Provided for non-commercial research and education use.
Not for reproduction, distribution or commercial use.

Editor ZI KUI LIU
The Pennsylvania State University, USA

ll

/

Y

\J‘ ¢"/

“‘ 'I!I
I =

This article appeared in a journal published by Elsevier. The attached

copy is furnished to the author for internal non-commercial research

and education use, including for instruction at the authors institution
and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party
websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright


http://www.elsevier.com/copyright

CALPHAD: Computer Coupling of Phase Diagrams and Thermochemistry 34 (2010) 324-331

Contents lists available at ScienceDirect

CALPHAD: Computer Coupling of Phase Diagrams and
Thermochemistry

journal homepage: www.elsevier.com/locate/calphad

Thermodynamic modeling of the Pd-S system supported by first-principles

calculations

Rongxiang Hu®P, Michael C. Gao*“*, Omer N. Dogan?, Paul King?, Michael Widom ¢

2 National Energy Technology Laboratory, 1450 Queen Ave SW, Albany, OR 97321, USA

b Oak Ridge Institute for Science and Education, MC-100-44, P.O. Box 117, Oak Ridge, TN 37831, USA

€ URS, P.0. Box 1959, Albany, OR 97321, USA
d Carnegie Mellon University, Pittsburgh, PA 15213, USA

ARTICLE INFO ABSTRACT

Article history:

Received 13 March 2010
Received in revised form

8 July 2010

Accepted 8 July 2010

Available online 2 August 2010

Keywords:
CALPHAD

Pd-S

Phase diagram
Sulfur poisoning

Sulfur poisoning of PdCu membrane alloys has promoted new alloy development that requires
quantitative understanding of the thermodynamics of the Pd-Cu-S system. This study attempts to
develop a self-consistent thermodynamic description of the Pd-rich Pd-S binary system using the
CALPHAD approach, based on available phase equilibrium information and thermochemistry data. The
optimized phase diagram and enthalpies of formation agree well with the experimental values and first-
principles calculations. The phase stability of this system is further investigated using first-principles
calculations, confirming that the five intermetallic compounds reported are stable phases. The present
density functional theory (DFT) calculations using various exchange-correlation functionals, pseudo-
potentials and settings demonstrate that using the PBEsol functional reproduces the experimental
enthalpies and phase stability of S, Pd and Pd-S compounds acceptably, and is able to reproduce the lattice
parameters nearly perfectly.

Hydrogen separation

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their high hydrogen selectivity and permeability, Pd and
Pd alloys have been widely investigated as promising hydrogen
separation membranes, which are used in water gas shift (WGS)
and steam reforming reactions for efficient conversion of methane
to hydrogen [1-3]. Separation membranes are also an essential
part of the gasification-based coal-to-hydrogen production process
where sulfur poisoning seriously affects the hydrogen permeability
of Pd and Pd alloys [4,5]. The hydrogen flux decreases dramatically
after exposure to the hydrogen-sulfide-containing gas [6]. As
reported [6], the critical amount of H,S in the H,S feed that
completely inhibited H,S permeation was approximately 300 ppm
for Pd-Cu alloys and 100 ppm for Pd surfaces, respectively.
Gao et al. [3] summarized the research topics on the poisoning
mechanism. The adsorbed sulfur atoms are bound to hinder the
dissociation of H,S molecules [7] and to reduce the mobility of
the hydrogen atoms on the Pd surface [8]. At high sulfur coverage,
the formation of Pd-S bonds induces large positive binding energy
shifts in the core and valence levels of Pd, which has a strong
impact on the surface properties of Pd membranes [9]. On the
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other hand, since the lattice constant of palladium sulfide is much
larger than that of pure Pd, the structural stress leads to crack
formation in Pd or PdCu alloy membranes [10]. In order to develop
multicomponent PdCu-based alloys of improved sulfur poisoning
resistance, it is crucial to understand the thermodynamics of
the Cu-Pd-S system. Although the partial Pd-S binary phase
diagram has been studied experimentally [11,12], a quantitative
thermodynamic description of the Pd-S system is not available
in the literature. In this study, the CALPHAD (an acronym for
the Calculation of Phase Diagram) method is used to calculate
the Pd-S binary phase diagram based on available phase diagram
information and formation enthalpy data. The phase stability
of this system is further studied using first-principles density
functional theory (DFT) calculations which confirm the crystal
structures of five intermetallic compounds and provide formation
enthalpy data of these compounds for CALPHAD optimization.

