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Abstract: The electronic and phonon bands of Skaergaardite are investigated using density
functional theory (DFT) as implemented in Quantum ESPRESSO. Skaergaardite is a copper
palladium mineral (CuPd) found in the Skaergaard intrusion with a CsCl-type (B2) structure.
Due to its porous structure, it presents a large surface area available for interactions, which
makes it a promising catalyst. The PBE-GGA functional with a Hubbard-like localized
term (DFT+U) is combined with ultrasoft and norm-conserving pseudopotentials, and
a conventional approach with a dense Monkhorst—Pack grid of k-points 12 x 12 x 12 is
applied. The electronic valence bands are mainly constituted by 3d orbitals of Cu and
4d orbitals of Pd and a pseudo-gap can be recognized. With respect to DFT, DFT+U
causes a general downward shift in the valence band. The acoustic and optical phonon
branches are separated by a few cm ™! gap at about 150 cm ™! and show a density of state
curve typical of ordered materials. These results highlight the reliability of DFT+U in
studying bimetallic systems with scarce experimental benchmarks, offering insights into
the behavior of Skaergaardite and its potential applications in material science such as
reduction reactions and hydrogen storage.

Keywords: CuPd; density functional theory; Hubbard model; phonon dispersion; electronic
dispersion

1. Introduction

Bimetallic copper and palladium compounds have gained increasing interest due
to their applicability as carbon dioxide [1] and oxygen [2] reduction electrocatalysts. Re-
garding carbon dioxide electrochemical reduction reactions (CO2RRs), pure copper-based
systems stand out for their low cost and their high capability to promote the formation of
hydrocarbons such as methane, methanol and ethylene [1,3]. However, pure copper has
poor selectivity, as the reduction process tends to produce a mixture of gases that must be
purified and separated. In contrast, the selectivity of pure palladium is tunable depending
on the applied potential [4]. However, its use is severely limited by: (i) the high cost, (ii) the
high binding affinity toward carbon monoxide that may poison the catalysts [4,5] and
(iii) the strong competition between the CO2RR and hydrogen evolution reaction (HER) [5].
CuPd compounds have been investigated in order to improve the catalytic performance [6].
It has been found that the Cu:Pd ratio plays a crucial role in affecting the activity and
selectivity toward desired products since it rules both the electronics and the geometry of
the catalyst [6,7]. Bimetallic alloy nanoparticles with a Cu:Pd molar ratio of approximately
1:1 have been shown to have the best electrocatalytic activity both for the conversion of CO;
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to CO [8] and the oxygen reduction reaction (OOR) [2]. Other relevant studies presented a
nanocavity-enriched CuPd single atom alloy to drive the CO,RR toward the production of
acetylene [9], and an atomically dispersed CuPd alloy loaded on a CuO-phosphomolybdic
acid subnanosheet to promote acetate formation [10].

CuPd compounds are viable materials to replace pure palladium membranes in hy-
drogen storage systems [11,12]. Pure Pd membranes face several issues associated with
(i) the high cost, (ii) the high binding affinity toward impurity gas species (especially
H>S [13]) and (7if) hydrogen cracking [14]. By contrast, CuPd compounds guarantee better
H>S resistance, higher resistance to cracking and, in some forms, higher H, permeabil-
ity [15]. The equilibrium phase diagram of the CuPd system assesses that below the melting
point, the system is a face-centered cubic (fcc) continuous solid solution [16,17]. However
order—disorder transformations can take place and ordered CuzPd and CuPd occur with
a composition range of homogeneity: 10-30 at.% Pd and 30-50 at.% Pd, respectively. As
concerns CusPd different types of crystal structure have been determined, while CuPd
always has a CsCl-type (B2) structure [16-18] as shown in Figure 1. It is worth noting that
the diffusivity of H at room temperature in B2 structures is almost two orders of magnitude
faster than in the disordered phase [11,19].

Figure 1. Crystal structure of Skaergaardite (left side) and first Brillouin zone (right side) with
highlighted high-symmetry points (red labels) and lines (blue labels).

