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26 Abstract

29 We present a self-consistent charge density-functional tight-binding (SCC-DFTB)
31 parameterization for PtRu alloys, which is developed by employing a training set of alloy cluster
energies and forces obtained from Kohn-Sham density functional theory (DFT) calculations.
36 Extensive simulations of a testing set of PtRu alloy nanoclusters show that this SCC-DFTB
38 scheme is capable of capturing cluster formation energies with high accuracy relative to DFT
a1 calculations. The new SCC-DFTB parameterization is employed within a Genetic Algorithm to
43 search for global minima of PtRu clusters in the range of 13-81 atoms and the emergence of Ru-
core/Pt-shell structures at intermediate alloy compositions, consistent with known results, is
48 systematically demonstrated. Our new SCC-DFTB parameterization enables computationally
50 inexpensive and accurate modeling of Pt-Ru clusters that are among the best-performing

catalysts in numerous energy applications.
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1. INTRODUCTION

Platinum and platinum-group metals serve as important electrocatalysts in hydrogen-based or

methanol-based proton-exchange-membrane fuel cells (PEMFC)." %

In spite of the widespread
use of these metals, there are still important challenges that need to be met in ensuring catalyst
selectivity and durability. For example, carbon monoxide, which is a common impurity in
hydrogen feeds or produced as a reaction intermediate, easily poisons the active sites of Pt
catalysts.* > ® 7 Tt is well known that by partially alloying Pt with another metal, both CO
tolerance and electrocatalytic activity can be improved. For example, PtRu,* ® PtCo,” ' and
PtMo'" '? alloys have been investigated as anode materials for fuel cells and, currently, PtRu
alloy clusters are known to show the highest resistance to CO poisoning and highest catalytic
activity in PEMFCs.? The superior performance of PtRu over Pt clusters has been explained by

invoking the ligand effect, 1314

which reduces the binding strength of CO at active sites, as well
as a bifunctional mechanism, '> which accesses alternate pathways of reduced energy barriers for
the oxidation and elimination of CO. Yet, there remain important gaps in our systematic
understanding of the influence of size, structure, and composition of PtRu alloys on catalytic
performance at the nanoscale (alloy nanoclusters).

Computer modeling is a very powerful approach for the study of structure—function
relationships in catalysis. In particular, modeling plays a key role in the study of catalyst
nanoclusters where direct experimental measurements of structural properties are extremely
challenging and sometimes infeasible. An important objective in modeling nanoclusters is to
ascertain, for a given size and composition, the morphology that corresponds to the
thermodynamic ground state. Thus, significant effort has been devoted to developing robust
2, 16,17, 18, 19, 20

numerical methods for predicting low-energy structures for various metal clusters.

Density functional theory (DFT) is a particularly useful tool for calculating potential energy
2
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surfaces and has been widely used for global optimization of nanoscale alloy structures.'”?' On
the one hand, DFT requires very few adjustable parameters making it a reliable modeling tool for
most chemical elements. On the other hand, the unfavorable scaling of the method with system
size implies that optimization studies at the DFT level are typically limited to small clusters (10-
100 atoms). Empirical interatomic potentials, which are much less computationally demanding,
can help push the size limit on cluster optimization studies; however, such potentials often suffer
from drawbacks in terms of transferability and possible over-parameterization. In the present
context, we are unaware of widely used, well-tested interatomic potentials for Pt-Ru alloy
clusters, which stymies progress in modeling this important class of catalysts.

Density-functional tight-binding (DFTB) represents another powerful modeling approach

22, 23

that has been widely employed for studying carbon-based systems and metals with

. 24, 25,26
delocalized valance electrons.”™ =

Recently, the accuracy of DFTB has been further improved
27-28 by adding self-consistent charge (SCC) corrections to take into account charge transfer due
to interatomic interactions. The computational speed of SCC-DFTB is intermediate between
DFT and empirical potential methods thus opening up possibilities for global optimization for
larger clusters sizes with high accuracy. Thus, the primary goal of this paper is to obtain an
accurate set of SCC-DFTB parameters for modeling PtRu alloy clusters. (We use the terms SCC-
DFTB and DFTB interchangeably from here on for convenience.) In the process, of developing a
suitable parameterization for Pt-Ru interatomic interactions, we also obtain an accurate set of
parameters for the homo-elemental Pt-Pt and Ru-Ru interactions, which also do not exist in the
literature to date. Thus, our work contributes an important set of tools for SCC-DFTB modeling

of Pt, Ru, and PtRu clusters that can be employed in a wide range of applications, including

molecular dynamics and structural optimization, while pushing the size limits currently imposed
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by more expensive DFT-based approaches.

