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Abstract: Pd-Ag alloys are largely used as hydrogen separation membranes and, as a consequence, the
Pd—-Ag-H system has been intensively studied. On the contrary, fewer information is available for the
Pd-Ag-D system; thus, the aim of this work is to improve the knowledge of the isotope effect on the
commercial Pdy;Ag»s alloy, especially for temperature above 200 °C. In particular, deuterium absorption
measurements are carried out in the Pd;;Agy3 alloy in the temperature range between 79 and 400 °C
and in the pressure range between 1072 and 16 bar. In this exploited pressure (p) and composition (c)
range, above 300 °C the pc isotherms display the typical shape of materials where only a solid solution
of deuterium is present while at lower temperatures these curves seem to be better described by the
coexistence of a solid solution and a deuteride in a large composition range. The obtained results are
compared and discussed with the ones previously measured with the lightest hydrogen isotope. Such a
comparison shows that the Pd;;Ag»3 alloy exhibits a clear inverse isotope effect, as the equilibrium
pressure of the Pd-Ag-D system is higher than in Pd-Ag—H by a factor of ~2 and the solubility of
deuterium is about one half of that of hydrogen. In addition, the absorption measurements were used to
assess the deuteration enthalpy that below 300 °C is AHgey = 31.9 £ 0.3 kJ/mol, while for temperatures
higher than 300 °C, AH gey; increases to 43 & 1 k] /mol. Additionally, in this case a comparison with
the lighter isotope is given and both deuteration enthalpy values result lower than those reported for
hydrogenation. The results described in this paper are of practical interest for applications operating
above 200 °C, such as membranes or packing column, in which Pd7;Agps has to interact with a gas
stream containing both hydrogen isotopes.

Keywords: Pd-Ag alloys; metal-hydrogen interactions; thermodynamic assessment; enthalpy of
reaction; hydrogen isotope effect

1. Introduction

It is generally accepted that hydrogen will play an important role in providing future
clean and affordable energy in the next years [1]. Although hydrogen produces zero-carbon
emissions at the end-use point, it is not a primary source of energy, but it can be easily
used as an energy carrier [2,3]. It can be produced starting from different sources, ranging
from hydrocarbons to water, or thanks to the metabolism of microbial organisms [4]. It is
noteworthy that all the energy chain is effectively “clean and sustainable” only when
the hydrogen is produced by renewable energy sources [5,6]. Furthermore, hydrogen is
expected to play an important role in the exploitation of the renewable energy sources:
due to their intrinsic variability, these energy sources need efficient systems capable of
storing energy during the off-peak hours. In a case study focused on Denmark, it was
estimated that the excess of electricity could rise to 40% for a wind power penetration of
100% [7]. Hydrogen can be produced from renewable energy via water electrolysis [8] and,
after storing, it can be re-used to feed fuel cells [9,10], which produce electricity and water
as the only by-product.
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Independently of the particular synthesis route, hydrogen is inevitably accompanied
by other gases which can be present also in large concentrations [4,11]. Presently, most of
the hydrogen is produced via steam reforming of methane and it is foreseeable that
still in the mid-term this process will provide the largest share of its production [12].
For these reasons, hydrogen is characterized by the need of separation from impurities
(mainly CO; and CO). In particular, fuel cells need extremely pure hydrogen, otherwise
they become poisoned and their efficiency drastically decreases [4,13]. For this reason,
it is necessary to purify the hydrogen gas streams before their exploitation (such as fuel
cells and other end-user energy systems). Different technologies are available [13,14],
ranging from Pressure Swing Absorption, generally used in large scale industrial plants,
to membrane reactors with different active materials, such as metals (crystalline [14] or
amorphous [15]), supported metals, porous materials or polymers, that are more suitable
and economically convenient for smaller scale applications.

Many metals and metal alloys have been considered for hydrogen purification [16,17];
group V metals (such as Nb, Ta, V) and other metals such as Ni and Pd show a high
hydrogen permeability, but they are also prone to hydrogen embrittlement. However,
better mechanical properties can be achieved by alloying with other metals, such as Al [16],
Fe, Cu [18], Au [19], Ru [20], etc., without affecting too much the overall permeability of
the membranes. Among these materials, membranes based on Pd are the most mature
technology [21,22].