The CuPd mineral was first identified in nature in 2004 in the Skaergaard intrusion in
East Greenland and named Skaergaardite [20]. It belongs to the Pm-3m space symmetry
group with a lattice parameter of a = 2.988 A, resulting in a cell volume of 26.677 A3 [21].
Since, to our knowledge, no experimental data are available on the electronic and phonon
properties of Skaergaardite, our purpose is to investigate this compound by density func-
tional theory (DFT) with a Hubbard-like localized term (DFT + U) in order to provide
information that can be useful for potential applications in material science.

2. Materials and Methods

Electronic and vibrational band structures were determined by solving self-consistently
the Kohn-Sham equations within the framework of plane waves and pseudopotentials as
implemented in the Quantum ESPRESSO package [22]. The elastic and mechanical proper-
ties were calculated using a thermo_pw package [23]. The exchange—correlation functional
was treated within the Perdew—Burke-Ernzerhof parametrization of the generalized gra-
dient approximation (PBE-GGA [24]). During all the structural calculations, the atomic
positions were relaxed with a Broyden-Fletcher-Goldfarb—Shanno (BFGS) quasi-Newton
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algorithm until the internal forces were less than 1:10~* a.u. The strong electronic correla-
tion of d-orbital electrons was taken into account through the Hubbard U-correction [25],
calculating the Hubbard U-parameter from first principles using the Density Functional
Perturbation Theory (DFPT) [26].

Core electrons were first replaced by ultrasoft pseudopotentials (USPPs) from PSli-
brary [27]. The electronic configurations explicitly taken into account are 4s',4p°, 34%
for 2Cu and 5s', 5p%, 4d° for #°Pd. Valence electron states were expanded in plane waves
with a kinetic energy cutoff of 125 Ry, a charge density cutoff of 1000 Ry and a convergence
threshold of 4 - 107! Ry. The Hubbard U-parameters were calculated on a 4 x 4 x 4 grid
and converged to the values U(Cu-3d) = 12.1822 eV and U(Pd-4d) = 9.2512 eV. For struc-
tural optimization of the unit cell and calculation of the electronic bands, the first Brillouin
zone was integrated with a Monkhorst-Pack (MP) mesh [28] of 12 x 12 x 12 points with a
Marzari-Vanderbilt-DeVita-Payne [29] cold smearing parameter o = 0.01 Ry. The results of
the convergence tests are summarized in Figure 2.

0.0009 0.0010
—e—NCPP
>
——USPP 0.0005 K )
., 0.0006 - /\ A =
x ) & 0.0000 - o
W 0003 N w / \ / )
g \\‘\\.i_ <1 .0.0005 )
( —e— NCPP =1
0.0000 47— =9 00010% ¥ USSP 0 ‘ ‘
83888 8 8 O = T R R ! IXIx1 2x2x2 3x3x3  4x4dx4
- — - -
Cut-off k-points g-mesh
(a) (b) ()

Figure 2. Convergence tests for DFT calculations on Skaergaardite. (a) Energy cutoff convergence
test. (b) k-grid convergence test. (¢) Hubbard U-parameters convergence test for USPP.

Alternative calculations were performed by replacing core electrons with norm-
conserving pseudopotentials (NCPPs) from the PseudoDojo library [30]. The electronic
configurations explicitly taken into account are 3s2, 3p6, 3d10, 451 for 2Cu and 452, 4p6, 4410
for 4°Pd. Valence electron states were expanded in plane waves with a kinetic energy cutoff
of 125 Ry, a charge density cutoff of 1000 Ry and a convergence threshold of 4 - 10719 Ry.
The Hubbard U-parameters determined with a single-step calculation ona 2 x 2 x 2 grid
are U(Cu-3d) = 10.7045 eV and U(Pd-4d) = 9.0743 eV. For structural optimization of the
unit cell and calculation of the electronic bands, the first Brillouin zone was integrated with
an MP mesh [28] of 12 x 12 x 12 points with a Marzari-Vanderbilt-DeVita—Payne [29]
cold smearing parameter ¢ = 0.01 Ry. The results of the convergence tests are summarized
in Figure 2.

