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At temperatures below 600 K, the isotherms of hydrogen absorption by Pd exhibit hysteresis loops related
to the first-order phase transition or, more specifically, to separation of a diluted phase and hydride.
According to the experiments, addition of even small amount of the second metal, e.g. Au or Ta, can ap-
preciably suppress hysteresis. This interesting effect is important in various applications, e.g., in the context
of fabrication of efficient hydrogen sensors. To clarify its physical background, we present statistical cal-
culations of the hydrogen absorption isotherms for a series of binary alloys of Pd with Mg, Cu, Ag, Ta, Pt, or

Keywords: . R . . . . ..

Pajl/ladium Au by using the values of the H-metal interaction provided by the density functional theory (DFT). Aiming at
Binary alloys the situations with small amount (<15%) of the second metal, the metal atoms in an alloy are considered to
Hydride be located at random or with short-range correlations. In the random alloy approximation, appreciable

suppression of hysteresis is predicted for all the additives under consideration except Cu. Concerning the
correlations, we show that the tendency of metals to mixing (as, e.g., predicted for the Pd-Au or Pd-Ta
alloy) is in favour of additional suppression of hysteresis whereas the tendency to segregation (as, e.g.,
predicted for the Pd-Ag alloy) makes the hysteresis loops wider. For Au and Ta, our findings are in good

First-order phase transitions
Absorption isotherms

agreement with available experimental data.

© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_4.0

1. Introduction

Beside basic physics and chemistry [1], hydrogen absorption by
binary alloys of Pd with other metals is of high current interest in the
context of various applications related first of all to the so-called
hydrogen economy [2], including hydrogen storage [3-5] and sen-
sors [6-8], and heterogeneous catalysis [9-11]. The specifics of such
alloys is that hydrogen absorption in pure Pd is usually more fa-
vourable than in other metals and exhibits separation of dilute and
dense H phases representing, respectively, a lattice gas and hydride,
and accordingly the addition of the second metal to Pd is expected to
suppress the absorption itself and the corresponding phase transi-
tion to some extent or completely. The observation of all these ef-
fects is possible in relatively large NPs or thick supported nanofilms
where the hydrogen uptake is determined primarily by absorption in
the bulk (the contribution of adsorption at surfaces to the total
uptake is negligible in these cases despite larger hydrogen binding
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energy there). The experiments performed with the Pd-Au and
Pd-Cu alloyed nanoparticles (NPs) or, more specifically, nanodiscs
with ~ 200 nm diameter and ~ 25 nm thickness at T> 300 K indicate
that the suppression of phase separation can be appreciable even for
small fraction, f, of the second metal [12,13]. In particular, the phase-
separation-related hysteresis loops in the absorption isotherms are
observed at smaller uptakes and become much narrower, and the
corresponding critical temperature, T., for the phase separation
drops from ~ 600K in pure Pd to ~ 300K in the alloys with Au and
Cu already at f ~ 0.15 and ~ 0.25, respectively. Similar effects were
earlier observed in Pd-Ni and Pd-Ta films with thickness from 5 to
400 nm and 60 nm, respectively [16,17] and, more recently, in Pd-Co
nanohole arrays [ 18]. The suppression of a hysteresis at low values of
f in such binary alloys of Pd is useful in the context of hydrogen
sensors [7,14,15]. The requirements (imposed e.g. by U.S. Department
of Energy) for such sensors are tough and have not been fully sa-
tisfied yet (see e.g. Sec. 1 in Supplementary Information in Ref. [14]),
and the Pd-containing nano-alloys are now widely considered to be
perhaps the best candidates here.

The very fact of the suppression of the phase transition under
consideration due to the presence of the second metal which is a
non- or very-weak-hydride former is in principle not surprising
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because adding it to Pd should increase the energy of absorption at
the interstitial sites containing the second metal. It results in the
energetic heterogeneity of the absorption sites and can eliminate the
phase transition (in statistical physics, the corresponding general
models, including e.g. the random-field Ising model, have been
studied a few decades since the generic report by Imry and Ma [19];
the phenomenological models focused on hydrogen absorption by
Pd alloys are available as well [20,21]). The specific values of f
needed for the suppression could, however, hardly be predicted
without experiments, and it was/is not clear whether this aspect can
be clarified by wusing first-principles calculations. From the
perspectives of the theory, this problem is challenging because the
H-metal interaction is relatively weak. In our previous recent study
[22] performed in the spirit of ab initio thermodynamics and
first-principles microkinetics [23,24] and oriented to large NPs or
supported nanofilms where the hydrogen uptake is determined
primarily by the bulk, we have shown that in the case of Au the drop
of T, manifested in the suppression of the hysteresis loop in hy-
drogen absorption isotherms can be quantitatively explained by
calculating these isotherms with the parameter values provided by
DFT. With suitable validation, the atoms in the alloy were considered
to be located at random. More recently, the H/Pd/Au system has
theoretically been studied at various f by combining Monte Carlo
(MC) simulations and alloy cluster expansion fitted to DFT [25].
Despite different techniques and approximations, the conclusions
drown in Refs. [22,25] are similar.