The remainder of this paper is organized as follows. In Section 2, we provide detailed
information of the modeling procedures. In Section 3, we provide the details of the SCC-DFTB
fitting procedure careful benchmarking against a DFT testing set. As a sample application, in
Section 4, the SCC-DFTB approach is employed within a Genetic Algorithm to search for
optimal (low-energy) structures of PtRu clusters at various sizes and compositions. A summary

and concluding remarks are provided in Section 5.

2. COMPUTATIONAL METHODS

2.1 SCC-DFTB method
Formally, the total energy, E, of a tight-binding system can be expressed within the DFTB

approximation as **

E = Eps + Ecoul T+ Ereps (1)
where Ey is the band structure energy, Ecoy is the Coulomb interaction energy and Epp is the
repulsive energy. In the DFTB formalism, E},¢ is obtained simply from the summation of orbital
interaction energies, which are typically calculated once and for all for a given set of elements,
while Ecgy, 1s determined by a single parameter, namely, the Hubbard U parameter. All
cumbersome terms related to electron exchange and correlation as well as terms related to ion-
ion repulsion are clumped together in the pairwise potential, Vyep;;(R;;), from which the

repulsive energy is obtained as

Erep = ZI<] Vrep,I,] (RI])- (2)

The potential function, Vy.ep (R, ]), is treated as an empirical function that is to be determined

by fitting to experimental data and/or data from higher-level electronic structure calculations. In
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this work, we employ training sets obtained from DFT calculations. The details of the fitting
procedure and results of subsequent tests are reported in Section 3. For now, we simply note that
the potential fitting in this work was performed using the Hotbit package.”* ** Slater-Koster
parameter tables from Hotbit were converted to the standard DFTB format and the DFTB+
package®® was used for the testing phase as well as for subsequent global optimization studies. In
the DFTB+ calculations, the electronic temperature was set to 100 K to accelerate electronic

convergence.

2.2 Density functional theory calculations

DFT calculations of PtRu clusters were performed using the Vienna 4b Initio Simulation
Package (VASP).>"" ** Electron exchange and correlation were described using the Perdew-
Burke-Ernzerhof (PBE)* ** *° form of the generalized-gradient approximation with spin
polarization. A kinetic energy cutoff of 400 eV was used for the plane-wave basis set and a
second-order Methfessel-Paxton®® smearing with width of 0.05 eV was employed. Brillouin zone
sampling was performed using a single /" point. Periodic images of clusters were separated by
more than 10 A of vacuum in all directions to eliminate spurious interactions between periodic

images.

2.3 Genetic Algorithm for structural optimization of alloy clusters

Structural optimization of nanoparticles/clusters can be treated by various approaches such as

40, 41 42, 43 16, 44, 45
37, 38, 39, 40, , » T In

basin-hopping, particle-swarm optimization, and genetic algorithms.
this work, we employ a genetic algorithm (GA) for structural optimization of PtRu clusters.

Since this method has been described exhaustively in our recent work on Pt clusters,'® we refer
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the reader to that work for details; here, we only provide pertinent comments on the crossover
and mutation processes that need to be handled differently for alloy clusters as opposed to homo-
elemental ones.

Crossover: The two parent clusters were shifted to the origin and rotated, and then sectioned at
the z = 0 plane. Thereafter, the upper halves from each parent cluster are exchanged and “glued”
together to form two child clusters. To ensure that the number of atoms is conserved in this
process, the cutting plane might need to be shifted slightly from z = 0, depending on the structure
of the parent clusters. However, it is difficult to conserve both composition and mass using the
same cutting plane. Thus, as a final step in forming the child clusters, we allow for a random
exchange of atomic species to restore the overall composition.

Mutation: To avoid stagnation of the GA, all clusters in a new generation are mutated with 20%
probability by swapping the atom types of a randomly chosen Pt-Ru pair without additionally
perturbing the structure of the cluster. Mutated clusters are then relaxed with local optimization
and replace the old clusters.

