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The investigation on the effect of alloying on the phase stability and elastic properties of
the ordered Pt;Cu phase was carried out using density functional theory-based first-
principles calculations. In this study, aluminium, zinc and chromium were considered as
substitutional elements on the Cu site to form L1 Pt3Cu1..Y, ternary alloys. The calculated
heats of formation show that the thermodynamic stability was gradually enhanced with
increasing contents of all three alloying elements, with Al being the most effective even at
smaller compositions, while Cr was the least effective. However, despite low
thermodynamic stability, the increase in Cr composition resulted into higher elastic
properties such as tetragonal shear, and Young’'s moduli compared to the other two
alloying elements. Current results reveal the alloying compositions that improve the
thermodynamic stability of cubic ordered Pt;Cu phase as well as satisfying the mechanical
stability criteria. Therefore, a theoretical technique has been successfully employed to
identify ternary L1» Pt3Cui..Y, compositions with potential to be used as cathode catalysts
in proton-exchange membrane fuel cells.
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INTRODUCTION

Fuel cells have emerged as a hopeful technology to supply clean energy in automobiles, portable and
stationery applications (Ren et al., 2020). Among the fuel cell types, the proton-exchange membrane fuel
cells (PEMFCs) are generally considered one of the most promising solutions, especially when refuelled
with hydrogen from renewable energy sources (Wang et al., 2019; Zhang et al., 2021, Melmen et al., 2021).
Some of the key factors that offer PEMFCs a competitive advantage and render them attractive are zero
emission, high efficiency, fast refuelling, and low upfront cost. These new niche technological
applications hold promise for the quest to increase and diversify industrial uses of platinum group
metals (PGMs). Moreover, face-centred-cubic (FCC) Pt-based alloys were found to have interesting
chemical and mechanical properties, including high melting temperatures, thermal stability, and high
corrosive resistance (Cornish et al., 2007). However, some issues hindering commercial uptake and
widespread adoption of PEMFCs is the use of expensive platinum (Pt) in its pure form as cathode
electrocatalyst, which accounts for about 40% of the overall cost (Zhang et al., 2021, Mglmen et al., 2021),
as well as the sluggish kinetics of the oxygen reduction reaction (ORR) on cathodes (Wang et al., 2019a).
Consequently, research and development efforts are underway around the globe, in quest to reduce
cost and improve stability of the ORR catalysts without compromising catalytic performance. Alloying
Pt with non-precious group metal (PGM) transition metals as one way of reducing the amount of Pt
used has drawn much attention in the past few years (Ou 2014; Ren et al., 2020).

8t International PGM Conference
Sun City, 2 - 3 November 2022
The Southern African Institute of Mining and Metallurgy
375



Formation of the ordered (intermetallic) phase has been found to yield superior catalytic performance
and phase stability in ORR (Zhao ef al., 2021; Kim and Joo, 2020; Saravanan et al., 2016). Among the
Pt3TM cathode candidate alloys, Pt3Co electrocatalyst has proved to be a viable option. However, the
increased global demand of cobalt (Co) as an essential mineral used for magnets, hard metals, catalysts,
superalloys, lithium-ion batteries in electric vehicles, computers, and mobile phones poses a huge
supply risk and has escalated its cost significantly.

Due to this challenge, alternative Pt;TM-based alloys are being considered as candidate cathode
materials to be deployed in PEMFCs; among others, vital in supporting South African government
hydrogen economy aspirations. PtsCu alloy is among potential cathode materials (Saravanan et al.,
2016). However, as shown in Figure 1, this alloy composition which lies very close to the ordered
rhombohedral L1 phase remains in FCC (A1) solid solution state at lower temperatures, slow or
unlikely to order into L1, intermetallic phase. Despite copper (Cu) being readily available, the
predicament mentioned above limits the chances of this alloy being used in the current form. As a result,
this work paid attention on increasing thermodynamic and mechanical stability of ordered Pt:Cu phase
by means of introducing third alloying elements
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Fiqure 1. Cu-Pt phase diagram (Abe et al., 2006).

such as aluminum, zinc and chromium. The choice of third alloying element was on their ability to form
stable L1> phase with Pt (i.e. Pt3Y) as well as their cost viability.

