=T ¼ DHH=T ðEq 2Þ

In the two-phase plateau region the equilibrium entropy
change is also given by Eq 2 with DHH = DHplat and is
unaffected by any assumptions about hysteresis whereas that
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Fig. 1 Partial thermodynamic data for Pd-H from single phase
data and from data above the critical temperature.[9] s, DHH and
h, TDSH
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given by Eq 1 requires a plateau pressure, which can be
taken as a mean value in an attempt to allow for
hysteresis.[3] DSH or DSplat values are almost universally
employed for metal-H systems relative to 1 bar (0.1 MPa)
H2, Eq 1, which has the advantage of focussing on the
entropy changes of the H-containing solid phase.

Based on a regular interstitial solution model,[23] the
following equation can be employed for H in Pd and its
alloys at low H contents:

lH ¼ l�H þ RT ln ðr=ðb� rÞÞ þ g1r ðEq 3Þ

where g1is the first term in a polynomial expansion of l
H
E(r), the excess or non-ideal chemical potential, and b is the
number of interstices available for occupation by H per
metal atom. Combining this with the equation for lH(g), we
can write:

lHðgÞ ¼
1

2
l�H2
þ RT ln p1=2H2

¼ l�H þ RT ln ðr=ðb� rÞÞ þ g1r

ðEq 4Þ

or, rearranging,

RT ln p1=2H2
¼ Dl�H þ RT ln ðr=ðb� rÞÞ þ g1r

where

Dl�H ¼ l�H �
1

2
l�H2
¼ l�H � TDSH ðEq 5Þ

The first order term in r of the excess partial free energy,
g1, is a measure of the interaction of the H atoms and is

expected to be a good approximation at small r. The zero
superscript refers to standard conditions of 0.1 MPa for
DH�H and DS�H, i.e., infinite dilution of H and without the
configurational term for the latter.

In the two-phase co-existence region (the plateau), the
relative thermodynamic parameters are integral values
represented by the reaction

1

2
H2 ðg; 0:1 MPaÞ þ ðb� aÞ�1 Pdð1�xÞMxHa

¼ ðb� aÞ�1Pdð1�xÞMxHb ðEq 6Þ

where a and b are the dilute and hydride co-existing phase
boundary compositions expressed as r and Pd(1-x)Mx is one
mol of alloy. The plateau thermodynamic parameters, DHplat

and DSplat are generally determined from van�t Hoff plots of
pplat.

DHplat and DSplat have been determined for Pd-H(D) by
the isothermal calorimetric-equilibrium pH2 technique in
early work in this laboratory,[3] and as expected, the plateau
thermodynamic parameters were found to be invariant along
the two-phase co-existence region. In addition, their mag-
nitudes were independent of the direction of Eq 6, i.e.,
unaffected by hysteresis.[3] Van�t Hoff plots in the plateau
region are directly affected by hysteresis and therefore do
not represent true equilibrium and different DHplat values are
obtained depending upon the direction of Eq 6. Recent
calorimetric measurements of DH for Pd-H show the
expected discontinuity at the dilute/(dilute+hydride) phase
boundary and the start of a linear decline in the single
hydride phase after traversing the two-phase co-existence
region[24] (Fig. 2).

The calorimetrically determined dilute phase values were
not very accurate in the earlier investigation,[3] but the
values in the pure hydride single-phase region were
accurate. The |DHH(D)| values decrease almost linearly with
r (r = 0.65 to 0.75) (298 K); log pH2 also increases linearly
with r as first pointed out by Wicke and Nernst for Pd-H.[10]

By carrying out reaction calorimetry from 223 to 298 K,
Sakamoto et al.[25] have shown that this linear dependence
of DHH on r extends to about r = 0.86. The linearity of log
pH2 and DHH with r requires either that DSH is linearly
dependent upon r or else it is independent of r in this range.

3.3 Typical Results for fcc, disordered Pd-rich Alloys

Isotherms (303 K) for expanded, disordered Pd-Ag
alloys recently measured in this laboratory are shown in
Fig. 3[26]. As expected, the plateau pressures decrease and
the solubilities at low pH2 increase with XAg whereas the
solubilities at higher pH2 decrease with XAg. The two-phase
region disappears for alloys with XAg > 0.24 (303 K) and
there is an extended region of solubility without a phase
change for alloys with XAg > 0.24 but less than �0.35
(303 K). Partial thermodynamic parameters have been
measured over a wide range of r values for these alloys.[26]

The THS is seen from Fig. 3 to increase with XAg.
Isotherms for contracted, disordered Pd-Rh alloys are

shown in Fig. 4[27] where the plateau H2 pressures increase
and the dilute phase solubilities decrease with XRh and, in
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contrast to Pd-Ag and to most other Pd alloys, the plateau
breadths do not decrease with XRh. Desorption isotherms are
also shown and it can be seen that hysteresis is significant.

