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ABSTRACT

In this study, we have developed solid-state models of platinum and palladium bimetallic catalysts, Pt3Pd2 and Pt2Pd3, which are
rapidly thermally annealed at 800 °C. These models were constructed by determining all the unique atomic configurations in a
2 × 2 × 1 supercell, using the program Site-Occupation Disorder (SOD), and optimized with the General Utility Lattice Program
(GULP) using Sutton-Chen interatomic potentials. Each catalyst had 101 unique bulk models that were developed into surface
models, which were constructed using the two-region surface technique before the surface energies were determined. The
planes and compositions with lowest surface energies were chosen as the representative models for the surface structure of the
bimetallic catalysts. These representative models will now be used in a computational study of the HyS process for the production
of hydrogen.
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1. Introduction
As research into alternative energy becomes increasingly

important, hydrogen has been proposed as a potential replace-
ment for hydrocarbon fuels.1 Hydrogen has the advantages of
being environmentally friendly, readily available and possess-
ing a high energy density.2 However, hydrogen as replacement
fuel is held back by many challenges, including storage and
production technology shortfalls. A current industrial-scale
hydrogen production method is electrolysis, where water is split
into hydrogen and oxygen. Unfortunately, water splitting using
electrolysis is an energy-intensive process, and the goal is there-
fore to create more efficient and environmentally sound routes
to produce hydrogen. One such route could be the hybrid
sulphur (HyS) process, which was first proposed by the Westing-
house Corporation.3 The HyS process produces hydrogen via
the electro-oxidation of aqueous SO2 at the anode of an SO2
depolarized electrolyzer (SDE).4 Various metal catalysts (plati-
num, palladium and gold), serving as the anode in the SDE, have
been reviewed by Díaz-Abad et al.5 Platinum was shown to be
the most effective catalyst, with a high catalyst activity and high
resistance to corrosion in the acidic environment present at the
anode. However, scarcity and cost are major fundamental limita-
tions associated with Pt, and research into lowering the amount
of platinum used in catalysts is therefore vital if hydrogen is to
become a viable replacement energy source.

One study into alternative platinum-based catalysts was carried
out by Falch et al.6 who found potential replacement catalysts
by depositing multi-metal thin films through physical vapour
deposition onto glassy carbon electrodes as the substrate. The
study showed that thin-film combinations of Pt3Pd2 and Pt2Pd3
were two of the best performing catalyst as anode materials for
SO2 oxidation, achieving onset potentials of 0.587 V and 0.590 V,
respectively.6 The onset potentials of these catalysts compare
well with the value reported for standard platinum as the cata-
lyst (0.598 V),7 whilst using less expensive alloys. However, one
problem related to these catalysts is the tendency of the thin
metal films to delaminate, to certain degrees, from the glassy
carbon surface during testing. This problem was addressed
by rapid thermal annealing at 800 °C, which reduced the
delamination phenomenon and increased stability.4,8 It was
shown that the annealing drastically changes the surface struc-
ture of the catalysts, which results in the improved durability of
the catalyst. The XRD analysis of the catalysts indicates that the
(111) Miller plane peak increases with annealing temperature,
while the (200) and (311) planes, as identified by Mahapatra and
Datta,9 remain mostly unchanged. The (111) peak also correlates
well with the catalyst activity,10 indicating that this (111) surface
enables active site formation. These potential replacement
catalysts perform to a similar degree as the standard platinum
catalysts in terms of activity, but they have a longer life-time
compared to the standard platinum catalysts.8a

Given the promise of Pd/Pt alloys as catalysts in the HyS
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process, this study aims to develop solid-state models of plati-
num and palladium bimetallic catalysts, Pt3Pd2 and Pt2Pd3,
annealed at 800 °C to be used in the modelling of the HyS process
for the production of hydrogen. To this end, we will identify and
construct the most stable Pt3Pd2 and Pt2Pd3 bi-metallic bulk
material, followed by the creation of (111) surface models.