The DFT-based explanation (Refs. [22,25]) of the experimental
results obtained for the Pd-Au alloy is far from trivial and might be
expected to be occasional (i.e., to hold only in this case) because the
H-Au interaction is fairly small, 0.15eV (see Table 2 or 3 below).
From this and other perspectives, it is instructive to clarify by em-
ploying DFT what happens in alloys of Pd with other metals. During
the past decade, such calculations performed for catalytic reactions
occurring on a series of metals were demonstrated to be impactful
(see, e.g., the studies by Nerskov and co-workers [26,27]). Following
this line, we present here DFT-based calculations of isotherms of
hydrogen absorption by binary alloys of Pd with Mg, Cu, Ag, Ta, Pt,
and Au. The results for Mg, Cu, Ag, Ta, and Pt are novel. As in Ref.
[22], the focus is on the effect of addition of the second mental on
the corresponding first-order phase transition. Also as in Ref. [22], f
is considered to be low because, as already noticed, this limit is of
practical importance from the perspective of sensors and what
happens in this case is not clear. Some of the details (e.g., the cutoff
energy) of our present DFT calculations are slightly different com-
pared to those used earlier [22] for the Pd-Au alloy. In fact, however,
the earlier and present results for this alloy are nearly identical. The
statistical analysis is done assuming the metal atoms to be located at
random or with short-range correlations.

Concerning the use of DFT in the context under consideration or
similar contexts, we can add that the DFT studies focused on hy-
drogen absorption by metals are now numerous (briefly reviewed in
[22]; for Pd and Pd hydride, see e.g. a recent review by Setayandeh
et al. [28]). Referring to more recent studies, we may notice that
Setayandeh et al. [29,30] have articulated the challenge of accurate
description of electron and phonon band structures of the Pd hy-
drides including PdH and PdsVacH, (the superabundant vacancy
phase) [28]. Borgschulte et al. [31] have analyzed vibrational fre-
quencies in the hydride (ZrV,H,) where the distance between
nearest-neighbour H atoms is appreciable shorter than in the con-
ventional hydrides. Chen and Mavrikakis [32] have studied hydrogen
absorption by small PdPt nanoclusters. Chen et al. [33] have calcu-
lated hydrogen solubility in Pds;Ag. Zhou and Curtin [34] have
scrutinized H absorption, surface, and fracture energies in the case of
stainless steel, CoCrFeNi, and CoCrFeMnNi. In the context of high-
temperature superconductivity, Troyan et al. [35] have described
yttrium hexahydride by using "superconducting” DFT. In our context,
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we note that the results reported in all these studies are either not
directly applicable or not sufficient for calculations of the hysteresis-
containing isotherms of hydrogen absorption in the Pd-based binary
alloys.

Our presentation below is divided into four parts focused on the
computational methods (Sec. 2), results and discussion (Sec. 3),
conclusions (Sec. 4), and Bethe-Peierls approximation allowing us to
take short-range correlations into account (Appendix).

2. Computational methods
2.1. Statistics

The specifics of absorption of hydrogen in binary alloys of Pd
with other metals is determined by the type of arrangement of metal
atoms in an alloy, energies of the interaction of hydrogen atoms with
metal atoms, and hydrogen-hydrogen (H-H) interaction. The ar-
rangement of metal atoms depends on f, details of the metal-metal
interactions, and on the way and conditions of the alloy fabrication
and use and in general may be very diverse [36]. The H-metal and H-
H interactions depend on various factors and are complex. Our
analysis will be focused on relatively large Pd-M NPs (M is the
second metal), e.g., nanodiscs (with ~ 200 nm diameter and ~ 25 nm
thickness and f < 0.2) fabricated by hole-mask colloidal lithography
(as, e.g., in the already mentioned experiments [12,13]). In applica-
tions, such NPs are customarily not annealed at high temperatures,
and the arrangement of metal atoms is there usually close to random
[12,13], and the contribution of the boundary sites to the hydrogen
uptake is negligible (in relatively small NPs used in catalysis, the
situation is often opposite due to annealing and more important
relative role of the surface and subsurface regions; in particular, the
sites at the surface play the central role). The absorption at the grain-
boundary and dislocation sites is neglected as well in order to sim-
plify the analysis.