Figure 5 shows DHplat and DSplat for Pd-Rh alloys for
reaction (6) obtained from slopes of van�t Hoff plots. There
is a �3 kJ/mol H difference between the |DHplat| for
absorption and desorption for the XRh = 0.25 alloy which is
significant. Calorimetric data are available only for the
XRh = 0.10 alloy[27] and the DHplat values obtained for both
absorption and desorption for this alloy lie between the two
van�t Hoff plots for absorption and desorption. The TDSplat
values are shown to be almost the same for the various Pd-
Rh alloys and independent of hysteresis (Fig. 5), where
DSplat has been calculated using Eq 1 with pplat = (pfpd)

1/2

where f and d refer to hydride formation and decomposition
plateau pressures and DHplat is taken as an average of the
DHplat magnitudes from the Van�t Hoff plots.

3.4 Selective Occupation of Octahedral Interstices

Every octahedral site is accessible to H in Pd as r fi 0
and the maximum occupation is therefore r = 1.0, or
b = 1.0 in Eq 3 and 4; however, for Pd-rich alloys this
may not be true because interstices adjacent to metal solute
atoms may be less favorable for H occupation than those
surrounded by only Pd nearest neighbors. There is direct
evidence of this from Mössbauer spectroscopy[7,8] and
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indirect evidence from thermodynamics.[6] The latter evi-
dence is that the DSH� values calculated from Eq 7 are
significantly more negative for some alloys than DSH

o for
Pd-H:

DSH� ðalloy; b ¼ 1:0Þ ¼ DSH þ R ln r=ð1� rÞ ðEq 7Þ

where the DSH for Eq 7 is obtained from intercepts of plots
of ln p1/2 against 1/T at constant r or else from Eq 1 with
calorimetric DHH values. DSH� values are then obtained by
extrapolation of DSH�(r) values to r = 0. Flanagan and
Lynch[5] and Kleppa and co-workers[1] have concluded that
for alloys such as Pd-Ag, Pd-Au and Pd-Cu there is
selective occupation of interstices as r fi 0. If the non-
configurational contributions to DSH are the same for the
alloys as for Pd, then the entropy differences between Pd
and the alloys must be configurational in origin. Some
evidence that the non-configurational entropies are the same
is that the vibrational frequency of H in a Pd0.80Ag0.20 alloy
and in Pd are very similar.[28] In view of this, it seems that
that the implications of DSH�(b = 1.0) <DSH�(Pd) are
unambiguous reflecting b „ 1.0 for some alloys.

All DSH�(alloy, b = 1.0) values for Pd alloys available up
to 1995 are plotted against DHH� in Fig. 6, where it can be
seen that most of the entropies are more negative than DSH�
(Pd). The Gallagher-Oates (G-O) linear plots of DSH�

against DHH� are for pure metals for octahedral interstice
occupation (fcc and hcp metals) and for tetrahedral occu-
pation (bcc metals).[29] The rationale of the linearity of the
G-O plots is that the non-configurational entropy of H
should decrease as its binding in the lattice becomes
stronger which also means that DHH� will be more negative.
It can be seen in Fig. 6 that Pd-rich alloys do not follow the
G-O fcc-hcp correlation, and therefore deviations of the
alloys from the DSH� of Pd-H, are not due to the non-
configurational contribution to the entropy, but must be due
to configurational effects, suggesting that certain interstices
are excluded as r fi 0.

Sakamoto et al.[30] have considered that in some alloys
for the interstices to be occupied by H, Pd atoms must be
both nearest and next nearest neighbors as r fi 0. To allow
for this they employed the following equation:

DS�HðalloyÞ ¼ DS�HðPdÞ þ R ln b ¼ DS�HðPdÞ þ R ln ð1� XMÞz

ðEq 8Þ

where z is the number of Pd atoms around a given interstice,
e.g., if z = 6 only nearest neighbor atoms need to be Pd,
Pd6, but if the next nearest neighbors must also be Pd, Pd14,
then z = 14, etc.

