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1 Details of the DFT Calculations

Table S1: Technical details of the PAW-PBE projectors selected for this study. Recommended
cutoff energy for the plane-wave basis set, ENMAX (eV), number of valence electrons, ZVAL, and
valence electronic configuration

Element PAW projector ENMAX  ZVAL Valence Config.
Pd Pd_sv_GW 05Dec2013 356.093 18  4s*4p544'0
Ni Ni_sv_GW 05Dec2013 389.645 18  3s*3p%34'0
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2 Structure generation

2.1 Gupta Potential

The Gupta potential is expressed using the following equations.
E;=EMd + g7 (1)

where 1
2

= Eeen{ ()]}

i

and
£~ Faew [0(24-1)).

Ef’“”d is the attractive part of the energy that accounts for the band character of the metals, and

Elr ‘P is the pairwise repulsion term. The parameters 7, ; are the distance between the atoms i and

7, while ¥ is the distance between the closest neighbors of the bulk phase.! The parameters &,
P, g and A for the interaction pairs Ni—Ni and Pd—Pd are taken from Refs. 2,3 and are gathered

in Table S2.

Table S2: Parameters of the empirical Gupta potential for Ni—Ni? and Pd—Pd interactions.>

Parameter Ni—Ni Pd-Pd

O (A) 2491 2749
A (eV) 0.038 0.175
£ (eV) 1.070  1.718
p 16.999 10.867
q 1.189  3.742

2.2 Generation of Alloys

As discussed in the main manuscript, we have used in this work a protocol recently
developed,4? -10 that is summarized in Figures S1, S2, and S3. As can be seen, the first
step is to optimize the unary cluster structures, from which we select the most stable unary

structures for Ni and Pd, hereafter named parent structures. For the generation of alloy structures,
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all possible permutations of the clusters are included if this number is less than 3000 (applicable
to the clusters of 13 atoms and compositions NizPdy4 and Nip4Pd3). In addition to these
cases, 2.7 x 10° completely random permutations and other 1.3 x 10° design principles-based
permutations were generated for each parent for the clusters with 27 atoms, while for the 41
atom size, the corresponding numbers are 3 x 10° random and 2 x 10> design-based. The Python

scripts for the generation of random structures and design principles can be downloaded from

. 9
the respective papers. 102
Optimization of unary
13 atom clusters
Niss parent : Pd.s parent
- D — Parent structure Selection ——p A
All possible permutations All possible permutations
are generated for each are generated for each
composition composition
15 structures selected via 30 structures selected for ¢ 15 structures selected
k-means > screening calculations via k-means

v

15 structures selected via k-
means including energy asa —p
criterion

Final
calculations

Figure S1: Flowchart for the 13 atoms alloys generation.
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via k-means via k-means

40 structures selected g
for each composition 7

15 structures selected . "
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Figure S2: Flowchart for the 27 atoms alloys generation.
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Optimization of unary
41 atom clusters
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v
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25 selected via k-means . ,
including energy as a Final calculations
criterion

Figure S3: Flowchart for the 41 atoms alloys generation.

Given the large number of structures generated above, it is not possible to perform DFT
calculations on all of them. Here, we employ machine learning techniques for reducing
the number of screening and final calculations. For this, we use the Coulomb matrix (CM)
representation!! to change the Cartesian coordinates of the clusters 3N to the N eigenvalues of
the CM matrix. The dimensionality is reduced further to two using the t-distributed neighborhood
(t-SNE) method ' The k-means method is then applied to select representative structures for
each alloy among the sample space of generated structures. In this way, there is a reduction in
computational costs with DFT calculations for each composition, while maintaining a structurally

diverse set of coordinates for correlation analysis. '