Pd-Ag self-supported membranes have a long tradition for the purification of hy-
drogen on a small scale. Various types of permeators and membrane reactors have been
proposed for this aim [23,24]. A membrane reactor is a combination of a selective membrane
with a catalytic bed and can achieve reaction conversions higher than those of traditional
reactors thanks to the well-known “shift effect”. According to Chatelier’s principle, the
system in answer to the continuous removal of one of the reaction products (hydrogen
in the case of using Pd membranes) makes more feed matter reacting, thus promoting
the reaction and realizing high reaction yields [25,26]. Transport mechanisms of both Pd
membrane and membrane reactors are based on the same principle: the pressure of a
gas containing hydrogen is applied on one side of the membrane; Hy molecules are split
on the exposed metal surface; the hydrogen atoms diffuse in the bulk of the membrane
towards the region with a lower hydrogen concentration; finally, they recombine on the
surface where a lower pressure of hydrogen is applied. This process is highly selective,
as it can occur only for hydrogen (or its isotopes) and not for other molecules. Therefore,
gas molecules different from Hj stay in the mainstream gas, while only hydrogen is
selectively transmitted through the membrane towards the permeate stream.

Reactors based on Pd—Ag alloys have had large applications and many technologies
have been applied to improve their performances. For example, a different range of
pressure of the H,—N, atmosphere has been considered for their application [27] and low
temperature bonding has been proved to give good sealing properties [28]. Moreover,
on-site repair was exploited [29], various types of nanostructuring of the surfaces were
considered [30,31], and the extraction of H, from biomaterials was achieved [32].

Pd-Ag alloys with a composition close to Pd7;Agy3 display one of the best compro-
mises between the resistance to hydrogen embrittlement and high values of hydrogen
permeability [23,32]. Compositions close to the presently investigated ones are practi-
cally used for the construction of reactors and permeators [33]. At a microscopic level,
the permeability coefficient, Pe, is related to the diffusion coefficient, D, and the solubility,
S, of hydrogen in the metal [32]:

Pe=D xS 1)

Therefore, it is evident from Equation (1) that metals for hydrogen separation have to
exhibit a good compromise between hydrogen solubility and diffusivity. While diffusion
coefficients and permeability have been largely investigated for Pd—Ag alloys, especially
in the case of hydrogen, much less is known about deuterium and its solubility. Data on
isotopic effects are of great importance in order to design the membrane separation units
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of the nuclear fusion fuel cycle where hydrogen and its isotopes have to be treated in
both gaseous and liquid streams [34]. In addition, the diversity among the H and D
behavior in Pd-based materials has also been exploited for the separation of the different
hydrogen isotopes. Two major examples are the technique named displacement gas
chromatography [35] and the thermal cycles adsorption process (TCAP) [36].

A limited number of previous studies of the isotope effect in Pd-Ag alloys is avail-
able in a restricted temperature range for PdgsAgy [37] (100 °C < T < 200 °C) and for
Pdy7Agps [38] (101 °C < T < 146 °C). These results evidenced that the absorption properties
of deuterium are different from those of hydrogen, concerning the equilibrium pressure
between the gas and the solid and the solubility of the hydrogen isotopes. Moreover, in this
temperature range, the pressure—composition isotherms are typical of a sample forming
a deuteride. However, above 200 °C, no study about the deuterium absorption has been
reported and no direct evidence of the occurrence of a solid solution of deuterium or of
deuteride in Pd-Ag alloys was proposed.

Additionally, some recent neutron diffraction and spectroscopic studies were limited
to a maximum temperature of 200 °C. Neutron diffraction pointed out that deuterium occu-
pies octahedral interstitial sites in the Pd—Ag alloy [39,40]. Moreover, neutron spectroscopy
studies investigated the Pdy;Ag,3 alloys and evidenced that the macroscopic diffusion
process is determined by microscopic jump diffusion [41]. It must be noted that all neutron
diffraction and/or spectroscopic studies must be conducted in the presence of the heavy
deuterium isotope due to its higher cross section. Therefore, it is useful to investigate the
solubility properties of deuterium in Pd-Ag alloys and the phase diagram of the Pd-Ag-D
system. This information can be obtained by means of pressure-composition isotherms,
such as those here reported, and motivated our present investigation.