Subsequent phonon analysis with both USPP and NCPP involved a preliminary non-
self-consistent field (NSCF) calculation on a 20 x 20 x 20 grid followed by a dynamical
matrices calculation using DFPT [31] ona 6 x 6 X 6 g-grid with a convergence threshold of
1-107P Ry.

3. Results

Geometry optimizations of Skaergaardite led to a slightly larger lattice parameter than
the experimental one by 2.2% and 1.5% for USPP and NCPP, respectively as detailed in
Table 1. In the same table, we report the three independent elastic constants that charac-
terize cubic crystals (Cq1, C1p and Cyq) calculated at 0 K as the numerical first derivative
of the stress with respect to strain. We observe that the USPP values are slightly larger
than the NCPP ones. Compared with the experimental values for the pure compounds,
C11 and Cyp values lie between those of Cu and Pd, while Cyy is larger. Based on these
values, using the Voigt-Reuss-Hill (VRH) approximation [32], some mechanical parameters
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such as bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio (v) and sound
velocities were estimated. As for the elastic constants, the USPP values are slightly larger
than the NCPP ones. The set of calculated parameters compares with those obtained by
Jain et al. [33] using full potential linearized augmented plane wave (FP-LAPW) in combi-
nation with PBE-GGA, WC-GGA and PBEsol-GGA and by Benmakhlouf et al. using USPP
and PBE-GGA [34], as shown in Table 1.

The computed electronic dispersion bands are compared in Figure 3 where the energy
of the Fermi level (E%ISP P =10.9547 eV and EII:\] CPP = 16.1461 eV) has been set to zero. The
band structures are calculated along the path that contains the highest symmetry points in
the first Brillouin zone, as shown in Figure 1.
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Figure 3. Electronic dispersion bands of Skaergaardite simulated with USPP ((left), red trace) and

NCPP ((right), blue trace).

The corresponding density of state (DOS) diagrams, obtained taking into account 30

and 38 electronic bands explicitly for USPP and NCPD, respectively, are given in Figure 4.
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Figure 4. Electronic density of state curve of Skaergaardite (black trace) and projections over atomic
orbitals (colored traces) calculated with USPP (left) and NCPP (right) along the I'-X-M-T'-R-X path.

The phonon dispersion bands of Skaergaardite and the corresponding DOS diagrams
simulated with USPP and NCPP are compared in Figure 5.



Chemistry 2025, 7, 56 50f 10

Table 1. Theoretical parameters of Skaergaardite: lattice parameter (a), interatomic distance (dc,pg), volume cell (V), density (p), elastic constants (Cj;), bulk
modulus (B), shear modulus (G), Young’s modulus (E), Poisson’s ratio (v), compressional, shear and average sound velocities (vs, vy and vy,), and Debye’s
temperature (6p).

USPP NCPP EXP EXP EXP FP-LAPW [33] USPP [34]
PBE-GGA+U PBE-GGA+U CuPd Cu Pd PBE-GGA WC-GGA PBEsol-GGA  PBE-GGA

a/A 3.0531 3.0343 2.988 [21] 3.6150 [21] 3.8898 [21] 3.0145 2.9663 2.9560 3.002

dey_pal A 2.6440 2.6275 2.588

v /A3 28.459 27.937 26.677

p/kgm3 9918.15 10,125.67 10,303.04 @

Cy1/GPa 199.78 178.18 176.2 [35] 234.1 [35] 184.03 217.54 208.66 181.07

C1,/GPa 163.88 154.13 124.9 [35] 176.1 [35] 144.12 173.72 185.01 150.40

Cy4/GPa 100.01 95.12 81.4 [35] 71.2 [35] 60.87 94.11 69.47 97.10

B/GPa 173.51 162.15 158.85 184.92 188.84 160.04

E/GPa 131.77 118.37 108.00 2 130.21

G/GPa 48.51 43.50 38.97 2 47.70

v 0.3583 0.3581 0.386 2 0.365

vp/ms1 4900.72 4663.84 4586.79 2 4635

vs/m s~ 2211.66 2074.43 2078.34 2 2138

O /m s} 2363.54 2191.36 2343302 2408

0p/K 290.41 287.56 291.49 2 301

2 Values from the corrigendum.
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Figure 5. Phonon dispersion bands of Skaergaardite and density of state curves simulated with USPP
((left side), red trace) and NCPP ((right side), blue trace). Phonon branches are labeled by their
longitudinal (L) or transversal (T) displacement and acoustic (A) or optical (O) character.