2.2.1 k-means clustering

The k-means method is an important tool for clustering large databases, dividing them into new
data subsets based on similarities between points. These new sets are called clusters, and their
geometric center, known as the centroid, is the most representative point for each cluster. To

define the similarity between the data (structure), we need to supply predetermined parameters
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that allow differentiation between the points. At the beginning of the process, we provide the
number (k) of clusters into which the algorithm will group the data. As the algorithm runs, the
centroid position of each cluster changes, improving the distribution of data in this group. When
the execution is completed, we have the most representative k groups from the data, from which

each centroid is selected. 2

2.2.2 Coulomb Matrix

For describing each structure for the k-means clustering algorithm, we employ the Coulomb

matrix (CM). This matrix describes the repulsion between atoms / and J in the structure, 10,11

and its elements M;; are obtained as follows:

05274 VI=1J,
My = 4)
27
g VI#EJ.

Here Ry is the Cartesian coordinate of the atom / and its nuclear charge Z;. The nuclear repulsion
energy between pairs of / and J is captured by the off-diagonal elements, while diagonal items
encode a polynomial fit to the potential energy of the isolated atoms.'! This representation does
not change with respect to rotations and translations of the entire rigid structure. The eigenvalues

of this matrix yield a vector € which is used to measure the similarity between two different

d(e,e)= /Z\gi—eﬂz. (5)

Each trial structure is converted to a feature vector with the CM eigenvalues. Matrix

structures as 10

diagonalization reduces computational costs despite the high number of atoms per structure and

system. 10

2.2.3 t-distributed Stochastic Neighbor Embedding

For further minimization of computational costs and to avoid problems that arise from
high-dimensional data (since the CM set of eigenvalues has the same number of dimensions as

atoms), we employ the Stochastic Neighbor Embedding, t-SNE, for reduction of dimensionality
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of the CM feature vector to two dimensions. %13 The t-SNE method uses the Student statistic
distribution to determine the similarity between pairs of points of sample space with many
dimensions, providing the optimization of their position in a lower-dimensional representation
so that this representation mirrors the original data.'? By doing that, the t-SNE algorithm tends
to keep similar points close together in two dimensions, in which the k-means algorithm will be

applied for selecting structures. '°

2.2.4 Selected Structures for DFT Calculations

As seen in Fig.S1, we use the k-means approach to choose representative structures 15 for each
parent of the 13 atom alloys, totaling 30 calculations for each composition, with the exception of
Nij>Pd and NiPd, as these structures have only 13 possible permutations each. These structures
are optimized at the screening DFT level.

For the 27 atoms clusters (Fig.S2) we select 10 random and 10 design-based permutations
for each parent structure, except for Ni3Pdy4 and Nip4Pds wherein we employ a similar method
that Ni,,,Pd;3_,, systems to choose 20 structures for each parent, totaling 40. For clusters with
41 atoms, 13 random structures and 12 design-based ones for each parent were selected for the
selection calculations, totaling 50.

After the DFT optimizations, we selected half of the structures using the same k-means
method but with the calculated screening energy used to select the most stable structure per
group (instead of the centroid). These are re-optimized at the final DFT level, and their properties

are analyzed for the discussion.

3 Results for the Unary Clusters

3.1 Convergence Test with 13 Atoms Clusters

The convergence test is an important tool to choose the appropriate cut-off energies to address
the screening calculations. From the convergence curves, an informed choice of the cutoff

energy can be made.
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3.1.1 13 atoms nickel cluster

L 14

In this paper, we use the geometries provided by Lu et al.'* and Chaves et al. !> to perform the

Nij3 convergence test. The relative total energy of a structure x, AE},, is obtained as

AEt)i)t = Et)i)t - Ef{)t’ (6)

where E}, is its total energy and E},, is the total energy of the lowest energy structure. The
results are shown in Figures S4 and S5. Unlike predicted in previous works, the icosahedral
geometry (labeled as geometry c) does not show the lowest energy. 1920 Our results agree with

the more recent work of Lu et al.,'* where the truncated triangular bipyramid showed the lowest

energy.
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Figure S4: Selected structures and relative energies (in meV) for the 13-atoms nickel clusters
available in literature '*!5 (with cutoff energy of 438.351 eV).