In Pd, hydrogen is located primarily in octahedral (O) sites of the
fcc lattice (Fig. 1). For the alloys of interest with relatively small f, the
hydrogen can be considered to be located in such sites as well. Fo-
cusing on hydrogen absorption by these sites, we use the corre-
sponding lattice-gas model. In this model, the energy of interaction
of a hydrogen atom with metal atoms depends on the number, n, of
M atoms forming a site and their arrangement. For relatively small f,
the main contribution to the absorption isotherms is related to the
configurations with small n. Our DFT calculations indicate (see
below) that in this case the increment of the absorption energy of a
hydrogen atom (compared to that in pure Pd) can be considered to
depend linearly on n,

AEabs(n) = enmn, (1)

where ey is the value corresponding to n=1. Our earlier detailed
DFT calculations, performed for the Pd-Au alloy with n up to 6 and
the corresponding calculations of the absorption isotherms [22],
showed that despite some deviations this linear approximation can

O(Pd)  O(Pd;M,) O(Pd,M,-a) O(Pd,M,-b)

Fig. 1. Unrelaxed O sites for hydrogen absorption in a binary alloy of Pd with the
second metal, M. The four structures correspond to the site containing only Pd atoms
or Pd atoms with one or two M atoms. Blue (bright gray) and yellow (dark gray) balls
correspond to Pd and M atoms, respectively. An H atom is shown by a small white ball
in the center of each site.
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be used in fact up to n=6. One of the reasons is that we are inter-
ested in relatively low values of f, and in this case the contribution of
the sites with n > 2 to the absorption isotherms is nearly negligible,
and accordingly the details of how the energetics of hydrogen ab-
sorption by such sites are described are of minor importance.

The addition of the second metal to Pd induces global expansion
or contraction of the lattice. This effect results in the downward or
upward shift of hydrogen absorption isotherms. Its influence on the
shape of isotherms is expected to be negligible and can be ignored in
our context [22].

The phase separation observed in Pd or alloys of Pd with other
metal is related to the attractive part of the H-H interaction. This
interaction, eyy, depends on f. For relatively small f, this effect is
weak and its influence on the absorption isotherms is expected to be
weaker compared to that of AE,,s(n) and accordingly can be ne-
glected [22]. Accepting this approximation, we consider that in the
case of alloys eyy is the same as in pure Pd. Accurate calculation of
epyn from the first principles is still challenging, because this inter-
action including the elastic contribution (for this contribution, see
e.g. Ref. [37]) is weak and not reduced to the nearest-neighbour one.
In our calculations, we use the phenomenological expression in-
cluding the attractive and repulsive parts,

ey = —A6 + BAB3, (2)

where 6 is the H uptake per metal atom or O site, and A=0.32 eV and
A=0.8 are the corresponding parameters [22]. The conventional at-
tractive (negative) part describes an additive part of the interaction
and results in phase separation. The repulsive (positive) part (i) takes
into account that at appreciable uptake the interaction becomes
strongly non-additive and (ii) reduces adsorption at ¢ > 0.66.

With the specification above (in particular, neglecting the
boundary sites), the hydrogen absorption isotherms are described
as [22]

6
6= Pip,

o (3)
where P, is the probability that the absorption site is formed with
participation of n M atoms,

D = exp[(u — egmn + A6 — BAB3)/kyT)
"7 1 + exp[(u — enmn + AS — BAG3)/kgT] (4)

is the probability that such a site is occupied by an H atom, and
u = 0.5kgT In (Py,) + const is the chemical potential of H atoms (Py,
is the gas-phase pressure). Using (4), we set the H energy in the Pd
bulk (n=0) to zero.

For the random-alloy model, we have

p — mifra—fm
! nl(m-n)! ' (5)

where m =6 is the maximum number of Au atoms in a site. To take
the short-range correlations into account, we have used the Bethe-
Peierls approximation (the corresponding details are described in
Appendix).