If the metal atoms are randomly distributed in the fcc
lattice, the fraction of Pd6 or Pd14 interstices can be

Fig. 6 A plot of DSH� against DHH� for Pd-rich alloys (300-400 K) modified from Ref 4. The sloped dashed lines are correlations gi-
ven by Gallagher and Oates[27] for pure metal-H systems. The horizontal solid lines are DSH� values for pure Pd, (XM = 0) and for al-
loys with XM = 0.10 calculated from Eq 8 using b = (1)XM)

6, i.e., where only the Pd6 interstices can be occupied and b = (1)XM)
14 for

alloys where only Pd14 interstices are occupied. The references for each point have been omitted because of their large number; how-
ever, these can be seen in the original figure[4]
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calculated using the binomial theorem. If H occupies only
the Pd6 or only the Pd14 interstices as r fi 0, it would be
expected that for a given XM the deviations from DSH�(Pd)
would be characteristic of the occupation of either type of
interstice. As shown in Fig. 6, this does not seem to be the
case because there seems to be a continuous distribution
between z = 6 or 14. For some alloys z may be >14 and for
others all the octahedral interstices may be available, e.g.,
Pd-Rh. There can be appreciable experimental error in the
DSH�[4] because they have been determined in different
ways with various degrees of precision and this may be
reflected by the data in Fig. 6. It appears, however, that the
use of z = 6 or 14 cannot account for the data in Fig. 6.

3.5 Maxima and Compensation Effects for DHH and DSH

as a Function of r

For solute contents XM>XM,c at a given T, DHH and DSH
are continuous functions of r, and these partial thermody-
namic parameters often exhibit minima. Minima for the
Pd0.875Mn0.125 alloy are shown in Fig. 7 and 8.[18] Such
minima (Fig. 7, 8) have been found for other Pd-rich alloys
and it has been found before that there are minima in HH

E(r)
and SH

E(r) for Pd-H[9] where these are excess properties, e.g.,
DHH = DHH

o + HH
E(r). In view of the known negative g1

for Pd-H, the minimum in DHH is not surprising, but
the minimum in DSH(r) is surprising (Fig. 1). DHH(r) and
–TDSH(r) tend to compensate each other on each side of the
minimum so as to minimize increases of DlH with r as
illustrated in Fig. 9 for the Pd0.875Mn0.125 alloy.

[18]

On the low r side of the minima, the decrease of DHH(r)
with r is due to H-H attractive interactions while DSH(r)
decreases mainly because there are fewer interstices avail-
able for occupation with increase of r. On the high r side of
the minimum, both DHH(r) and DSH(r) increase with r, but
the origin of these changes is not as obvious as those for the
lower r side. The increase of DHH(r) may be due to a
combination of the occupation of more, but less favorable,
interstices and to H-H repulsions. The increase of DSH(r)
may be related to an occupation of more, but less favorable
interstices and to a breakdown in the H–H correlations. In
any case, the minima and partial compensation effects seem
to be a common feature of H2 solution in Pd-rich alloys.

3.6 THS of Disordered, fcc Pd-Rich Alloys

The universal increase of the terminal hydrogen solubil-
ity, THS, of disordered Pd alloys relative to pure Pd-H is
illustrated by Fig. 10 which has been amended from Ref. 4.
It has been shown that some non-Pd based alloys, such as
Nb-Ta, also have very large TSH compared to the constit-
uent elements;[31] however, the explanation by Oates
et al.[32] which depends on formation of hydride phases
with different structures is not applicable to disordered fcc
Pd-alloys.

Figure 10 shows that the partial interaction free energies,
g1, (Eq 4), of almost all Pd alloys are less negative than for

-30

-25

-20

-15

-10

-5

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

H / Pd0.875Mn0.125

∆H
H
 / 

kJ
 / 

m
o

l H

Fig. 7 Plot of DHH from reaction calorimetry as a function of r
for the Pd0.875Mn0.125 alloy where the different symbols are for
different series of determinations

-70

-60

-50

-40

-30

-20

-10

0

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

H / Pd0.875Mn0.125

∆S
H
 / 

J 
/ K

.m
o

l H

Fig. 8 Plot of DSH from (Eq 1) using DHH values from reac-
tion calorimetry as a function of r for the Pd0.875Mn0.125 alloy
where the different symbols are for different series of determina-
tions