For the screening calculations, it is desirable that the calculations are accurate enough to
obtain the correct order between the different isomers, while for the final calculations, we
aim at converged results. Looking at Figure S5(b), we see that the energetic order among the
different isomers changes when the cutoff energy changes from 292 to 340 eV, while remaining
unchanged after this point. For this reason, we chose the 340.939eV (12.5 % lower than the

largest recommended value from the PAW projectors (ENMAX)) for the screening calculations.
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For the final calculations, we use the value 438.351 eV for unary Ni clusters, which is 12.5 %

larger than ENMAX, and can be seen to be converged.

3.1.2 13 atoms palladium cluster

For Pd3, we use a geometry extracted from Chaves et al. 15 (labeled a), Blanco-Rey et al.?!
(labeled b) and others from Nava et al.??> The structure with the lowest total energy is in
agreement with Chaves et al. !> as shown in Figures S6 and S7. Here again we did not find the
icosahedral geometry to be energetically favored, as reported by Lopez et al.?*> working with

small metal clusters, and reported by Sachdev et al.?* for Pd,3 clusters.
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isomers.
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731

Figure S6: Selected structures and relative energies (meV) for the 13-atoms palladium clusters
available in literature 132122 cutoff energy of 400.605 eV).
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isomers.

Similarly to what was observed for the Nij3 clusters, with a cutoff energy 12.5 % lower than
ENMAX (311.581 eV), the calculations already predict the structure (a) as the global minimum,

and the order of relative energies is similar to that of the highest cutoff value. Once again,
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we consider a cutoff 12.5 % larger than ENMAX to be convergent and sufficient for the final

calculations.

3.2 Screening For Unary Clusters with » =27 and 41

As described in the main manuscript, no detailed study was available in the literature on
the geometries of unary clusters with 27 and 41 atoms, and for this reason, we used a
genetic algorithm coupled with an empirical potential to yield many low-energy structures
for optimization at the DFT level. The results for the screening stage are given in Figures S8 and
S9, showing both the binding energies and the magnetic moment. It is seen that the empirical

potential provided a set of structures with energetic diversity (as given by the screening DFT

calculations.
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Pd,4;(below) clusters at the screening DFT level.

The binding energy for Niy; geometries are between —4.33 eV and —4.29 eV, similar to
previous results. %% For Pd,7 structures the binding energies lie around —2.49 and —2.47 eV.
The magnetic moment for most Niy; isomers is concentrated around 20up. The Pd;; isomers
showed magnetic moments from O to 10u.

We observed an increase in binding energies with the cluster size, as observed in previous
works. 19-22:25.26 Here  the E,, for Nig lies between —4.52 and —4.46 eV, while for Pd4; between
—2.70to —2.67eV. As observed for clusters with 27 atoms, different Ni clusters display similar

magnetic moments, while for Pd a larger spread is observed.

3.3 Final Calculations For Unary Clusters
3.3.1 Final calculations for 27 atoms unary clusters

After re-optimizing the geometries with the more accurate final calculations for Niy7 and Pd;7,
we obtained the structures given in Fig. S12. A selected set of properties is provided for all

structures in Figures S10 and S11. We observe that most properties do not show a significant
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correlation with relative energy (with the obvious exception Ep). These figures show that the
empirical potential has provided us with a diverse set of structures instead of structures with

similar geometric and energetic properties.
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Roughly, volume and density seem to have a small correlation with energy, with more
compact structures presenting lower energy. Also worth highlighting is that the RMSD values
show that none of the isomers can be considered geometrically similar to the lowest-energy

ones.
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Figure S12: AE;,(meV) for the 10 geometries of 27-atom clusters with lowest energy for each
atom.

3.3.2 Final calculations of 41 atoms unary clusters

After the final re-optimizations, the Nig; and Pd4; structures obtained are shown in Figure S15.
It is interesting to note that already at this cluster size, the Pd cluster presents itself as a bulk
fragment, while the Ni cluster is more spheric-like. This is also observed for 55-atom clusters.?’
As may be seen in Figures S13 and S14, the magnetic moment for the Pd, clusters varies

more than for the Ni,, clusters, for the sizes of the 27 and 41 clusters. Overall, the same trends

observed for the 27 atom clusters for volume, density, and RMSD are seen for this cluster size.
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Figure S13: Electronic and structural properties of Nig;. The lowest relative energies are shown
in dark blue, the intermediary relative energies are shown in green, and the largest ones are

shown in yellow.
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Figure S15: AE;,(meV) for the 10 geometries of 41-atom clusters with lowest energy for each
atom.