Moreover, the occurrence of an isotope effect between hydrogen and deuterium,
as suggested by the studies of Hara et al. [37] and Anand et al. [38], is the prerequisite to
obtain a different concentration of the hydrogen isotopes in the gas emitted by the reactor
for hydrogen purification, due to the possible different values of diffusion coefficient
and solubility of the isotope in the metal (see Equation (1)). Additionally, in this respect,
it is interesting to evidence the possible differences between the two hydrogen isotopes
regarding their solubility in the Pdy;Agys alloy.

In order to deepen the knowledge of the absorption of deuterium in the Pd7yAgy3 alloy,
in particular to provide initial information about the phase diagram of the Pd;;Agys—D
system, as well as to measure the equilibrium pressure between the alloy and deuterium
and the deuteration enthalpy, we performed measurements of the pressure-composition
isotherms as a function of temperature, between 79 and 400 °C, and as a function of
pressure, between 10~2 and 16 bar. Moreover, we directly compared the obtained pressure—
composition isotherms with those measured on the same sample in the presence of the
light hydrogen isotope.

2. Materials and Methods

The sample used for this study was a commercial Pd7;Ags3 (wt%) foil with a thickness
of 25 um, purchased from Goodfellow. We intentionally used a commercial alloy in order to
obtain results closer to applications; indeed, such material was used for the construction of
real permeators [32,33]. A surface analysis of the sample was performed by the SEM/EDX
technique, as reported in Ref. [42], and it confirmed the correct stoichiometry and the
absence of impurities, besides some organic compounds on the surface. A piece with
dimensions ~20 mm x 5 mm and mass ~148 mg was cut from the foil, gently cleaned
with ethanol and used for deuterium sorption measurements in a homemade Sieverts
apparatus [43,44] in the temperature range 79-400 °C. The alloy was heated up at 400 °C
in vacuum and exposed to a high pressure (15 bar) of hydrogen/deuterium in order to
activate the surface for the sorption experiments. A few hydrogenation/dehydrogenation
cycles were performed in order to be sure of good sorption properties and fast kinetics.
Finally, the absorbed gas was removed by pumping overnight by means of a turbo pump
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(p < 10~* mbar in the sample holder) and by checking that no release of gas was observed
from the sample after this treatment. The same type of discharge procedure was used
after the construction of each absorption isotherm. For the present study the inlet of
deuterium gas was upgraded and it was possible to apply a maximum D, pressure of
~17 bar, to be compared to the previous reported maximum of ~2 bar [42]. Deuterium
gas (purity > 99%) was purchased from Societa Italiana Acetilene e Derivati (Rome, Italy).
The sample here investigated was the same previously used in Ref. [42] for the measures of
hydrogen sorption. The reproducibility of the measurements was evaluated by repeating
measurements at selected points of the isotherms. Moreover, two isotherms were measured
twice. The overall uncertainties on the experimental points are smaller than the symbols
used in the figures.

3. Results and Discussion

In the following, we report the results of our experimental investigation divided into
three subsections focusing on the deuterium absorption pressure-composition isotherms
(Section 3.1), the evidence of a hydrogen isotope effect (Section 3.2) and, finally, a thermo-
dynamic assessment of the deuteration enthalpy (Section 3.3) discussed also in comparison
with results on similar alloys.

3.1. Deuterium Absorption in Pd;;Ag»3

The absorption of deuterium in Pdy;Agyswas measured between 79 and 400 °C in
the pressure range between 1072 and 16 bar. Figure 1 reports the pressure-composition
isotherms at selected temperatures in a double logarithmic scale, compared to those previ-
ously measured for the same sample with hydrogen gas [42]. The deuterium/hydrogen
concentration is expressed as D/M or H/M, i.e., number of deuterium or hydrogen atoms
per metal atom [45].

Pd-Ag (77-23wt%) + D2 Pd-Ag (77-23wt%) + H2
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Figure 1. Absorption pressure-composition isotherms measured at selected temperatures for
Pd7;Agys with D, (left) and H; (right) gas.