2. Computational Methods
Various bulk configurations, at the desired ratios of Pt3Pd2

and Pt2Pd3, were constructed by substitution of Pd into all avail-
able sites of the pure Pt bulk and vice versa, using the program
Site-Occupation Disorder (SOD)11 in a similar manner to the
recent study conducted by Botha et al.12 The unit cells of Pt and
Pd were constructed with F-type lattice, in a face-centred cubic
(fcc) cell with space group Fm-3m (number 225) by entering the
crystallographic properties into SOD. The cell size was limited to
a 2 × 2 × 1 supercell as larger supercells were unfeasible due to
the large numbers of configurations generated for the different
alloy compositions that would need to be considered, which
would be beyond the computational capabilities of the SOD
program. In this instance, SOD can treat a 2 × 2 × 1 cell with 16
atoms within a reasonable timeframe. However, a 2 × 2 × 2 cell
with 32 atoms leads to so many different configurations, that
its computation cannot be completed within a sensible time-
frame.13 The unit cell of Pt was expanded into a 2 × 2 × 1 rectan-
gular cell with a and b lengths of 7.847 Å and c of 3.924 Å, and cell
angles of 90.0 °, based on the lattice constant at 25 °C obtained
from Arblaster.14 The Pd cell had lengths a, b of 7.780 Å and c with
a length of 3.890 Å, and cell angles of 90.0 °, again based on lattice
constants at 25 °C obtained from Arblaster.15 In addition to
generating all inequivalent distribution configurations for each
alloy composition, SOD also provided various properties and
energies of each bulk configuration, i.e. Boltzmann probability
distributions, bulk energies and thermodynamic energies at
different temperatures. The temperatures used were in the
range of –272 °C to 900 °C, as 900 °C was the highest temperature
used in the annealing of the catalysts as reported by Falch et al.8a

The optimized structures were analyzed, and the most probable
bulk configurations determined using the Boltzmann probabili-
ties. The list of configurations obtained from SOD was geometry
optimized using the molecular mechanics based General Utility
Lattice Program (GULP),16 with the interatomic potentials from
the Sutton-Chen library of potentials.17 The geometry optimiza-
tion was carried out under constant pressure, until the equilib-
rium volume was reached.

The surface energies for Pt, Pd and all 101 inequivalent config-
urations for both Pt3Pd2 and Pt2Pd3 catalysts were calculated.
However, before the surface energies could be calculated the
cubic symmetry of the bulk was re-obtained through resizing
the bulk to a 2 × 2 × 2 cell by doubling in the z-direction, thereby
increasing the simulation cells to 32 atoms. The Pt3Pd2 bulk
materials now contained 12 Pd and 20 Pt atoms, with cell dimen-
sions of 7.8472 Å and cell angles of 90.0 °. The Pt2Pd3 bulks now
contained 12 Pt and 20 Pd atoms, with cell dimensions of
7.7804 Å and cell angles of 90.0 °. Slab structures without dipole
were created using the program METADISE18 (minimum energy
techniques applied to dislocation interface and surface ener-
gies), to cut geometrically optimized bulk structures along the
(111) Miller plane. Additionally, METADISE was used to deter-
mine the symmetrical terminations of each configuration, which
is required for the determination of the surface energies.19 The
surface energy was determined by employing a two-region
method18, as shown in Fig. 1. Region 1 represents the atoms near
the surface which are all allowed to relax fully, while Region 2

represents the rest of the bulk material where the atoms are kept
fixed in their bulk-optimized positions.13,20 The addition of
Region 2 is necessary to ensure that the potentials acting on the
atoms in Region 1 at the interface with Region 2 and close to the
surface are modelled correctly. The surface thickness (Region 1)
and the bulk thickness (Region 2) must be optimized to model a
sufficiently large system to achieve convergence and increase
accuracy, whilst keeping the system small enough to minimize
computing time. This optimization was done for one of the
configuration structures and assumed to be the same for the
remainder of the compositional configurations.

The total energy of a surface (UTotal), consisting of the two
regions, is calculated using Equation (1), where the subscript
denotes the interactions between the regions. However, the
energy of Region 2 (U22) is not required as it is cancelled out in
the surface energy calculations, as it describes the energy of an
infinitely large bulk below the surface, but it is required to obtain
convergence of the calculations. To calculate the energy of the
relaxed surface (USurface), the energy of Region 1 (U11) and half
the energy interaction between Region 1 and Region 2 (U12) is
required, as shown in Equation (2). The surface energy (ΔUSE),
written in terms of Equation (3), can now be calculated by
subtraction of the bulk energy (UBulk) from the energy of the
USurface per unit surface area (A). UBulk is obtained by multiplying
the energy value of the original 16-atom cell by the number of
times this cell is occurs in Region 1 and Region 2. A lower positive
value for the surface energy (ΔUSE) of a solid indicates a more
thermodynamically stable surface.13