2. Experimental data

2.1. Phase equilibrium data

Weibke and Laar investigated the Pd-S phase diagram in
1935 [11] and identified the phases Pd,S, PdS and PdS,, and a high-
temperature S-phase between PdS and Pd,S. Later, the S-phase
was identified as Pd3S [13]. PdsS; was found to be a cubic body-
centered structure with 46 atoms in the cubic cell [14-16]. The
crystal structures of these palladium sulfides are listed in Table 1.
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Table 1
Palladium sulfide crystal structure data.
Phase Composition, at.% S Prototype Pearson symbol Space group Reference
Pd,S 20 Pd,Se tP10 P42c [11]
PdsS 25 PdsS oC16 Ama2 [13]
Pdy6S7 30.4 Pdy6S7 cl46 143 m [14-16]
PdS 50 PdS tP16 P4;/m [11]
PdS, 66.7 PdSe, oP12 Pbca [17]
Table 2

Enthalpies of formation of palladium sulfides from experiments and present first-principles calculations (kJ/mol of atoms).

Compounds AHP®X 19,20 AHP®EX[12] AHPETSKq]P AHP® X from [21] AHJ ¥ (first principles)©
Pd,S —19.84 +2.240[19] —24.328 —25.74 —12.7 —22.8
Pd3S —24.125 +2.625 [19] —27.317 —25.4
Pd6S; —25.221+ 1.574[19] —36.601 —29.5
PdS —39.05 +5.50[19] —43.175 —68.55 —37.55 —40.3
PdS, —26.067 +4.20 [20] —69.24 —29.24 —30.8

@ Referred to Pd (solid) and S (solid).
b Referred to Pd (solid) and S (gas).
¢ The PBEsol gradient-corrected exchange-correlation functional [23] is used.

A partial phase diagram was drawn by Matkovic in 1976 [16].
Later, Taylor [12] reported an improved phase diagram over the
range 0-50 at.% sulfur, which was based on more data points
obtained using differential thermal analysis (DTA). Microprobe
analysis was also used to confirm the composition of the phases.
The liquidus and other phase transformation temperatures were
determined with 25 samples. Each sample was heated and cooled
many times to obtain a consistent pattern of thermal behavior,
and a long annealing time was used to remove possible metastable
phases from the samples. The main difference between the phase
diagrams determined by Matkovic [16] and Taylor [12] lies in
the Pd5S;-PdS region. Matkovic showed two invariant reactions,
corresponding to 898 and 912 K. The invariant reaction at 898 K
was not detected after longer annealing time [12]; therefore,
it is not included in this study. The Pd-S phase diagram was
updated by Okamoto [18] in 1992 based on the work from
Weibke [11] and Taylor [12]. Since there is no experimental phase
diagram information on the S-rich side, current optimization is
only performed on the Pd-rich side up to 50 at.% S.

2.2. Thermochemical data

Using the high-temperature mixing calorimetry method, Zubkov
et al. [19] measured the standard enthalpies of formation of four
palladium sulfides, namely PdS, Pd,S, PdsS and PdqgS7, at 298 K
using solid Pd and solid S as the reference states. These val-
ues are shown in Table 2, compared with the calculated values
from [12,19,20] and the present first-principles calculations. Tay-
lor [12] calculated the matte sulfur pressure over 913-1498 K
and 20-50 at.% sulfur by measuring the sample weight loss with
time. Combined with the result from EMF (electrochemical force
method) measurement on low sulfur mattes, the standard free
energies of solid and liquid sulfides from Pd (solid) and S (gas)
at high temperatures were obtained [12]. One reason for the
big discrepancy in the formation enthalpy data among these
results [12,19-21] is the use of different reference states for sul-
fur. The other is due to the change in heat contents of elements
and compounds between different reference temperatures. Since
both Taylor’s and Niwa’s data were measured at high temperatures
and Niwa’s data [21] were referred to gas-phase sulfur, the free en-
ergies from [12,21] are not used for the present optimization. The
enthalpies of formation from [ 12] have been converted to standard
formation enthalpy at 298 K. The enthalpies of formation from [21]
are converted to standard formation enthalpies at 298 K using the
method described in [22], and the results are listed in Table 2. For
example, the enthalpy of formation of PdS at T; is determined as