As expected, the solubility of deuterium in the sample at a fixed pressure increased
as the temperature decreased; for example, for p = 1 bar D/M was ~0.02 at 400 °C and
~0.35 at 79 °C. Moreover, one can easily appreciate a clear qualitative difference between
the curves measured for T < 300 °C and T > 300 °C in the investigated pressure range.
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In the higher temperature regime, one observes straight lines, that is a linear dependence
between In(p) and In(D/M). This fact assured the validity of the Sieverts law (p~(D/M)") in
the present case for T > 300 °C [46]. The Sieverts law is expected to hold when deuterium
(or hydrogen) are diluted in materials, i.e., they are dissolved in a solid in the form of a
solid solution (usually called « phase), without the formation of a deuteride (or hydride)
(also called B phase) [47].Conversely, for temperature values lower than 300 °C,
the isotherm curves were convex and displayed a large increase in the pressure for
D/M > 0.2. These facts can be related to the occurrence of the formation of a deuteride.
It must be noted that the presently reported measurements extended only up to a pressure
of 16 bar; the occurrence of a curve behavior compatible with a deuteride phase above
300 °C and at a pressure higher than 16 bar was, therefore, not excluded.

The values of the equilibrium pressure obtained in the present case were well compat-
ible with those reported in Ref. [38] for a Pdy;Agp; foil produced by arc melting. Those
authors reported that the equilibrium pressure, Peq, for deuterium at 389 K (116 °C) for
D/M = 0.20 was about 0.20 bar. In the presently investigated sample, for T = 119 °C and
D/M = O.ZOPeq was 0.23 bar.

To the best of our knowledge a detailed phase diagram of the Pd;;Ag,3-H (D) system
is not yet reported; however, some indications are available from the literature. Pure palla-
dium forms hydrides or deuterides below 290 and 283 °C, respectively [48,49], while above
these temperatures only a solid solution can be observed. Some pressure—composition
curves for PdgzAgy [37] between 100 and 200 °C and for Pd7yAgys [38] between 101 and
146 °C displayed the typical shape for the formation of a deuteride. Further studies at
higher temperatures are not available. Neutron diffraction studies of Pdy; 2 Agy gD+ evi-
denced also that two FCC crystal structures coexist in a large temperature—pressure range
suggesting the transition from a solid solution («x phase) to a deuteride (8 phase) below
200 °C, the maximum temperature of that study [40].

3.2. Hydrogen Isotope Effect in Pd7;Ag»3

For the presently studied composition, the comparison of the pressure-composition
isotherms measured for deuterium absorption with those previously reported for hydro-
gen [42], shown in Figure 1, indicated the occurrence of a clear isotope effect that was
visible in the whole temperature range. Indeed, the equilibrium pressure for deuterium
was higher than for hydrogen at the same temperature and composition; equivalently,
a lower deuterium solubility was observed at a selected temperature and pressure com-
pared to the solubility of hydrogen. For example, at T = 300 °C and p = 1 bar, the solubility
of deuterium was D/M = 0.04, while that of hydrogen was H/M = 0.07; alternatively,
at T =300 °C and H/M = 0.04, one had an equilibrium pressure of ~0.37 bar instead of 1bar
for D,. Moreover, at T = 220 °C and p = 1 bar, the solubility of deuterium was D/M = 0.09
while that of hydrogen was H/M = 0.16; alternatively, at T = 220 °C and H/M = 0.09,
one had an equilibrium pressure of ~0.42 bar instead of 1bar for D,.

We want to point out that, to the best of our knowledge, no previous investigation of
the absorption of deuterium in Pd-Ag alloys is available above 200 °C. Indeed, the previ-
ous reports about the hydrogen isotope effect in Pd-Ag alloys concerned Pdg3Agy [37]
(100 °C < T <200 °C) and PdyyAgy3 [38] (101 °C < T < 146 °C), both samples investigated in
the deuteride form. Anand reported a factor of three between the equilibrium pressure for
deuterium compared to hydrogen for a composition of about 0.2 [37]. For a similar compo-
sition, in the case of the dehydrogenation of Pd;;Ags3, a factor between two and three was
reported for the ratio between the equilibrium pressure of deuterium and hydrogen [38].
This value compared well with that obtained for the presently investigated sample.