UTotal = U11 + U12 + U22 (1)

Usurface = U11 +
U12

2
⎛
⎝
⎜ ⎞

⎠
⎟ (2)

ΔUSE =
U U

A
surface bulk−⎛

⎝
⎜ ⎞

⎠
⎟ (3)

To validate the surface energy calculations, surface energies of
the pure Pt and Pd metals were calculated and compared to
values reported in the literature. The Pt and Pd bulk metals were
constructed using the same process that was used to create
the bulk of the Pt3Pd2 and Pt2Pd3. Both Pt and Pd bulks were
optimized and cut along the (111) Miller plane and constructed
into surface models with the same Region 1 and 2 thicknesses
as stated earlier. Surface energies of Pt (0.90 J m–2) and Pd
(0.99 J m–2), as reported by Todd and Lynden-Bell21 were
obtained using a similar method and also employing the
Sutton-Chen interatomic potentials. Similarly, Kimura et al.22

reported surface energies, using Sutton-Chen potentials, for Pt
and Pd at 0.913 J m–2 and 1.003 J m–2.
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Figure 1 A visualization of the two-region method, illustrating the sur-
face model with surface layer (Region 1) and bulk layer (Region 2) and
the vacuum layers surrounding them.
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3. Results
In the model of the Pt3Pd2 catalyst with the desired concentra-

tion of Pt 60.0 % Pd 40.0 %, a total of 6 out of the 16 Pt atoms in the
bulk were substituted by Pd using the SOD program, which led
to a Pt concentration of 62.5 % and Pd of 37.5 %. Similarly, the
Pt2Pd3 model was constructed by replacing 6 Pd atoms with Pt in
the Pd bulk giving concentrations of Pd at 62.5 % and Pt 37.5 %.
These model concentrations are similar to the composition of the
experimental results, as reported by Falch et al.6 For both models,
SOD generated 8008 possible configurations, but of those only
101 were unique. SOD uses Boltzmann probabilities to predict
which configurations are likely to occur at specific temperatures
and these probability predictions were used to further reduce
the number of required bulk calculations by focussing only on
the configurations which are likely to occur at the desired
temperature; in this study, a probability threshold of 1 % was
used. Figure 2 indicates the number of bulk configurations that
are probable at temperatures ranging from –272 °C to 900 °C for
both Pt3Pd2 and Pt2Pd3 systems.

At –272 °C, only one configuration is probable in each catalyst,
which correlates to the lowest-energy configuration. However,
as the temperature increases, the number of configurations
increases slowly to 12 and 6 configurations at –72 °C for Pt3Pd2
and Pt2Pd3, respectively. Pt3Pd2 shows an exponential increase in
the number of configurations between 0 °C and 400 °C from 28 to
94 configurations, until the maximum number of configurations,
namely 101 configurations, is reached at 800 °C. In terms of
Pt2Pd3, the rate at which the number of configurations grows is
much slower, only reaching 95 at 900 °C. This difference in the
number of configurations between the two compositions would
suggest that the Pt2Pd3 catalyst requires higher annealing
temperatures to achieve more random configurations. However,
in experimental work6 these catalysts are rapidly thermally
annealed at 800 °C, and, as illustrated, all 101 inequivalent bulk
configurations of Pt3Pd2 and 94 of Pt2Pd3 are probable at this
temperature. For the sake of completeness and comparison,
it was decided to investigate all 101 configurations for both
systems.

Table S1 and Table S2 found in the supplementary informa-
tion, list the ten most likely configurations at different tempera-
tures of the Pt3Pd2 and Pt2Pd3 systems, respectively. Included in
the tables are relative bulk energies and Boltzmann probabilities.