Ty Ty
AH;&S = AHRS " + (/298 CpgsdT — 0.5 /298 CpadT

T
—0.5[ CsdT
298

where Cpgs, Cpg and Cs are the heat capacities of PdS, Pd and S, re-
spectively. The heat capacities of elements (Pd, S) and compounds
(PdS, Pd,S, PdS,) used for the conversion are taken from [20].
On the other hand, the enthalpy formation data from [19,20]
were measured at 298 K and agree very well with the present first-
principles calculations, and thus they are reliable and given high
weight during optimization.

(2.1)

3. Thermodynamic modeling

3.1. Pure elements

The Gibbs energies of pure S and Pd in their stable and
metastable/unstable states are taken from the Scientific Group
Thermodata Europe (SGTE) pure-element database [24], with the
reference state being the enthalpies of the pure elements in their
stable states at 298.15 K and 1 atm, referred to as the Standard
Element Reference (SER). Pd has only one crystal structure in the
solid state, face-centered cubic (fcc) [25]. The structure of S in
the SER is face-centered orthorhombic (Pearson symbol oF128,
space group Fddd) [25]. At temperatures higher than 393.65 K,
a monoclinic structure becomes stable instead (Pearson symbol
mP64, space group P2;/c) [25]. The enthalpy change for this
allotropic phase transition is found to be 0.4 k] /mol from the SGTE
database.

3.2, Liquid phase

The liquid phase is modeled with a substitutional solution
model:

Gt = Xpa°Gry + Xs°G + RT (xpq InXpg + X5 Inxs) + G, (3.1)

where xpq and xs are the mole fractions of elements Pd and S;
°Gh, and °GL are the Gibbs energies of Pd and S in the liquid state.
The excess Gibbs energy ®*Gk is described by the Redlich-Kister
polynomial [26]:

*Gh = xpaxs[(Ca 4+ °b]) + ('ap + b} ) (Xpg — Xs)

+ Car + b)) (Xpg — x5)* + -1, (3.2)
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in which "a; and "b; are the interaction parameters for the liquid
to be optimized.

3.3. Stoichiometric compounds

Based on experimental phase diagram information [11,12,25],
Pd,S, PdsS, PdgS; and PdS are modeled as stoichiometric com-
pounds. According to SGTE, the Gibbs energy of a stoichiometric
compound Pd,S, is modeled with a polynomial function [27]:

Gy = X oG+ Y 0G4 a4 bT + T In(T)
X+y

X+y

+dT? + T~ 4 fT°. (3.3)

The coefficients a, b, c, . .. are the parameters to be optimized for
each compound phase.

3.4. Thermodynamic optimization

The model parameters in Egs. (3.2) and (3.3) are optimized us-
ing the PARROT module of Thermo-Calc™ [28], by minimizing the
weighted sum of differences between calculated and experimen-
tal values using nonlinear least-squares regression. The weight for
each experimental data point is set according to the experimen-
tal accuracy. The optimization starts with liquid: using the zeroth-
order interaction parameters was found sufficient. Then the PdS
phase was optimized using three parameters due to its very wide
phase field. Pd4S, Pd5S7 and Pd3S compounds were then optimized
sequentially using constant enthalpy and entropy parameters. A fi-
nal touch-up optimization was done by optimizing all parameters
simultaneously.

4. First-principles energy calculations

The Pd-S binary was further studied using the first-principles
package of VASP 5.2 (Vienna ab initio simulation package) [29,30]
which solves for the electronic band structure using electronic
density functional theory. Ultrasoft (US) pseudo-potentials [31]
and projector augmented-wave (PAW) potentials [32] were used
as supplied with VASP, using a variety of density functionals. The
Brillouin zone integrations were performed using Monkhorst-Pack
k-point meshes [33], and a smearing parameter of 0.2 eV was
chosen for the Methfessel-Paxton [34] technique. The reciprocal-
space (k-point) meshes were increased to achieve convergence to a
precision of better than 1 meV/at. All structures were fully relaxed
(both lattice parameters and atomic coordinates) until the energies
converged to a precision of 1 meV/at. A “high” precision setting
was used, and the plane-wave energy cut-off was held constant at
500 eV. The semi-core 4p electrons of Pd were explicitly treated
as valence electrons. Other settings such as “medium” precision
and energy cut-off at 280 and 350 eV were also used, and the
results are presented in the Appendix; they demonstrate that both
the energies and the lattice parameters of pure sulfur are well
converged with the setting of “high” precision and an energy cut-
off of 500 eV.