This type of isotope effect is usually called “inverse” because the equilibrium pressure
for deuterium is higher than in the case of hydrogen or, equivalently, the solubility of
deuterium is lower than for hydrogen. This fact was already reported for Pd [48,49]
and for Pdo3Agy [37], Pd;;Agys [38] and Pdy5Agys [50] measured in a more restricted
temperature range. At a microscopic level, the occurrence of normal or inverse isotope
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effects in different materials depends on the different types of interstitial sites occupied
by hydrogen/deuterium [51,52] in the specific metal/alloy. In general, a wide number
of investigations of pure metals conducted to rationalize that materials where hydrogen
and its isotopes occupy tetrahedral interstitial sites displayed a normal isotope effect,
while samples where hydrogen was stored in octahedral sites showed an inverse isotope
effect [51]. In fact, octahedral interstitial sites correspond to broad flat energy potentials;
on the contrary, tetrahedral sites have steep and narrow energy profiles [51,52]. As a
consequence, the zero-point vibrational energy of tetrahedral sites (=150 meV) is much
higher than that of octahedral ones (=50 meV). Therefore, the energy difference between
the energy levels of gaseous hydrogen and a solid with octahedral interstitial sites is lower
than in the case of deuterium and the solubility of hydrogen in this case is higher than
that of deuterium (“inverse isotope effect”) [51,52]. The opposite holds in the case of
tetrahedral interstitial sites being available (“normal isotope effect”) [51,52]. Regarding
pure metals, the benchmarks of a normal and inverse isotope effect are vanadium and
palladium, respectively [51]. Usually the occurrence of the same type of isotope effect is
retained also in alloys of these metals [53,54]. The occurrence of the inverse isotope effect in
Pdyy Agys here reported was perfectly in line with the occupancy of octahedral interstitial
sites recently evidenced by means of neutron diffraction measurements [39,40].

3.3. Enthalpy of Deuteration

From the absorption isotherms reported in Figure 1, it is possible to evaluate the
enthalpy of deuteration of the Pdy;Agpsalloy, AHgeyt. Figure 2 reports the Van't Hoff
plot of the logarithm of the equilibrium pressure between the gas and the solid as a
function of the inverse of the temperature. Many crystalline samples displayed almost
an horizontal plateau of the equilibrium pressure vs. composition. This was the case,
for example, of MgH, [55] and its alloys [56], and for annealed alloys derived from
LaNis [57]. The isotherms reported in Figure 1 did not display any horizontal plateau.
However, also in the case of non-flat pressure-composition isotherms, one can still use the
Van't Hoff plot to calculate the deuteration enthalpy, provided that one uses the pressure
values measured for a fixed D/M content [58,59]. In the present case, the analysis was
performed at three different D/M values (0.02, 0.04 and 0.10) in order to check whether
changes of AH ey as a function of D/M could be observed. Two different slopes could be
identified below and above ~300 °C (1000/T(K) ~ 1.771/K). At lower temperatures,
one obtains AHgey: = 31.9 £ 0.3 kJ/mol, while for temperatures higher than 300 °C
AHgeut = 43 £ 1 kJ/mol. These values were obtained as the mean of the figures cal-
culated at three D/M concentrations which did not differ for more than 2 k] /mol in the
same temperature regime. The fact that one clearly observes two different deuteration
enthalpy values further corroborates the idea that two different thermodynamic states are
observable at low and high temperatures. Here, they were interpreted as a deuterium solid so-
lution at high T and the coexistence of a solid solution and a deuteride at lower temperatures,
at least in the investigated pressure range. It can be noticed that the deuteration enthalpy was
higher for high temperatures where only an o phase was observed. This fact was already
reported for the same alloy subject to the absorption of hydrogen [42] and for the absorption
of hydrogen in pure Pd (AHpyqr(oc phase) = 20.6 £ 0.3 kJ/(1/2 mol Hp), AHpyqr(ex to p phase)
=187 £0.2kJ/(1/2 mol Hyp)) [48]. It was previously evidenced that in pure Pd, a key role
for the absorption of interstitial hydrogen is played by the formation of dislocations [48].
Hydrogen interacts with the dislocations and the chemical potential of the H interstitials is
modified by the elastic interactions with the stress field of the dislocations [48]. Both values
of AH obtained in the case of deuteration are lower than those obtained for hydrogena-
tion; in fact, for hydrogenation AHyyq, = 49 & 2 kJ/mol for low concentration and high
temperature and 43 & 2 kJ/mol for low temperatures and higher concentrations. A direct
comparison of the Van’t Hoff plot of the Pd77Agys—D and Pd7;Agy3—H systems is reported
in Figure S1 of the Supplementary Material. The lower enthalpy for deuteration than
for hydrogenation was previously reported by Hara et al. for PdgzAgy [37] (the enthalpy
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changed for the desorption of hydrogen and deuterium were evaluated to be 43.0 k] /mol
and 36.4 k] /mol, respectively), Lasser for PdggAgip [60], and it is well known for pure
Pd(AHpyq4r = 40.2 kJ/mol, AHgey: = 35.1 kJ/mol) [61,62]. For an easier visualization of
the values of hydrogenation/deuteration enthalpy, they are reported in Table 1, with a
comparison of the literature data for the above-mentioned literature values. It must be
noted that the values reported in Ref. [48] was referred to % mol Hy and not to 1 mol Hy,
as reported in the other cases, so that for comparison purposes they were doubled in
Table 1.