These tables indicate how the distribution of the configurations
is spread more evenly as the temperature increases, highlighting
the necessity to take into account not only lowest-energy config-
urations but also higher energy configurations which become
probable at the annealing temperatures. For example, at 25 °C
configuration 94 of the Pt3Pd2 catalyst has a probability of
25.36 % (highest probability configuration), but at 800 °C, it has
fallen to sixth position with a probability of only 3.55 %, even
though it is the bulk configuration with the lowest energy. This
behaviour can be explained by the level of the degeneracy of
the different configurations; a higher degeneracy will allow a
configuration to become more probable at higher temperatures.
In the case of the Pt2Pd3 catalyst, the lowest-energy configura-
tion, namely 94, remains the most probable configuration as
predicted by the Boltzmann probabilities. This suggests that the
other configurations do not have a high enough degeneracy, or
their relative energies are too high to compete effectively with
configuration 94 to become the most likely configuration in the
distribution. However, we note that the differences between the
relative bulk energies, of the configurations, are less than 0.1 kJ,
supporting the conclusion that at higher temperatures a larger
number of configurations becomes accessible. However, the
Boltzmann probability of the bulk configurations is comple-
mented by a description of the surface energies to identify the
ground state configuration.

First, surface energy calculations were carried out on different
sizes of Regions 1 and 2. Figure 3 shows the results of varying the
sizes of Region 1 and Region 2, using the bulk of Pt3Pd2 configu-
ration 1 as a representative example. For Region 1 the surface
energy is stable at 3 –4 layers, however, it was decided to double
the thickness to seven layers for all proceeding surface energy
calculations to ensure convergence for the remainder of configu-
rations. Region 2 shows stability at five layers and again it was
doubled in thickness to 10 layers for all surface energy calcula-
tions, to ensure that the system converges with the remainder of
configurations.

Hence all subsequent surfaces were constructed with a Region
1 with 7 layers and Region 2 with 10 layers. The surface energies
of the pure Pt and Pd metals were calculated first, with Pt giving
a surface energy of 0.925 J m–2 and Pd one of 1.039 J m–2. These
results compare well to the reported values from Todd and
Lynden-Bell21 of Pt 0.90 J m–2 and Pd 0.99 J m–2 . Additionally they
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Figure 2 The number of bulk configurations probable in relation to
temperature, of Pt3Pd2 and Pt2Pd3 in a 2 × 2 × 1 cell as predicted by
SOD.mm

Figure 3 Surface energy optimization of Pt3Pd2 by varying the Region
thickness of configuration 1 at 800 °C. Initially, Region 2 was held
constant at 10 layers while testing Region 1, after which Region 1 was
held constant at sevenlayers and Region 2 was varied.
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correspond to the values reported by Kimura et al.,22 at Pt
0.913 J m–2 and Pd 1.003 J m–2, indicating the validity of the
method and accuracy of the calculated surface energies.

The calculated surface energies of the two catalyst systems are
displayed in Fig. 4 and Fig. 5. The surface energies for Pt3Pd2
vary from 0.817 J m–2 to 1.007 J m–2, with configuration 3 consid-
erably more stable (lower surface energy) than the rest of the
configurations, which will, therefore, be the most likely repre-
sentative surface configuration of the Pt3Pd2 surface. The surface
energy results for the Pt2Pd3 vary less between the minimum
and maximum values with an energy range of 0.887 J m–2 to
1.007 J m–2. There is a group of three configurations that are
notably more stable than the rest of the 101 configurations, i.e.
configurations 17, 81 and 8 with energies calculated at
0.887 J m–2, 0.888 J m–2 and 0.889 J m–2, respectively. These config-
urations will, therefore, most likely occur in the surface structure
of the Pt2Pd3 model.

The four best performing surface configurations, as listed
above, visualizations of the top layer of the surfaces are shown in
Fig. 6. The surface area of each configuration has been quadru-
pled in size, by doubling the lengths of a and b, of the periodic
cell. This was done to easily identify the arrangement of Pt and
Pd, and determine the atomic sequences. The sequences are

described in the following in notation, in which the square
brackets denote the beginning and end of a sequence and the
round brackets denote the individual rows, as seen from left
to right. Figure 6a shows Pt3Pd2 configuration 3, the surface
structure consists of a row with the following sequence [(Pt),
(Pd-Pd-Pd-Pt)]. Figure 6b shows Pt2Pd3 configuration 17, the
surface structure contains the following sequence [(Pt-Pt-
Pd-Pd), (Pd-Pd-Pd-Pt), (Pd-Pt), (Pd-Pd-Pd-Pt)]. Figure 6c shows
Pt2Pd3 configuration 81, with the following surface structure
[(Pt-Pd-Pd-Pd), (Pt-Pd)]. Figure 6d shows Pt2Pd3 configuration
8 with the surface structure with the following sequence
[(Pt-Pd), (Pd), (Pt), (Pd)]. The top layer arrangement was high-
lighted to see if any correlation between configurations, which
would explain the reason for the lower surface energies.
However, as can be seen, the configurations show no correlation
to one another, and there are no obvious similarities between
them.