The total energies at 0 K of pure Pd, S, and their binary
compounds were calculated. Pure Pd, six allotropic structures of
pure sulfur [35], and five Pd-S compounds [25,35] were examined.
To obtain the enthalpy of formation values AHy, a composition-
weighted average of the pure-element cohesive energies is
subtracted from the cohesive energy of a given composition. The
resulting energy is an “enthalpy” because its volume is relaxed at
zero pressure. The phase stability at 0 K is evaluated by a convex
hull plot (see Fig. 1). Vertices of the convex hull of a scatter plot of
AHy versus composition identify stable structures.

Choosing a suitable density functional for Pd-S is a challenge
owing to the lack of dispersion force in conventional DFT
methods [36,37]. While this could be a serious limitation for
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Fig. 1. (Color online) Convex hull plot of Pd-S alloys from the present

DFT calculations using the PBEsol [23] gradient-corrected exchange-correlation
functional. The plotting symbol notation is as follows: heavy circles for known
stable, binary phases; light circles for known high-temperature phases; diamond for
metastable structures. Tie-lines run along convex hull edges, joining low-enthalpy
structures at the vertices of the convex hull.

elemental sulfur and sulfur-rich compounds, it is expected that
the imperfection using these functionals should have less impact
on the enthalpies of formation of compounds in the sulfur-poor
sides (less than 50 at.% S) since the S-S atomic interactions are
less important for those compounds. We tested several popular
density functionals, namely the local density approximation
(LDA) [38] using an ultrasoft (US) pseudo-potential [31] and PAW
potentials [32], and the gradient-corrected exchange-correlation
functionals of Perdew and Wang (PW91) [39], Perdew, Burke
and Ernzerhof (PBE) [40], AMO05 [41-43] and PBEsol [23].
The corresponding results are presented in the Appendix (in
the following we adopt the notation [potential type]_[density
functional] to specify the type of potential employed (e.g., US
or PAW) and the density functional (e.g., LDA, PW91, etc.). The
gradient-corrected exchange-correlation functional PBEsol [23] is
used for the presentation in the main text since, as we show
below, it is able to reproduce the experimentally observed phase
stabilities and enthalpies well. Additionally, it reproduces the
lattice parameters of pure sulfur and palladium sulfides nearly
perfectly.

First, we tested the ability of different potentials and functionals
to reproduce the experimentally known stabilities and lattice
parameters of elemental sulfur. The low-temperature stable form
of sulfur [35] is S.0F128 (The structure notation in this section
is [prototype or chemical formula].[Pearson symbol], where the
prototype is the name of some commonly known isostructural
compound, and the Pearson symbol gives the point symmetry,
translational symmetry and number of sites per unit cell). In
addition, S.mP64 is the high-temperature stable form, and Pearson
types mP28, mP32 and mP56 are presumably metastable forms.
The present calculations using the PBEsol functional predict that
the energies of S.mP64 and S.0F128 are nearly identical within
computational uncertainty (see Fig. 1 and Table A.1), while S.mP32
has a slightly higher energy than them by 0.2 k]J/mol. Calculations
using both PAW_PBE and PAW_PW91 potentials incorrectly
predict that S.mP32 and S.mP64 both have lower energies than
S.0F128 (Table A.1). On the other hand, the calculations using both
US_LDA and PAW_LDA potentials correctly predict the sequence
of phase stability of sulfur; that is, S.0F128 is stable at the ground
state and S.mP64 has a higher energy by 0.4 kJ/mol. The S.hR6,
S.mP28 and S.mP56 structures are all metastable structures and
indeed they all are predicted to have much higher energies than
S.0F128, S.mP64 or S.mP32. The calculated lattice parameters of
sulfur using various DFT functional and settings are presented in
Table A.2. Using US_LDA and PAW_LDA potentials underestimates
the lattice parameters, while using PAW_PW91 and PAW_PBE
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Fig. 2. (Color online) (a) Calculated Pd-S binary phase diagram from present CALPHAD modeling in comparison with available experimental data [11,12] over the
composition range 0-55 at.% sulfur. (b) Enlarged portion over the range 15-35 at.% sulfur.

potentials overestimates the lattice parameters if compared to
experimental data. Using the AMO5 potential overestimates the
lattice parameters the most. The calculated lattice parameters
using the PBEsol functional agree excellently with experimental
values, as intended by its design [23].