Relevant output files for the Quantum ESPRESSO and thermo_pw codes are freely
available at the AMS Acta repository [36].

4. Discussion

The general trend of the electronic bands (Figure 3) and DOS (Figure 4) calculated
with USPP and NCPP is similar. Both approaches predict the valence band to lay mainly
between —2 and —10 eV. As an example, the valence band energy values at the I'-point are
compared in Table 2 with the corresponding orbital contributions.

Table 2. Valence band energy values (eV) and atomic orbital contributions at the I'-point of Skaergaardite.

USPP NCPP

Degeneracy E-Er Cu Pd E-Er Cu Pd
2 —8.766 4d 0.48 3d 0.52 —9.009 3d 0.45 4d 0.55
1 —6.219 5s 0.54 45 0.46 —6.485 45 0.94 -
3 —5.829 4d 0.21 3d 0.79 —5.638 3d 0.74 4d 0.26
2 —3.891 4d 0.52 3d 0.48 —3.841 3d 0.55 4d 0.45
3 —2.188 4d 0.79 3d 0.21 —2.263 3d 0.26 4d 0.74
3 +9.909 4p 0.63 5p 0.36 +9.801 n.a. n.a.

At the high-symmetry points, the USPP bands show a higher degeneracy with respect
to the NCPP ones. This different behavior is particularly evident at the R-point. Compared
to the electronic valence band obtained in the Tight Binding Linear Muffin-Tin Orbitals
Atomic Sphere Approximation (TB-LMTO-ASA) on a I'M-X-I'-R path [37], our energy
values at the M and R points are underestimated. Indeed, the minimum energy within the
valence band is found at the M symmetry point at —9.145 eV and —9.916 eV by USPP and
NCPP, respectively. In contrast, the TB-LMTO-ASA model locates the minimum energy
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level of the valence band in the I' point at —8.487 eV. The same trend is found at the
FP-LAPW /PBE-GGA level of calculation on a R-I'-X-M-T" path, with the minimum energy
level of the valence band in the I' point at about —8 eV [33].

The electronic density of state curves calculated with USPP and NCPP and represented
in Figure 4 are qualitatively similar. Both are characterized by a dense valence band
between the Er and —10 eV and a conduction band above 8 eV separated by a low-density
region. In order to assess the contribution of the atomic orbitals of Cu and Pd within the
electronic band structure, projected density of state curves were calculated and reported
in Figure 4 as colored traces. Before analyzing the obtained results, it is important to take
into account that Quantum ESPRESSO calculates wavefunction projections only over the
atomic orbitals which are explicitly described by the pseudopotential. For this reason, the
projections obtained with NCPP and USPP, which account for different atomic orbitals, are
qualitatively different The atomic orbital contributions of the valence bands and the first
conduction band at the I'-point are listed in Table 2. USPP results suggest that the main
contribution to the valence band is associated with Cu-3d and Pd-4d orbitals, whereas the
Cu-4s, Cu-4p, Pd-5s and Pd-5p ones explain the conduction band peaks at low energy. The
lower energy signals mostly originate from the Cu-3d orbitals, while the higher energy
ones are mainly traced back to Pd-4d. However, also, the Cu-4s, Cu-4p, Pd-5s and Pd-5p
orbitals have a not negligible contribution. In particular, they are responsible for the peak
at —0.65 eV. Similarly, it is worth noticing that Pd-4d orbitals significantly contribute to the
feature in the 1.3-2.3 eV conduction region. Comparison with Figure 5b of Jain et al. [33]
concerning FP-LAPW /PBE-GGA calculations suggests that the color code for Pd-d and
Pd-p could be reversed.