Eqgs. (1)-(4) form a statistical basis for our analysis. The as-
sumptions used to derive them are clear from the presentation.
Concerning the conditions of their applicability, we can add that as it
has long been recognized (see, e.g., Refs. [38,39]) that the hydride
formation in metals may be accompanied by plastic deformations,
or, more specifically, by generation of dislocations. The likely role of
plastic deformations is sometimes experimentally estimated by
scrutinizing the width of the hysteresis loops. Such treatments alone
are, however, not sufficient because one should bear in mind that
although the hysteresis itself does represent the best manifestation
of a first-order phase transition, the thermodynamics provides re-
liably only the equistability condition whereas the width of the
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hysteresis loops depends strictly speaking not only on thermo-
dynamics but also on kinetics, and its quantitative interpretation is
far from straightforward. One of the ingredients of the kinetics is the
conditions of the formation of dislocations. Another one is their
manifestation in hysteresis loops. Both these ingredients were re-
cently discussed in detail [40-43]. In particular, the analysis based
on the conventional theory of dislocations indicates that their for-
mation is energetically favourable provided the NP size (e.g., thick-
ness of nanodiscs as in the experiments under consideration) is
larger than 35 nm [40,41]. This conclusion has been drown provided
T« T.. We are interested in the situation when T is comparable to T..
Under such conditions, as correctly noted in Ref. [42], the NP size
needed for generation of dislocations should be much larger than
35 nm. In very large NPs or macroscopic samples, dislocations can be
generated but after a few cycles, work hardening is expected to
entangle the existing dislocation network and blocks their further
generation [43]. Taken together, these results strongly suggest that
the role of dislocations is far from central, and often, e.g. in our
context, they can be neglected as it is explicitly declared in [42,43]
and as it has been done in Egs. (1)-(5).

In the systems under consideration, the first-order phase tran-
sition is experimentally associated with the hysteresis in absorption
isotherms and can theoretically be described by employing Egs.
(1)-(4) at the level of these isotherms as well, i.e., at the level of
equilibrium thermodynamics (this approach is widely used since the
development of the van der Waals model for interpretation of gas-
liquid phase transitions). The kinetics of hysteresis should of course
be theoretically clarified at the level of kinetic equations for or MC
simulations of hydrogen absorption and desorption (these processes
are mediated by adsorption on and desorption from boundary sites).
The latter is, however, beyond our present goals.

2.2. DFT

Our present periodic electronic structure DFT calculations, fo-
cused on the Pd-based binary alloys, are similar to those performed
earlier for the Pd-Au alloy [22]. In brief, we used Vienna Ab-initio
Simulation Package [44,45] with the same parameters as in [22]
(including the unit cell with 108 metal atoms) except that the cutoff
energy was set to 500 eV and Brillouin zone was sampled with a set
of 3x3x3 k-points. The sufficient accuracy of this set has been
confirmed by recalculating some of the data with a set of 6x6x6
k-points (the resulting changes in the absorption energy were
smaller than 0.01eV), and this conclusion is in agreement with
earlier DFT calculations of hydrogen absorption in metals (see, e.g.,
Refs. [46-438]).

To model the influence of alloying on hydrogen absorption, one
or two Pd atoms of one octahedral center in the cell was/were re-
placed by M (M = Mg, Cu, Ag, Ta, Pt, or Au). For each number and
arrangement of M atoms, the size of the unit cells was reoptimized.
Upon hydrogen absorption, the size of the unit cell was, however,
kept fixed since the related volume changes had negligible effect on
absorption energetics as already noticed in Ref. [22]. For each
number and arrangement of M atoms in the unit cell, the hydrogen
absorption energy was calculated as

Eaps = E(H in metal) — E(metal) — E(H,)/2,

where E(metal) is the total energy of Pd cell with 0-2 atoms replaced
by M, E(H in metal) is the energy of this cell with a H atom absorbed
inside, and E(Hy) is the energy of a H, molecule in the gas phase. In
calculations of the zero-point energy (ZPE) corrections, only H atoms
were allowed to vibrate, since metal atoms are much heavier and
their vibrations have practically no effect on those of hydrogen.
These corrections reflect in the harmonic approximation that an H
atom is light and accordingly slightly delocalized in an absorption
site. At the temperatures under consideration (2300K; see the



M. Mamatkulov and V.P. Zhdanov

experiments mentioned in the Introduction), this approximation is
fairly accurate and now widely used in the area under consideration.
For example, it is able to show that the ZPE contribution is decisive
in calculating the stability of hydride phases leading to reproducing
the experimental fact that Pd hydride is octahedral while not taking
account of ZPE leads to a tetrahedral hydride phase as the most
stable one [51]. At much lower temperatures, more complex ap-
proximations (e.g., based on the path-integral theory) can be used to
describe e.g. quantum tunneling during diffusion of H atoms (this
regime dominates below 150K [46]). The latter is, however, beyond
the scope of our present study.

3. Results and discussion

As already declared in the introduction, the main goal of our
study is to perform DFT-based calculations of isotherms of hydrogen
absorption by binary alloys of Pd with various metals including Mg,
Cu, Ag, Ta, Pt, and Au and to clarify how low fraction of the second
metal influences the hydride-formation-related phase transition in
these alloys. This phase transition is manifested in hysteresis loops,
and accordingly we should scrutinize how hysteresis disappears
with increasing temperature and/or fraction of the second metal.
Following this line, we first present the related DFT results and then
show the calculated absorption isotherms.