The calculated lattice parameters of palladium and palladium
sulfides are presented in Table A.3 in comparison with experimen-
tal data. The calculated lattice parameter of Pd is largely insensi-
tive to the choice of functional, pseudo-potential or the setting,
although using PAW_PW91 and PAW_PBE potentials predicts that
Pd is weakly ferromagnetic at the ground state with an atomic
spin magnetic moment of ~0.3 Bohr magnetons. As expected, the
calculated lattice parameters of all sulfur-poor palladium sulfides
agree very well with experimental data regardless of the choice
of functional, potential or the setting. As for PdS,;.0P12, excel-
lent agreement is obtained only if the PBEsol functional is used.
The resulting enthalpies of formation are displayed in Fig. 1 and
the enthalpy values are listed in Table 2 and Table A.4. Pd,S.tI10,
PdqS7.cl46, PdS.tP16 and PdS,.oP12 all lie on the convex hull and
they are low-temperature stable phases in the experimental phase
diagram. Pd;S.0C16 lies slightly above it by 0.6 kJ/mol, and it is in-
deed a high-temperature phase. Similar results are obtained us-
ing US_LDA, PAW_LDA, and AMO5 potentials (see Figs. A.1-A.3).
However, using both PAW_PW91 and PAW_PBE incorrectly pre-
dicts that Pd3S.oC16 lies on the convex hull (see Figs. A.4 and A.5).

The enthalpies of formation predicted by PBEsol agree with ex-
perimental values, yielding an RMS (root mean square) difference
of calculation from experiment of 3.24 kJ/mol, similar to the ex-
perimental uncertainties. Additionally, PBEsol correctly predicts
Pd;S.0C16 as a high-temperature phase, in contrast to the PW91
and PBE GGA results. Finally, the lattice parameters of pure ele-
mental sulfur in all its allotropes are correctly predicted only by
PBEsol. Thus we selected the PBEsol functional as the basis for this
study.

5. Optimization results and discussion

Fig. 2 shows the calculated Pd-S phase diagram over the
range 0-50 at.% sulfur compared with available experimental data
from the literature, including the liquidus and invariant reaction
temperatures. As can be seen, the experimental phase boundaries
are well reproduced by the present CALPHAD modeling. The
liquidus over the range 20-30 at.% sulfur from Weibke et al. [11]
differs slightly from that of Taylor [12]. The present modeling

0 ——CALPHAD -0
& First principles [PAW_PBE]
H [19]
-10 4 & First principles [PBEsol] L-10

-20 1

-30 A

40 -

Enthalpy of formation (kJ/mol of atoms)

T T T T ’50
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Mole Fraction of S

Fig. 3. (Color online) Calculated enthalpies of formation of binary palladium
sulfides from the present CALPHAD modeling in comparison with available
experimental data and the present DFT calculations using the PBEsol gradient-
corrected exchange-correlation functional and PAW_PBE potentials.

Table 3
Optimized thermodynamic parameters for the Pd-S system.

Phase  Parameters
Pd,S  GMS — 0.80G — 0.2°G"
PdsS G5 —0.75%GKs — 0.25°GY"

PdisS; G657 — 0.696°GKS —
0.304°G2"

Optimized values (J/mol of atoms)
—18 131 + 1.499T

—21441 + 1.362T
—26780 + 3.295T

PdS G —0.50G — 0.5°Ge" —36086 — 69.478T + 10.227T In(T)
Liquid °Lpo —152889 + 53.122T

assigns higher weights to Taylor's data [12] since it is more
accurate.