4. Conclusions
This study aimed to construct solid-state models of two

bi-metallic catalysts, namely Pt3Pd2 and Pt2Pd3, which could
then be used in the modelling of the HyS process for the produc-
tion of hydrogen. The bulk materials for both catalyst composi-
tions were constructed by using the program SOD to create
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Figure 4 Surface energies for the 101 configurations of the Pt3Pd2 catalyst arranged in ascending order, the first 10 configurations are show in more
detail in the expanded section.

Figure 5 Surface energies for the 101 configurations of the Pt2Pd3 catalyst arranged in ascending order, the first 10 configurations are show in more
detail in the expanded section.
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unique bulk configurations by replacing single atoms from
the pure metal by the alloying metal. The unit cell of the two
compositions produced a total of 8008 configurations with 101
unique configurations for both Pt3Pd2 and Pt2Pd3 systems. The
results obtained from the bulk calculations indicated that all 101
configurations had to be considered, as the high-temperature
annealing process of the catalysts would allow most of the
configurations to occur. Hence, another method of choosing a
representative surface model was needed.

Thus, we created surface models from the different bulk
configurations, which were used to calculate the surface ener-
gies of each of the catalyst systems, with the configurations with
the lowest surface energies selected as being representative of
the catalyst surface. These surfaces were not constructed from
the bulk configuration with the lowest energy, justifying our
decision to select the representative surface configurations
based on their surface energies. This method of calculating
surface energies using Sutton-Chen interatomic potentials, was
validated by comparing the surface energies of the pure metal
systems against those reported in the literature, with good
agreement between our results and the literature values. The
calculated surface energies of the Pt3Pd2 catalyst indicate that
one configuration had notably lower surface energy and is
hence a significantly more stable surface than the rest, with
a surface energy of 0.817 J m–2; visualizations and Cartesian
coordinates can be found in Fig. S1 in the supplementary infor-
mation. The Pt2Pd3 system had three configurations with
comparable low energies, calculated at 0.887 J m–2, 0.888 J m–2

and 0.889 J m–2, respectively, and shown in Figs. S2–S4 in the
supplementary information.

The stacking sequences of the four lowest energy surfaces
show no evident correlation or similarities, which indicates that
the minor differences in surface energy that occur are caused
by nearest-neighbour interactions. As the compositions of each
of the surfaces remain the same, only these configurational
differences can be the reason for the variations in surface ener-
gies. However, due to the classical nature of interatomic potential-
based simulations, electronic properties of the surfaces cannot
be obtained. Future work should therefore include investigations
of these surface models using quantum mechanical techniques,
such as calculations based on the Density Functional Theory.
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Table S1: A list of the ten most probable bulk configurations of Pt3Pd2 predicted by SOD, out of the 101 inequivalent configurations 

at different temperatures, listing the configuration numbers, relative electronic bulk energies and Boltzmann probabilities 

25 °C  700 °C 800 °C 900 °C  

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

94 0.000 25.36% 96 0.025 6.22% 96 0.025 5.43% 96 0.025 4.82%
96 0.025 19.01% 95 0.027 6.06% 95 0.027 5.31% 95 0.027 4.72%
95 0.027 17.49% 100 0.032 5.68% 100 0.032 5.01% 100 0.032 4.47%

100 0.032 14.09% 97 0.057 4.25% 97 0.057 3.85% 72 0.123 3.65%
99 0.032 7.11% 94 0.000 4.18% 72 0.123 3.76% 97 0.057 3.52%
97 0.057 5.38% 72 0.123 3.86% 94 0.000 3.55% 76 0.130 3.40%

101 0.045 4.21% 98 0.070 3.64% 76 0.130 3.48% 60 0.140 3.09%
98 0.070 3.22% 76 0.130 3.54% 98 0.070 3.35% 98 0.070 3.09%
72 0.123 0.78% 60 0.140 3.16% 60 0.140 3.14% 94 0.000 3.08%
76 0.130 0.59% 77 0.141 3.13% 77 0.141 3.11% 77 0.141 3.07%

 

 

 

Table S2: A list of the ten most probable bulk configurations of Pt2Pd3 predicted by SOD,101 inequivalent configurations at 

different temperatures listing the configuration numbers, relative electronic bulk energies and Boltzmann probabilities 

25 °C 700 °C 800 °C 900 °C 

Config.
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

Config. 
No. 