3.1. DFT calculations

To calculate absorption isotherms, we need the H-M interaction,
enm- To determine this interaction, we first calculated the absorption
energy of an H atom in an O site of pure bulk Pd [structure O(Pdg) in
Fig. 1]. Then, the absorption energy of an H atom was calculated by
replacing one or two Pd atoms of an O site in bulk Pd by, respectively,
one or two M atoms [structure O(PdsM), O(Pd4M5-a), and O(Pd4M,-
b) in Fig. 1]. The difference of these energies represents the incre-
ment of the absorption energy (Tables 1 and 2 and Fig. 2). The linear
fit of the dependence of this increment on n with n<2 for each M
(Fig. 2) yields the corresponding average H-M interaction, eym
(Table 3). In all the cases, this interaction is found to be positive
(repulsive). Quantitatively, the interaction is relatively strong for Ta,
Pt, and Au and weak for Cu. In our present statistical calculations of
the absorption isotherms, this interaction was used for n up to 6. (In
fact, as already noticed below Eq. (1), the contribution of sites with
n > 2 to the absorption isotherms is nearly negligible.)

Table 1

Results of the DFT calculations: Eg;. is the total energy of a unit cell corresponding to
an absorption site without hydrogen; E.ps and E,,s* are the H absorption energies
without and with the ZPE correction, respectively.

Site Esite (ev) Eabs (ev) Eabs* (EV)
0(Pds) -559.945 -0.100 -0.178
O(PdsAu;) -558.160 -0.001 -0.031
O(PdsAuy-a) -556.386 0217 0.188
O(Pd4Au,-b) -556.354 0.050 0.079
O(PdsPty) -560.914 -0.001 -0.081
O(Pd4Pty-a) -561.871 0.075 0.025
O(Pd.Pt,-b) -561.874 0.095 0.037
O(PdsCuy) -558.711 -0.083 -0.139
O(Pd4Cuy-a) -557.486 -0.054 -0.111
O(Pd4Cuy-b) -557.460 -0.067 -0.101
0(PdsAg;) -557.590 -0.063 -0.116
O(Pd4Ags-a) -555.236 0.072 0.051
0(Pd4Ag,-b) -555.254 -0.039 -0.026
0(PdsMg;) -558.430 -0.060 -0.109
0(Pd,Mg,-a) -556.885 0.079 0.032
0(PdsMg,-b) -556.678 -0.059 -0.062
O(PdsTay) -569.558 0.081 0.045
O(Pd4Taz-a) -579.106 0.388 0.370
O(Pd4Tay-b) -578.634 0.189 0.187
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Table 2

Increments of the energy (in eV) of absorption of a hydrogen atom the O(PdsM), O
(Pd4M,-a) and O(Pd4M,-b) sites compared to the absorption energy, - 0.178 eV, in
pure Pd [O(Pdg)]. These data, obtained by using those presented in Table 1 (with the
ZPE) correction, were employed to construct Fig. 2. The linear fit of the dependence of
these increments on the number of M atoms (Fig. 2) yields egm (in eV).

M 0 (PdsM,) 0 (PdsMs-a) 0 (PdsMy-b) p—

Mg 0.069 0.210 0116 0.077
Cu 0.039 0.067 0.077 0.035
Ag 0.062 0.229 0152 0.089
Ta 0223 0.548 0.365 0.223
Pt 0.097 0.203 0215 0.105
Au 0147 0366 0.256 0.150
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Fig. 2. Increment of the energy (with the ZPE correction) of absorption of an H atom
in an O site as a function of the number of M atoms forming a site (according to the
data presented in Table 1). The general trend in the dependence is linear (straight
line). The corresponding slope determines .

Table 3

The H-M interaction, eyv, and effective M-M interaction, e+, in binary alloys of Pd
with the metals under consideration according to the DFT calculations with the
ZPE corrections. The H-Au interaction presented is the same as that reported
earlier [22].

M eum (eV) e+ (eV)
Mg 0.077 0.207
Cu 0.035 0.026
Ag 0.089 -0.017
Ta 0.223 0.472
Pt 0.105 -0.003
Au 0.150 0.032
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Fig. 3. Hydrogen absorption isotherms calculated according to Eqgs. (1)-(5) for (a) pure Pd and alloys of Pd with (b) Au, (c) Cu, (d) Mg, (e) Ag, (f) Ta, and (g) Pt. Each panel shows
isotherms at four temperatures below and slightly above T. (the increase of temperature is marked by blue, black, olive, and red colors, respectively). In all the alloys, the fraction
of Pd atoms replaced by atoms of the second metal is 0.15. The atoms in alloys are considered to be located at random (Eq. (5)). The values of the H-M interactions, ey, used in the
calculations are given in Table 3. (The results presented for pure Pd and a Pd-Au alloy are similar to those reported earlier [22].)