Tne calculated enthalpies of formation of palladium sulfides
from this study are compared with the experimental data [19]
and the present first-principles calculations using both PBEsol
and PAW_PBE potentials, as shown in Fig. 3. All these data sets
are in reasonably good agreement. The optimized thermodynamic
parameters for the Pd-S system are summarized in Table 3. The
invariant reaction temperatures and compositions calculated in
this work are compared with the assessed values, as listed in
Table 4. The difference in the invariant temperatures is all less
than 1 K. The present study demonstrates that first-principles
calculations can be used to assist CALPHAD optimization of phase
diagrams in several ways [44-49]: (1) to assist verifying the
crystal structures of all reported phases; (2) to provide reliable
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Table 4
Invariant point comparison between assessed values [ 18] and the present calculation.
Reaction Composition (at.% Sulfur) Temperature (K) Reference
L+ (Pd) <> Pd,S 205 0 20 1047 [18]
20.37 ~0 20.37 1047 This work
L 4+ Pd4S < PdsS 26.5 20 25 919 [18]
26.68 20 25 918.7 This work
L <> Pd3S 4 Pdq6S; 28 25 30.4 898 [18]
27.89 25 30.4 898.3 This work
Pd;S <> PdsS + Pdy6S7 25 20 30.4 829 [18]
25 20 304 8289 This work
L 4 PdS <> PdS7 29.5 50 30.4 912 [18]
29.43 50 30.4 911.8 This work
L < PdS 0 50 0 ~1273 [18]
0 50 0 1273 This work
Table A.1
Calculated total energies (kJ/mol) of sulfur with various exchange-correlation functionals with respect to S.0F128.
Ex. func. ENCUT (eV) Precision S.hR6 S.mP28 S.mP32 S.mP56 S.mP64?
US_LDA 500 H 1.8 1.6 0.7 13 04
US_LDA 247.2 H 1.7 1.6 0.6 13 04
US_LDA 197.8 M 1.2 14 0.6 1.1 0.3
PAW_LDA 500 H 1.7 1.6 0.7 13 04
PAW_LDA 350 H 1.6 1.5 0.6 1.2 0.4
PAW_LDA 280 M 15 14 0.6 1.1 03
PAW_PW91 500 H 6.1 4.0 —0.1 3.6 —0.2
PAW_PW91 350 H 6.1 3.9 -0.1 35 —-0.2
PAW_PW91 280 M 5.9 3.2 —0.1 3.0 —04
PAW_PBE 500 H 6.2 3.7 —0.1 3.6 —-0.2
PAW_PBE 350 H 6.2 3.7 —0.1 3.6 —0.2
PAW_PBE 280 M 6.1 34 —-0.3 3.1 —05
PAW_PBE® 503 H 6.1 3.5 —0.2 34 —0.4
PAW_PBE® 402.4 M 5.9 3.8 —-0.1 3.5 —-0.1
PBEsol 500 H 40 25 0.2 22 0.0
PBEsol 350 H 4.0 2.5 0.2 22 0.0
PBEsol 280 M 3.9 23 0.1 2.0 0.0
AMO5 500 H 6.7 3.8 —-0.5 4.1 —0.1

2 The enthalpy change associated with the phase transition between S.0F128 and S.mP64 is found to be 0.4 k] /mol from the SGTE database [24].
b The hard sulfur pseudo-potential (S_h) is used. The standard sulfur pseudo-potential is used for all other calculations. “Ex. func.” signifies the exchange-correlation

functional and potential.

formation enthalpy data for stable and hypothetical structures
which can then be directly plugged into the CALPHAD database;
(3) to expedite optimization since the enthalpy parameters do not
need to be optimized; (5) to make database development more
physically meaningful.

6. Conclusions

The Pd-S phase diagram in the composition range 0-50 at.% sul-
fur is modeled using the CALPHAD method. The calculated phase
diagram and formation enthalpy data agree well with available ex-
perimental data. The present first-principles calculations confirm
the crystal structures of five stable intermetallic compounds. The
formation enthalpy data predicted from first principles agree well
with experimental values, suggesting that first-principles calcula-
tions can be used to expedite CALPHAD optimization by providing
reliable thermochemistry data for stable and hypothetical phases.
The present DFT calculations using various exchange-correlation
functionals, pseudo-potentials and settings demonstrate that us-
ing the PBEsol functional reproduces the experimental enthalpies
and phase stability of S, Pd and Pd-S compounds acceptably, and it
is able to reproduce the lattice parameters nearly perfectly.
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See Tables A.1-A.4.
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Table A.3