N
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Figure 2. Van't Hoff plot for Pdy;Agp3 at fixed D/M (the number of deuterium atoms per atom of
metal) and best fit lines to calculate the hydrogenation enthalpy.

Table 1. Comparison of the hydrogenation/deuteration enthalpy values (in k] /mol) for the presently
investigated Pd;;Agys sample with those of similar Pd-based materials. Uncertainties are reported
where available from the literature data.

Material Hydrogenation Hydrogenation Deuteration Deuteration
aPhase BPhase aPhase BPhase
Pd 41.2 £ 0.6 [48] 37.4 £ 0.4 [48]
Pd 40.2 [61] 35.1[61,02]
Pdg3Agy 43.0 [37] 36.4 [37]
PdggAgig 42.4 [37] 38.9 [37]
Pd7yAgos 49 £+ 2[42] 43 +2[42] 43+1 319403

4. Conclusions

The solubility of deuterium in the Pdy;Agy3 alloy was investigated using a Sieverts
experimental setup. The shape of the isothermal pressure-composition curves suggested
that below 16 bar and above 300 °C only a solid solution phase exists, while below such
a temperature the coexistence of a solid solution with a deuteride is more likely. These
different thermodynamic states were further supported by the different deuteration en-
thalpy measured in the two temperature regimes. The present data did not exclude that a
deuteride can form above 300 °C at pressures higher than those here investigated.
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Comparing the isotherms with those obtained for the absorption of hydrogen,
one clearly observes an inverse isotope effect, witnessed by the higher equilibrium pressure
of D, with respect to Hy and the lower solubility of the heavier isotope. The deuteration
enthalpy values calculated for the « and B phases were lower than those obtained for
hydrogenation. Future work will be devoted to the investigation of the isotope effect in
Pd-based alloys with different chemical substitutions.

The presently reported values of the equilibrium pressure of Pdy;Agyzare of great
interest for practical systems, such as membranes and packing columns, in which the
gas stream to be treated contains both hydrogen isotopes. In fact, the two isotopes will
differently dissolve in the alloy and, therefore, they will be differently transferred through
the material. We provided a quantitative description of the isotope effect and a microscopic
explanation for its occurrence.

Membrane applications in the fusion fuel cycle could benefit from the improved
separation efficiency coming from the study of alloying of Pd with a different Ag content or
with different elements (Cu, Ti, etc.). In parallel, the development of alloys with a low Pd
content will have the scope of reducing the cost of the separation units (both membranes
and membrane reactors) to be used in the hydrogen purification processes needed to make
actual the future hydrogen economy.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/chemengineering5030051/s1, Figure S1. Comparison of the Van’t Hoff plots for Pdy; Agps—D
(present work) and Pd7;Agy3—H systems.
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