Although in general the metal-metal interaction in alloys is
complex [36], some general trends can often be understood by in-
troducing the simplest pairwise interactions, eaa, egp, and eag (A an B
represent two metals; see Appendix). In the bulk, the number of
bonds formed by each metal atom is constant (12 in our case), and
the change of the energy related to the replacement of A by B is well
known to depend on the effective interaction, e+ = eap +epp — 2€ap,
associated with the number of B-B (or A-A) pairs. This energy can be
used in calculations of the total energy or chemical potential in the
Bethe-Peierls approximation (see Appendix). In our context, this
approach is reasonable because we are interested in the situations
when fis low, and in this limit the role of the non-linear corrections
in the metal-metal interaction is not central. Following this way, we
can identify e« with the difference of the energies of the O(Pd4M,-b),
and O(Pd4M,-a) structures (Fig. 1) in the absence of an H atom,
because this difference correspond to the formation of one addi-
tional M-M bond. The corresponding values obtained by employing
our DFT calculations are given in Table 3. This interaction is positive
(repulsion) and appreciable in the case of Mg (e~ = 0.207 eV) and Ta
(e» =0.472 eV). For Au and Cu, the interaction is 0.032 and 0.026 eV,
respectively. For comparison, we can notice that for Au this inter-
action was earlier calculated by using DFT and taking various con-
figurations into account [49]. The corresponding value, 0.021 eV, is
somewhat lower than that obtained in our estimates based on one
configuration. For Ag, the interaction is negative (attraction),
-0.017 eV. For Pt, the interaction is negative as well but nearly
negligible, - 0.003 eV.

3.2. Absorption isotherms and critical temperature

Our analysis is primarily aimed at relatively large alloyed Pd-M
NPs fabricated by hole-mask colloidal lithography. In such NPs with
relatively small fraction of M, the arrangement of metal atoms is
usually close to random [12,13]. The low values of the effective M-M
interaction for the metals under consideration (Table 3; except Mg
and Ta) are also if favour of nearly random alloy. For this reason, the
bulk of our calculations of hydrogen absorption isotherms (Fig. 3) are
based on the random-alloy approximation (Eq. (5)). As in the avail-
able experiments related to potential applications for hydrogen
sensors [12,13], fis considered to be relatively low and set to 0.15. For
comparison with what was already obtained and discussed earlier
[22], we first present typical results for pure Pd and a Pd-Au alloy
(Fig. 3(a,b)) and then similar results for alloys of Pd with Cu, Mg, Ag,
Ta, or Pt (Fig. 3(c-g)).

In pure Pd (Fig. 3(a)), hydrogen is absorbed at room temperature
up to the H/Pd ratio ~ 0.66 with an appreciable hysteresis. With
increasing temperature, the hysteresis disappears at T=T. =600 K.

In the alloys, the hysteresis loops are shifted to the left (Fig. 3),
and T for the hydride formation is reduced. For f=0.15 (Fig. 3), T is
predicted to decrease down to ~ 330K (Au), 550K (Cu), 450K (Mg),
400K (Ag), 320K (Ta), and 350K (Pt). Concerning the dependence of
T. on f, we notice that at f<0.15, T, decreases nearly linearly with
increasing f as was earlier already shown in the case of the Pd-Au
alloy [22].

The features described above are especially appreciable in the
cases of the Pd-Au and Pd-Ta alloys (Fig. 3(b,f)). The key factor be-
hind them is that the H absorption in the O sites containing Au or Ta
atoms is energetically not favourable. For this reason, the phase
transition is related primarily to absorption in the sites formed only

by Pd. With increasing Au or Ta amount, the fraction of such sites
rapidly decreases, the distance between H atoms located there be-
comes on average larger, the interaction between them becomes
weaker, and accordingly the driving force for the phase transition
decreases.

In the Pd-Cu alloy, the H-M interaction is predicted to be weak,
enm =0.035eV (Table 3; cf. this value with the values for other
metals), and accordingly the effect of the addition of Cu to Pd on the
hydride formation is weak as well (Fig. 3(c)).