As regards the NCPP density of states, the distribution of the copper and palladium
contributions in the valence band appears different, with the Cu-3d orbitals dominating
in the center of the band and the Pd-4d orbitals prominent at the sides. NCPP prediction
also enlightens an important contribution of Cu-4s to the energetics of the valence band
that, according to linear muffin-tin orbital (LMTO) studies on CuPd and CuPt, plays a
crucial role in the stabilization of the B2 arrangement [38]. Other differences concern the
assignment of the peaks close to the Fermi energy: according to NCPD, the peak at —0.61 eV
is mainly assigned to the Cu-4s orbital, while the contribution of the Pd-4d orbitals to
the peak at 1.79 eV is strongly diminished to the USPP depiction. It is worth noting that
except for the peaks around —0.6 and 1.8 eV, there is a pseudo-gap of 8-9 eV between the
valence and conduction bands. In particular, according to both used pseudopotentials, at
the I'-point, the gap is 12 eV. Concerning the inner band, the energy values obtained with
NCPP are the following: —110 eV (Cu-3s), —82 eV (Pd-4s), —67 eV (Cu-3p) and —47 eV
(Pd-4p) with respect to the Fermi energy.

Comparing the electronic density of state curves obtained with or without [33,34,37]
the Hubbard U-corrections, it is evident that including these electron correlation terms
results in a downshift of the valence band relative to the Fermi level. In Figure 3, we observe
that, aside from a small peak at about —0.6 eV, the valence band, mainly constituted by
d orbitals, lies below —1.8 eV. In contrast, different calculations show the valence band
reaching the Fermi level. Our results are consistent with a systematic study on 638 two-
dimensional materials containing 3d transition metals, where U was set to 4 eV [39].
The authors demonstrate that applying the U-correction worsens the agreement with
experimental lattice constants, generally increases the band gap and causes 21% of the
materials to undergo a metal-insulator transition. Another notable difference due to the
Hubbard U-corrections is the presence of a peak at +2 eV.

The phonon dispersion relations represented in Figure 5 show three acoustic and
three optical branches, all characterized by Ty, point symmetry. At the I'-point, the optical
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branches are degenerate and the predicted frequency is 194 cm~! with USPP and 201
with NCPP. The phonon density of state curves, reported in Figure 5, show an energy
gap between the acoustic and optical branches corresponding to the LA-TO distance at
the X-point: 151-157 cm~! with USPP and 158-164 cm ! with NCPP. As concerns the
X-point, comparison with experimental data on the pure compounds [40,41] shows that
the calculated frequencies of CuPd acoustic phonons are between those of copper and
palladium as detailed in Table 3.

Table 3. Transverse and longitudinal phonon acoustic frequencies (cm~!) at the X-point.

TA LA
Pd exp. [40] 155 226
CuPd NCPP 123 158
CuPd USPP 118 151
Cu exp. [41] 100 141

The low-frequency region of the density of states corresponding to the acoustic
branches shows a peak at 117 ecm~! with USPP and 123 cm~! with NCPP. The side peaks
in the high-frequency region of the density of states (164 and 194 cm~! with USPP, 168
and 204 cm~! with NCPP) corresponding to the optical branches are typical of ordered
structures [42].

5. Conclusions

In this study, we have successfully employed Density Functional Theory (DFT) with a
self-consistent Hubbard U-correction to investigate the electronic and phonon properties of
Skaergaardite (CuPd). Our results demonstrate the reliability of the DFT+U approach in
studying bimetallic systems with limited experimental data. The electronic band structure
reveals that the valence bands are primarily composed of Cu-3d and Pd-4d orbitals, with
a pseudo-gap of about 8-9 eV. The inclusion of the Hubbard U-correction significantly
impacts the valence dispersion band, resulting in the energy at the M-point being lower
than at the I'-point, and overall, causing a downward shift in the valence band. The phonon
dispersion analysis shows distinct acoustic and optical branches, with a small gap between
them, typical of ordered materials. The study utilized both USPP and NCPP to ensure the
robustness of the results. While both approaches yielded similar trends in the electronic
bands and density of states, some differences were observed. USPP results showed higher
degeneracy at high-symmetry points compared to NCPP, particularly at the R-point. The
phonon dispersion relations also exhibited slight variations, with USPP predicting slightly
lower frequencies for acoustic phonons at the X-point compared to NCPP.
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