Calculated lattice parameters (A) of elemental palladium and palladium sulfides compared with experimental data.
Ex. func. EN Prec Pd.cF4 Pd,S.tP10 Pd;S.0C16 PdsS;.cl46  PdS.tP16 PdS;.oP12

a a c a b c a a c a b c

US_LDA 500 H 3.858 5.084 5511 6.105 5.336 7.328 8.855 6.379 6.571 5.810 5.819 5.836
PAW_LDA 500 H 3.856 5.081 5.504 6.150 5.321 7.291 8.845 6.367 6.559 5.498 5.548 6.847
PAW_PW91 500 H 3.958 5.206 5.674 6.466 5.418 7.436 9.075 6.529 6.696 5514 5.604 8.356
PAW_PBE 500 H 3.962 5.201 5.675 6.443 5.420 7.439 9.071 6.527 6.691 5.504 5.596 8.613
PAW_PBE 350 H 3.953 5.188 5.662 6.363 5.420 7.445 9.050 6.515 6.680 5.501 5.593 8.256
PAW_PBE 280 M 3.932 5.183 5.664 6.200 5.436 7.518 9.036 6.499 6.679 5517 5.607 7.818
PAW_PBE*® 503 H 3.962 5.204 5.667 6.421 5.423 7.447 9.079 6.523 6.692 5.509 5.597 8.410
PAW_PBE? 402.4 M 3.955 5.194 5.660 6.431 5.415 7.416 9.055 6.510 6.688 6.510 6.510 6.688
PBEsol 500 H 3.892 5.122 5.563 6.189 5.371 7.363 8.920 6.420 6.604 5.475 5.548 7.390
PBEsol 350 H 3.885 5.109 5.550 6.135 5.368 7.364 8.901 6.407 6.597 5.493 5.555 7.174
PBEsol 280 M 3.868 5.113 5.537 6.004 5.388 7.407 8.888 6.381 6.612 5.529 5.591 6.862
AMO05 500 H 3.888 5.112 5.558 6.169 5.370 7.356 8.910 6.421 6.599 5.441 5.530 8.119
Experiments 3.890 5.115 5.590 6.088 5.374 7.453 8.954 6.429 6.611 5.46 5.541 7.531
References [55] [56] [13] [15] [57] [17]

@ The hard sulfur pseudo-potential (S_h) is used. The standard sulfur pseudo-potential is used for all other calculations.

Table A.4

Calculated formation enthalpy of palladium sulfides compared with experimental data (kJ/mol).
Ex. func. Pd4S.tP10 Pd;S.0C16 Pdy6S;7.cl46 PdS.tP16 PdS,.oP12
US_LDA —238 —25.4 -31 —40.2 —334
PAW_LDA —24.1 —26.5 —31.7 —43.5 —343
PAW_PW91 —17.2 —21.1 —24.6 —35.7 —27.0
PAW_PBE —-174 -21.0 —24.0 —34.3 —26.3
PAW_PBE? —17.6 —-21.2 —243 —349 —26.7
PBEsol —22.8 —254 —295 —40.3 —3038
AMO5 —-214 —234 —26.2 —35.1 —26.0
Experiments —19.84 £ 2.240 —24.125 + 2.625 —25.221+ 1574 —39.05 + 5.50 —26.067 +4.20
References [19] [19] [19] [19] [20]

2 The hard sulfur pseudo-potential (S_h) is used with an energy cut-off of 503 eV. The standard sulfur pseudo-potential is used for all other calculations with an energy
cut-off of 500 eV. All calculations are done with “high” precision.
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Fig. A.2. Convex hull plot of Pd-S alloys from the present DFT calculations using Fig. A.4. Convex hull plot of Pd-S alloys from the present DFT calculations using

the PAW_LDA gradient-corrected exchange functional. the PAW_PW91 gradient-corrected exchange functional.
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Fig. A.3. Convex hull plot of Pd-S alloys from the present DFT calculations using Fig. A.5. Convex hull plot of Pd-S alloys from the present DFT calculations using
the AMO5 gradient-corrected exchange functional. the PAW_PBE gradient-corrected exchange functional.
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