For the other alloys under consideration (Pd with Mg, Ag, or Pt),
the H-M interaction is stronger than in the Pd-Cu case, and the si-
tuation is closer to that for the Pd-Au or Pd-Ta alloys, i.e., the effect
of the addition of the second metal to Pd on the hydride formation is
appreciable (cf. Figs. 3(b,f) and (d,e,g)).

Although in the systems discussed the random-alloy approx-
imation is reasonable, the short-range correlations in the arrange-
ment of metal atoms are in fact inevitable. In the corresponding
experiments (e.g., [12,13]), the Pd-M NPs are fabricated before hy-
drogen absorption, the absorption occurs at relatively low tem-
peratures, and accordingly the structure of NPs is expected to be
close to that just after their fabrication. This means that the short-
range correlations can be described at the level of an alloy without
hydrogen. It can be done in the framework of the Bethe-Peierls ap-
proximation (Appendix) by using the already introduced metal-
metal interaction, e~ (Table 3). The positive value of this interaction is
in favour of mixing Pd and M, whereas the negative value promotes
segregation of Pd and M.

To illustrate the scale of the effect of short-range correlations in
the arrangement of metal atoms on the hydrogen absorption, we
focus on the Pd-Au alloy and, taking into account that in this case the
scale of e+ is 0.02-0.03 eV (Ref. [49] and Table 3), use ¢+ = 0.02 eV in
calculations of P,. The corresponding absorption isotherms become
narrower and are shifted to the left (Fig. 4(a)). The critical tem-
perature for the hydride formation is reduced. These effects are well
visible but not dramatic. Physically, these features are related to
mixing Pd and M. It reduces slightly the number of M-M contacts
and accordingly reduces also the number of the O sites formed only
by Pd atoms. The latter results in the shift of the absorption iso-
therms to the left, because such sites are the most important for
absorption.

From the tutorial point of view, it is instructive to show what
happens if the repulsive interaction, e« = 0.02 eV (Fig. 4(a)), is re-
placed by the attractive interaction, e~ = —0.02 eV. In the later case,
the absorption isotherms are wider and slightly shifted to the right
(Fig. 4(b)), and the critical temperature for the hydride formation
becomes higher. These features are related to the tendency of Pd and
M atoms with the prescribed interaction, e-< 0, to segregation.

In the examples shown in Fig. 4(a,b), e- is rather small. According
to our DFT calculations, this interaction should be much larger, e-
= 0.472eV, in the Pd-Ta alloy. If this interaction is neglected, our
calculations predicts hysteresis in hydrogen absorption at T=30°C
provided f<0.15 (see, e.g., Fig. 3(f)). If we take this interaction into
account, the hysteresis is predicted if fis smaller than ~ 0.10 (Fig. 5).
The latter is in good agrement with the experiments showing hys-
teresis at T=30°C in hydrogen absorption by a Pd-Ta film (with a
thickness of 60 nm at fused silica) provided f<0.08 (Fig. 6 in Ref.
[17]). (Hydrogen absorption in such nanofilms with appreciable
fraction of Ta has recently been studied in the context of hydrogen
sensors in Ref. [50].)
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Fig. 4. (a) Hydrogen absorption isotherms calculated according to Eqs. (1)-(4) for the
Pd-Au alloy with f =0.15. The thick lines correspond to the random-alloy approx-
imation (Eq. (5)). The thin lines show the results obtained by using the Bethe-Peierls
approximation with e+ = 0.02 eV. (b) For comparison, the isotherms have been cal-
culated also with e~ = - 0.02 eV.
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Fig. 5. Hydrogen absorption isotherms calculated for the Pd-Ta alloy at T=30°C with
e+ =0472eV and f=0.05, 0.10, and 0.15.

4. Conclusion

Using the statistical models with the parameters validated by
DFT, we have analyzed theoretically absorption of hydrogen in
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binary alloys of Pd with a small fraction of Mg, Cu, Ag, Ta, Pt, or Au.
The appreciable suppression of hysteresis and decrease of the critical
temperature for the hydride formation are predicted for all these
additives except Cu. The bulk of the results was obtained by em-
ploying the random-alloy approximation for the arrangement of
metal atoms.

The effect of the short-range correlations in the arrangement of
metal atoms on the hydrogen absorption isotherms has been scru-
tinised as well. The tendency of metals to mixing is found to be in
favour of additional suppression of hysteresis whereas the tendency
to segregation makes the hysteresis loops wider. The corresponding
changes in the absorption isotherms are predicted to be visible but
not dramatic.

The predicted general trend in suppression of hysteresis and
decrease of the critical temperature for the hydride formation is in
good agreement with the available experiments for the Pd-Au NPs
[12] and Pd-Ta thin films [17] (these systems have been analyzed
here theoretically; the Pd-Au system was analyzed earlier as well
[22]) and Pd-Ni thin films [16] (this system has not been ana-
lyzed here).