4 Results for Alloys

4.1 Screening Calculation on NiPd Alloys
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Figure S16: Binding and excess energies per atom of Ni,,Pd;3_,, alloys. The orange squares
denotes the properties of each alloy and golden line describe the structures with lowest Ep and
EEXC .
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Figure S17: Binding and excess energies per atom of Ni,,Pdy7_,, alloys. Squares in orange
denotes the geometries obtained by k-means with random permutations while blue squares
depicts structures obtained by design principles. The golden line describe the structures with
lowest Eg and E,y..
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Figure S18: Binding and excess energies per atom of Ni,Pd4;_,, alloys. Squares in orange
denotes the randomly generated geometries while blue squares depicts structures obtained by
design principles permutations. The golden line describe the structures with lowest Eg and E,y..

4.2 Final calculations on NiPd Alloys

The figures in this section present the calculated electronic and structural properties for all
structures at the final DFT level. This includes electronic properties not included in the main
manuscript (such as Egzﬁgority , Eﬁﬁ”r’i’y and magnetic moments), as well as structural ones not
included in the main text (such as the ECN and d,,, specific for each element, number of bonds
of each type, density, and others). As can be seen, the binding (E}) and excess energies (Eey.)

per atom calculated at the screening and final DFT levels show qualitative agreement, with Ej,

increasing in magnitude with the number of atoms, while E,,. decreasing in magnitude.
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4.2.1 Final calculations on 13 atom NiPd alloys
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Figure S19: Electronic properties of the Ni,,Pd;3_,, structures. Different colors indicate the
starting parent structure. Due to the reduced number of possible permutations at this cluster size,
we have generated all possible structures, and thus we do not differentiate between random and
designed structures.
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Figure S20: Structural properties of the Ni,,Pd;3_,, structures. Different colors indicate the
starting parent structure. Due to the reduced number of possible permutations at this cluster size,
we have generated all possible structures, and thus we do not differentiate between random and
designed structures.
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4.2.2 Final calculations on 27 atom NiPd alloys
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Figure S21: Electronic properties of the Ni,,Pdy7_,, structures. Different colors indicate the
starting parent structure, while different symbols differentiate between design-based or random
permutations for the generation of the alloys.
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Figure S22: Structural properties of the Ni,,Pdy7_,, structures. Different colors indicate the
starting parent structure, while different symbols differentiate between design-based or random
permutations for the generation of the alloys.
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4.2.3 Final calculations on 41 atom NiPd alloys
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Figure S23: Electronic properties of the Ni,,Pd4;_,, structures. Different colors indicate the
starting parent structure, while different symbols differentiate between design-based or random
permutations for the generation of the alloys.
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Figure S24: Structural properties of the Ni,,Pd4;_,, structures. Different colors indicate the
starting parent structure, while different symbols differentiate between design-based or random
permutations for the generation of the alloys.
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4.2.4 Spearman correlation
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Figure S25: Spearman correlation analysis for electronic and magnetic properties. Each column
presents a given percentage of Ni, while the cluster sizes are indicated by different points:
Ni,,,Pd;3_,, clusters are represented by triangles, Ni,,Pd,7_,, by squares and Ni,,Pd4;_,, by
pentagons. The color of the points indicates the value of the correlation coefficient.
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Figure S26: Spearman correlation analysis for structural properties. Each column presents a
given percentage of Ni, while the cluster sizes are indicated by different points: Ni,,Pd{3_,,
clusters are represented by triangles, Ni,,Pd,7_,, by squares and Ni,,Pd4;_,, by pentagons. The
color of the points indicates the value of the correlation coefficient.
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Figure S27: Spearman correlation analysis for structural properties. Each column presents a
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color of the points indicates the value of the correlation coefficient.
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