Section I: Basic and Applied Research

54 Journal of Phase Equilibria and Diffusion Vol. 28 No. 1 2007



Pd-H and the few which are slightly more negative (Fig. 10)
are believed to be due to experimental error. It is therefore
concluded that the increase of THS and the decrease in the
magnitude of the apparent H-H interaction free energy are
related,[4] as would be expected from the regular interstitial
solution model.[23]

The increase of THS with alloying is illustrated by
schematic plots of DlH and Dlplat against XM at constant T
(Fig. 11a, b) where the dashed iso-H concentration lines of
different r are shown in the single phase regions, while the
heavy straight lines show the dependence of Dlplat on XM.
Figure 11 illustrates alloys where DlH and Dlplat increase
with XM such as Pd-Rh (a) or decrease, e.g., Pd-Ag (b). The
a and b phases refer to the dilute and hydride phases,
respectively.

The THS values are given by the intersections of the iso-
H content lines with the plateau-phase boundary lines
(Fig. 11a, b). The H contents of the iso-concentration lines
must be such that, r1 < r2 < r3 < , etc. for the dilute (a) and
r1¢ > r2¢ > r3¢ > , etc. for the hydride (b) phase in order to
satisfy the thermodynamic stability requirement[33] that
(¶lH/¶r)XM,T, > 0; and therefore vertical lines in Fig. 11 of
increasing lH at constant XM must intersect tie lines at
increasing r values. The iso-H concentration lines must not
cross and they have been drawn to be linear for convenience
(Fig. 11a, b). At the critical solute composition shown here
as XM,c=0.8, above which two phases no longer form, the
single-phase iso-H-concentration lines must merge, i.e.,
(¶lH/¶XM)rc,T = (¶l plat/¶XM)T which requires that all three
tie lines converge at the critical concentration. If, on the
other hand, the iso-concentration lines were to slope so that
the THS decreases with XM, there would then be problems
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more positive with increase of r. Increases and decreases of r
occur during absorption and desorption, respectively

Fig. 10 Plot of DlH� against g1 for disordered, fcc Pd alloys. The references for each point have been omitted because there are so
many; however, these can be seen in an earlier version of the figure in Ref. 4

Basic and Applied Research: Section I

Journal of Phase Equilibria and Diffusion Vol. 28 No. 1 2007 55



with merging and non-crossing if the two-phase line is
linear as in Fig. 11.

The following equation describes the tie lines in
Fig. 11a, b:

ðdlH=dXMÞT;plat ¼ ð@lH=MÞT;sp þ ð@lH=@rÞT;XMðdr=dXMÞT;pb
ðEq 9Þ

where the subscripts pb and sp refer to the phase boundaries
and adjacent single phases, respectively. The schematic
diagrams satisfy Eq 9 even though the DlH and Dlplat

change in opposite directions with XM in the two figures.
For example, for the a /(a + b) boundary in Fig. 11(a) the
term on the left-hand side and the first term on the right-
hand side of Eq 9 are both positive, and since (¶lH/
¶r)T,XM > 0 because of the thermodynamic stability require-
ment,[33] it follows that (dr/dXM)T,pb is > 0; similar argu-
ments leading to that (dr/dXM)T,pb > 0 can be made for 11(b).

A possibility different from that shown in Fig. 11(a) and
(b) which would lead to a decrease of THS with XM would
be if the plateau co-existence lines were to bend upwardly;
i.e., the XM)r phase diagram would be very skewed with the
lower boundary decreasing with XM from the THS of pure

Pd. The hydride phase boundary must decrease sharply to
reach the THS of the dilute phase at XM,c. This seems very
unlikely for a miscibility gap system and will not be
discussed further here.

The ordered (L12) Pd3Mn alloy has a smaller THS than
Pd and also a more negative interaction, g1.

[18] This is not an
exception to the above, however, because it is not a
disordered alloy. It is of interest, however, that structure
plays such an important role as shown by the small H2

solubility and absence of hydride formation by the disor-
dered form of this alloy with the same stoichiometry as the
ordered one which has a large solubility and forms a hydride
phase.

4. Conclusions

The dual approach of determining the thermodynamics of
alloy-H systems via calorimetry and equilibrium pH2

measurements is shown to be quite useful. Some interesting
features of these systems have been described such as
minima in partial thermodynamic parameters when plotted
against r and the greater THS for the disordered alloys than
for Pd.
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