In fact, the experimental data for the Pd-Cu NPs are of the same
category [13]. Our calculations predict, however, a weaker effect of
Cu on the hydrogen absorption in the Pd-Cu case. The explanation
why the latter is the case is not simple and this aspect merits ad-
ditional studies. One of the likely reasons of the difference is that as
it has been articulated in the motivation of our present study the
H-M interactions are rather small in general and in the Cu case in
particular, and we cannot exclude that the accuracy of DFT is not
sufficient in the latter case. In principle, the reduction of the H-H
interaction due to the Cu-related compression of the lattice cannot
be excluded either.

Taken together, our results contribute to the formation of the
theoretical basis for the interpretation of the experimental mea-
surements of hydrogen adsorption by metal alloys. Nowadays, such
experiments are numerous (see e.g. the references in [3,21]) and, as a
rule, fully empirical.
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Appendix

Let us consider the lattice-gas model with the nearest-neighbour pairwise interactions, eaa, egg, and eag, between particles of two types, A
and B (Pd and M in our present context). If an A particle interacts with m A particles and n B particles, its energy is Ep = meaa + neag. If this
particle is replaced by a B particle, the energy of the latter particle will be Eg = meag + negg. The increment of the energy corresponding to this
replacement is equal to the difference of these energies,

AE = Eg — Ep = m(eap — €an) + N (eps — €ap). (6)
Using the relation m + n = npax (Nmax is the maximum number of bonds), one can replace n by m or m by n and rewrite Eq. (6) in terms m or n,
AE = m(2eap — €pa — €8B) + Mmax(egs — €ap), OF (7)

AE = n(ean + € — 2€aB) + NMmax(€aB — €an)- (8)

The terms nmax (egp — €ag) (in EQ. (7)) or nmax (eas — €aa) (in Eq. (8)) are independent of m and n and can be included in statistical calculations
into the baseline value for the energy or into the A or B chemical potentials. Thus, the total energy can in fact be calculated by using the
number of A-B pairs and operating by the effective energy defined as e+ = 2eag —ean —epp Or by employing the number of B-B pairs and
operating by the effective energy defined as e- = eaa +epp — 2€ap. Except the sign, these two effective energies are equal.

In our case, A and B particles can be identified with Pd and M atoms, and the effective pairwise interaction is represented as e+ = epqpq +
emm — 2epam- Then, by analogy with the conventional quasi-chemical approximation, the Bethe-Peierls approximation can be used to describe
short-range correlations in the arrangement of metal atoms [52]. In the latter approximation, the atoms are located in a properly chosen
cluster of sites and described exactly by using the grand canonical distribution. Their interaction with the atoms located outside this cluster is
taken into account by introducing the corresponding effective interaction.

In our analysis, we are interested in the arrangement of metal atoms forming an octahedral (O) site (Fig. 1) or, more specifically, in the
probability, P,, that this site is formed with participation of n M atoms (0 < n < 6). For this reason, we chose an O site as a suitable cluster for the
Bethe-Peierls approximation. In the corresponding experiments, the Pd-M NPs are fabricated before hydrogen absorption, the absorption
occurs at relatively low temperatures, and accordingly the structure of NPs is expected to be close to that just after their fabrication. This
means that there is no need to describe the effect of hydrogen on the probabilities of interest.

To describe the distribution of Pd and M atoms in the O site, we introduce the effective chemical potential, x, corresponding to replacement
of a Pd atom by a M atom. With respect the interaction with the atoms located outside the O site, all the Pd atoms located inside the site are
equivalent. The situation with M atoms is similar. This means that we can include the interaction with the atoms located outside the O site into
the chemical potential and do not introduce it explicitly.

With the specification above, the partition functions, S,, corresponding to n from 0 to 6, are defined as

So=1,

S1=6exp(u/kgT),

So=3exp(2u/ksT) + 12exp[(2u — €,)/kgT],
S3=12exp[(3u — 2¢,)/kgT] + 8exp[(3u — 3e,)/ksT],
S4 = 3exp[(4u — 4e,)/kgT] + 12 exp[(4u — 5¢,)/kgT],
Ss = 6exp[(5u — 8¢,)/ksT],

Se = exp[(6u — 12¢,)/kgT].

According to the grand canonical distribution, P, and f are expressed via S,, as
6
Pn = 5n /Z Sn.
n=0 (9)

e (10)

The latter equation allows us to calculate f as a function of x4 or x4 as a function of f. Then, using the former equation, P, can be calculated as a
function of f.
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