In summary, the aim in this paper was to investigate the substitution effect of three alloying elements
(Al, Zn and Cr) on the structure, thermodynamic phase stability and elastic properties of ordered Pt;Cu
phase. This systematic study was carried out using a first-principles approach.

METHODOLOGY

The calculations in this study were performed on 2x2x2 FCC supercell using density functional theory
based on CASTEP code embedded in Materials Studio software package (Clark et al., 2005). Robust
Vanderbilt ultrasoft pseudopotentials (Vanderbilt, 1990) were used to describe the ion-electron
interaction within the generalised gradient approximation (Perdew and Wang, 1992) of Perdew-Burke-
Ernzerhof according to (Perdew et al., 1997). A plane wave energy cutoff of 500 eV and k-points set of
6x6x6 were sufficient to converge the total energy of the considered systems.

Effects of alloying on the phase stability and elastic properties of L1> PtsCui..Y: (Y=Al, Zn, Cr) were
determined from the ground-state structures optimised using the Brayden-Fletcher-Goldfarb-Shanno
(BFGS) minimisation scheme. The convergence criterion of less than 1x10-5 eV /atom, the maximum
residual forces of 0.03 eV/ A, maximum residual bulk stress of 0.05 GPa and maximum atomic
displacement of 1x103A were utilised.
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First-principles modelling of L1> Pts3Cu and ternary compositions was conducted using FCC supercell
based on space group #221(Pm-3m) consisting of 32 atoms. The ternary compositions considered were
of stoichiometry Pt24CurY1, PtasCusY2 representing 3.125 and 6.25 at.% of the alloying element.

Phase stability
Heats of formation were calculated from Equation 1 to determine thermodynamic stability (Phasha ef
al., 2010).

Hy =~ BRSO V% [(0.250)ESiq +XEdyia+ 0.75EE iq)]---- [1]
where EFSSM~%Y* g the total energy of the alloy, EFY,, ESS:q and ES ;4 are the total energies of the

ground-state structures of elemental Pt, Cu and corresponding alloying elements, x and 0.25-x refer to
the fractional concentrations of the constituent elements, and the total number of atoms in the
superstructure is represented by n.

Elasticity

The stress-strain relationship may be used to distinguish the elastic and plastic regimes of solid
materials. The elastic moduli are the fundamental physical parameters which establish the stress-strain
relationship in the elastic regime. For an isotropic polycrystalline solid, the two independent elastic
parameters are the bulk modulus (B) and the shear modulus (G). The ratio of B/G predicts the brittleness
of metals (ductile if above 1.75 and brittle if lower). For the cubic structures, only three elastic constants,
corresponding to Ci1, Cr2, and Cy, are independent. The mechanical stability criteria of cubic crystals is
given by expressions shown in Equation 2 (Nye, 1985).

Cll > 0, C44 > 0, Cll - C].Z > 0, Cll + 2C12 > 0 [2]
By = Bg =3 (Ciy + 2Cy5), €' = =22 G, = 208 = —3ZBHH+"':H and
_ 3By—2Gy
v=05 ( 3By+Gy ) 13]
RESULTS AND DISCUSSION
Phase stability

The calculated lattice constants and formation energies of binary L1> Pt3Cu and Pt3Cui..Y, ternary
compositions are presented in Figure 2 (a) and (b), respectively. As shown in Figure 2(a), the lattice
constant increased with addition of Zn and Al, due to their larger atomic sizes than Cu (Callister and
Rethwisch, 2011), but decreased with increasing Cr composition. Although the introduction of each of
the three considered alloying elements led to more negative formation energies, Al was found to be the
most effective in increasing the thermodynamic stability of L1, Pt3Cu, as shown in Figure 2 (b). A phase
is more thermodynamically stable when the value of formation energy is more negative. The structural
properties of binary alloy were calculated to benchmark the ternary alloys in order to determine the
effect of alloying elements.
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Fiqure 2. Calculated properties (a) lattice parameters and (b) formation energies of L1> Pt3Cu1.+Yx.