Relative 
Energy 

(kJ) 

Probabili
ty (%) 

94 0.000 25.36% 94 0.000 6.22% 94 0.000 5.43% 94 0.000 4.82% 

95 0.071 19.01% 95 0.071 6.06% 95 0.071 5.31% 95 0.071 4.72% 

97 0.091 17.49% 97 0.091 5.68% 97 0.091 5.01% 97 0.091 4.47% 

98 0.097 14.09% 98 0.097 4.25% 98 0.097 3.85% 98 0.097 3.65% 

96 0.105 7.11% 96 0.105 4.18% 96 0.105 3.76% 96 0.105 3.52% 

93 0.141 5.38% 93 0.141 3.86% 93 0.141 3.55% 93 0.141 3.40% 

101 0.163 4.21% 73 0.241 3.64% 73 0.241 3.48% 73 0.241 3.09% 

66 0.187 3.22% 66 0.187 3.54% 72 0.246 3.35% 72 0.246 3.09% 

99 0.182 0.78% 72 0.246 3.16% 66 0.187 3.14% 18 0.251 3.08% 
100 0.203 0.59% 18 0.251 3.13% 18 0.251 3.11% 66 0.187 3.07%

 

  



Figure S1: Visualisation of (a) across and (b) onto views Pt3Pd2 configuration 3, including the (c) list of Cartesian coordinates of 
the 32 atom bulk 

a) b) 

c) x y z 

Pd  10.7295 9.4649 0.0000 

d  5.3767 4.6678 0.0456 

Pd  2.6202 4.6394 0.0468 

Pd  13.4976 9.4406 0.1017 

Pt 1.3160 2.2367 0.1242 

Pt 9.4892 7.0486 0.1455 

Pd  8.1057 4.5717 0.1500 

Pt 14.8783 7.0736 0.1944 

Pt 6.7919 7.0905 0.2022 

Pt 8.0345 9.4438 0.2097 

Pt 10.8101 4.6071 0.2139 

Pt 12.2078 7.0777 0.2166 

Pt 9.5434 2.3052 0.2433 

Pd  16.2157 9.4463 0.2541 

Pt 4.0862 2.3025 0.2889 

Pt 6.7148 2.2360 0.3087 

Pt 9.4732 8.6268 2.3421 

Pt 12.1718 8.6192 2.3517 

Pt 12.2300 3.8316 2.3592 

Pt 13.5613 6.1753 2.3688 

Pt 4.0164 3.8463 2.3922 

Pd  5.3781 6.1974 2.3931 

Pt 5.4097 1.3361 2.4048 

Pd  10.8486 6.1869 2.4081 

Pd  8.1207 6.1789 2.4084 

Pt 6.7329 3.7567 2.4117 

Pd  2.6918 1.3937 2.4186 

Pt 14.8795 8.5470 2.4267 

Pt 9.4653 3.7846 2.4291 

Pd  8.1386 1.3728 2.4294 

Pd  10.8759 1.4064 2.4561 

Pt 6.7243 8.6045 2.4627 
 

   
 

 



Figure S2: Visualisation of (a) across and (b) onto views Pt2Pd3 configuration 17, including the (c) list of Cartesian coordinates of 
the 32 atom bulk 

a) b) 

 c) x y z 

Pd 1.5116 0.7308 0.0000 

Pd 4.2358 0.7551 0.0036 

Pd 4.2235 5.4201 0.0069 

Pd 8.1777 2.9808 0.0267 

Pd 2.9623 7.9470 0.0417 

Pd 1.5004 5.3084 0.0468 

Pd 9.6632 0.7183 0.0672 

Pd 6.9189 5.4958 0.0705 

Pd 0.0797 7.9036 0.0765 

Pd -1.2450 5.3516 0.1020 

Pt 5.4899 3.1054 0.2292 

Pt 5.7055 7.9080 0.2340 

Pt 2.8604 3.1132 0.2472 

Pt -2.7041 7.9122 0.2700 

Pt 0.1133 3.0460 0.2766 

Pt 6.8738 0.5356 0.3060 

Pt 8.3232 4.5538 2.2149 

Pt -1.2433 2.3034 2.2284 

Pt -2.4529 9.3956 2.2506 

Pt 2.9250 4.6352 2.2512 

Pt 5.5592 4.6276 2.2566 

Pt 0.1924 9.3822 2.2758 

Pd 1.5265 7.0394 2.2968 

Pd -5.1535 9.4400 2.3163 

Pd 4.2829 6.9598 2.3175 

Pd -1.2157 6.9830 2.3544 

Pd 6.9402 2.2361 2.3628 

Pd 4.2378 2.1814 2.3703 

Pd 1.5126 2.2591 2.3838 

Pd 2.9656 9.4879 2.4048 

Pd 0.2042 4.6367 2.4087 

Pd 6.9800 6.9128 2.4348 
 

 

  



Figure S3: Visualisation of (a) across and (b) onto views Pt2Pd3 configuration 81, including the (c) list of Cartesian coordinates of 
the 32 atom bulk 

a) b) 

c) x y z 

Pd 5.6760 6.5357 0.0000 

Pd 9.7253 8.8229 0.0072 

Pd 4.3828 4.0087 0.0126 

Pd 9.7132 4.2000 0.0189 

Pd 8.2728 1.8122 0.0291 

Pd 12.4405 8.9387 0.0495 

Pd 12.4970 4.1120 0.0522 

Pd 6.9862 8.8923 0.0669 

Pd 11.0780 1.6818 0.0735 

Pd 13.7783 6.5308 0.1020 

Pt 3.0519 1.6969 0.2037 

Pt 7.0548 4.2859 0.2238 

Pt 5.5193 1.6590 0.2616 

Pt 8.3084 6.4752 0.2619 

Pt 11.0794 6.4555 0.2640 

Pt 15.0970 9.0050 0.3009 

Pt 9.7335 2.4887 2.1930 

Pt 11.1736 4.9229 2.2209 

Pt 7.0080 7.3123 2.2257 

Pt 5.7240 0.1750 2.2557 

Pt 2.8344 4.9437 2.2566 

Pt 8.4139 0.2359 2.2671 

Pd 3.0115 0.1542 2.3151 

Pd 5.6461 4.9722 2.3154 

Pd 7.0131 2.5587 2.3277 

Pd 1.5589 2.5626 2.3286 

Pd 4.2980 7.3471 2.3514 

Pd 12.4781 7.4012 2.3535 

Pd 9.7363 7.3051 2.3793 

Pd 0.2748 0.1330 2.4111 

Pd 8.4854 4.9048 2.4120 

Pd 4.2723 2.6237 2.4318 
 

 

 



Figure S4: Visualisation of (a) across and (b) onto views Pt2Pd3 configuration 8, including the (c) list of Cartesian coordinates of 
the 32 atom bulk 

a) b) 

 c) x y z 

Pd 6.7343 9.0389 0.0000 

Pd 12.1569 9.0389 0.0000 

Pd 9.4904 4.1174 0.0075 

Pd 4.0678 4.1174 0.0075 

Pd 14.9055 9.1445 0.0123 

Pd 9.4829 9.1445 0.0123 

Pd 12.1821 4.1734 0.0252 

Pd 6.7594 4.1734 0.0252 

Pd 8.1529 6.5799 0.0339 

Pd 13.5755 6.5799 0.0339 

Pt 2.6093 1.7984 0.1878 

Pt 8.0319 1.7984 0.1878 

Pt 10.8265 6.4955 0.2502 

Pt 5.4039 6.4955 0.2502 

Pt 10.9160 1.7487 0.2511 

Pt 5.4934 1.7487 0.2511 

Pt 13.5887 5.0805 2.1852 

Pt 8.1661 5.0805 2.1852 

Pt 10.7999 5.0549 2.2410 

Pt 5.3773 5.0549 2.2410 

Pt 5.4183 0.2545 2.2563 

Pt 10.8410 0.2545 2.2563 

Pd 12.1891 7.4535 2.3121 

Pd 6.7665 7.4535 2.3121 

Pd 2.6811 0.2673 2.3142 

Pd 8.1037 0.2673 2.3142 

Pd 9.4925 7.4924 2.3211 

Pd 14.9152 7.4924 2.3211 

Pd 9.4934 2.6870 2.3235 

Pd 4.0708 2.6870 2.3235 

Pd 12.1810 2.7424 2.3697 

Pd 6.7583 2.7424 2.3697 
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