Elastic properties

Figure 3 presents the predicted elastic constants Ci;, Ci2, and Cy of L1> PtsCui Y, plotted against
composition of the respective alloying element Al, Zn and Cr in (a), (b) and (c), respectively. Although
the change of elastic constants due to alloying is minimal, their effect on elastic properties is significant,
as shown in Figure 4. It follows from Figure 4 (a) that addition of Cr linearly increases with tetragonal
shear modulus (C') whilst it first dips at 3.125 at. % and increases thereafter for Al and Zn addition.
Figures 3 (a), (b), (c) and 4 (a) are an indicative that the mechanical stability criterion for cubic crystals
as outlined in Equation 2 is satisfied and it increases as the difference between Ci; and Ci; elastic
constants widens with higher alloying content.

Current results predict Cr to be the most effective in promoting mechanical stability of L1, PtsCu phase.
On the other hand, the increase in shear strength correlates with a decrease in ductility on alloying with
Cr. The opposite trend is strongly observed for Al whereas it is weak for Zn. As a result, Zn addition
results in the most ductile alloy, followed by Al while Cr yields the least. This behaviour is informed by
mechanical property results shown in Table I, wherein highest bulk modulus (B) corresponds with
lowest Gy in the case of Zn. Furthermore, it is interesting to note a combination of higher mechanical
stability (C') in Figure 4 (a) which corresponds with highest Young's (E) and shear modulus (Gp) as well
as lowest values of Poisson’s ratio in Table L
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The current results depict for the first time a correlation between thermodynamic stability (formation
energy) and mechanical strength. As it has been experimentally reported that formation of the ordered
(intermetallic) phase yielded superior catalytic performance and phase stability in ORR in fuel cells
(Zhao et al., 2021; Kim and Joo, 2020; Saravanan et al., 2016), this correlation emanating from this work
could be responsible for stability and enhanced performance. The Al and Cr at around 6 at. % could be
promising L1> Pt3Cui. Y, ternary alloys with potential to be used as catalysts in oxygen reduction
reactions of proton-exchange membrane fuel cells.

Table 1. Calculated mechanical properties of L1> Pt3Cuy..Yx

Bulk Young' Shear Poisson’s
Modulus B | Modulus E Modulus Gy | ratiop

Composition (GPa) (GPa) (GPa) (GPa)

Pt24Cus 228.96 139.59 76.65 0.398
Pto4sCuyAly 220.71 130.70 71.10 0.401
Pto4sCusAl, 212.55 157.01 78.55 0.377
Pto4sCuyZm 218.51 125.18 69.97 0.404
Pt24CusZn; 232.15 144.34 74.03 0.396
Pt24CuyCry 215.20 156.39 81.96 0.379
Pt24CusCro 230.79 173.12 88.97 0.375
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CONCLUSIONS

Using first-principles modelling on the L1> Pt3Cui..Y» compositions, the calculated heats of formation
showed that the thermodynamic stability was gradually enhanced with increasing content of all three
alloying elements, with Al being the most effective even at smaller compositions while Cr was the least.
However, despite low thermodynamic stability, the increase in Cr composition resulted in higher elastic
properties such as tetragonal shear and Young’s moduli compared to the other two alloying elements,
implying higher strength.

The current results reveal the alloying compositions that improved the thermodynamic stability of cubic
ordered Pt:Cu phase as well as satisfied the mechanical stability criteria. Therefore, a theoretical
technique has been successfully employed to identify ternary L1, Pt3Cu1.. Y. compositions with potential
to be used as cathode catalysts in proton-exchange membrane fuel cells.
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