Convergence is achieved if the total energy of the lowest energy cluster in a new generation
differs by less than 0.01 eV/atom from that of the previous generation. In general, evolution to a
new generation becomes much slower at the late stages of optimization; thus, it is possible that
convergence might not be achievable for larger clusters. In such cases, optimization is stopped if
the total number of mating events exceeds 10,000 and the lowest energy structure will be taken
as the putative global minimum. While it is impossible to guarantee that the lowest-energy
structure found is indeed the global minimum, the GA nevertheless outperforms simulated-

annealing tests as reported in Table S2.
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2.4 Calculation procedures

First, we performed DFT calculations on randomly generated PtRu clusters of varying size
(13-81 atoms) and composition to create a large database (approximately 200 samples) of
equilibrium (structurally optimized) and non-equilibrium (artificially deformed) structures,
energies, and forces. Thereafter, 50% of this database was used as a training set to parameterize
DFTB potentials for Pt-Pt, Pt-Ru and Ru-Ru interactions; the remaining 50% of the database was
used as a testing set to ascertain the accuracy of the DFTB-predicted energetics relative to DFT.
Since the clusters used in the fitting procedure were randomly generated, the ability of the DFTB
potentials to predict minimum energy configurations of clusters with accuracy remained to be
verified. Therefore, as the second phase of the simulations, the potential energy surface
generated by the Pt-Ru DFTB model was sampled using a Genetic Algorithm and minimum
energy configurations calculated for a selected set of clusters of varying sizes and compositions
(see Table S2). The DFTB-optimized minimum energy clusters were imported into VASP and
further minimized using a conjugate-gradient algorithm (local minimization) at the DFT level.
The DFTB and DFT results were then compared in terms of cluster formation energies to

validate trends across cluster sizes and compositions.

3. RESULTS AND DISCUSSION

3.1 Parameterization and testing of SCC-DFTB potentials

In the first step of potential parameterization, the onsite energies of valence orbitals (¢,,) in free
atoms were obtained for calculating the diagonal elements (Hﬁu =(Pu|H|P,) = Egree) of the
Hamiltonian matrix. Using the Hotbit package, €. Was obtained from all-electron, scalar-
relativistic DFT calculations with the PW92 local density approximation® for electron exchange
and correlation. The onsite energies of the valence orbitals for Pt and Ru are listed in Table 1.

7
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The charge transfer energetics can be described within DFTB by a single key parameter, the

Hubbard U, with a default value *’ of

U ~ IE — EA, 3)
where IE is the ionization energy and EA the electronic affinity. The ionization energy and
electron affinity are calculated by removing and adding electrons from and to corresponding
orbitals of the unconfined atom and then calculating the energy change. Although Hubbard U
values can differ by orbital, for simplicity, we use the same U for all orbitals. As the addition of a
full electron may destabilize the atom in some cases, only a fraction of an electron is added or
removed in practice (0.15 and 0.2 electrons for Pt and Ru d-orbitals, respectively); this is also
more representative of the actual degree of charge-transfer in these systems. U values calculated
from DFT are listed in Table 1. The charge profiles for atoms were assumed to follow a Gaussian
profile.**

As free-atom orbital wavefunctions are too diffuse to be considered as basis functions for
wavefunction expansion in DFTB, a common strategy to generate more compact orbital basis
sets is to model a pseudo-atom, in which an additional confinement is used to mimic the atomic
enviroment.”* We use here a common choice for confinement, namely a quadratic form

potential®®

Veont(r) = (%)2 , 4)

where, as a rule of thumb, 7y is chosen to be twice the covalent radius. Thus, in the second step of
DFTB parameterization, the localized basis functions of valence orbitals for the confined
pseudo-atom were calculated with all-electron DFT (in Hotbit). At the end of the first two steps,

the Hamiltonian and overlap matrices for elementary integrals as a function of distance were
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calculated once and for all for interaction of two atoms and stored in a parameter file (Slater—

Koster table).

Table 1. Electronic configurations and confinement potential parameters for Pt and Ru

Valence
Element Configuration ro(Bohr) N gq(Ha) | ep(Ha) | &5(Ha) | Uy(Ha)
Pt 5d%6st6p?® | 4.80 2 -0.235 -0.035 -0.218 0.367
Ru 4d”5s'5p° | 5.27 2 -0.199 -0.038 -0.166 0.356

In the third and final step, we fit the repulsive pairwise function, V.., (R;;) that accounts for
ion-ion interaction and exchange-correlation effects. The parameters of this potential can be
optimized by fitting to a suitable training set. It is well known that DFTB approximations are
sufficiently crude so that training data from a single system result in poor transferability.”* Thus
in order to achieve higher transferability, we model numerous clusters with different size and
geometries in DFT and use these data for training and testing purpose. As force (energy gradient)
minimization rather than energy minimization is the appropriate metric for structural
optimization, we define our objective function as | FP°FT(R) — FPFTB(R)|, which is norm of the
force difference between DFT benchmarks and DFTB outputs.

Figure 1 displays the results of the training procedure as applied to Pt-Pt, Ru-Ru, and Pt-Ru
interactions. All training data are from DFT calulations with spin polarization; the DFTB
parameterization developed in this work does not include either spin polarization or spin-orbit
effects. To the extent that our goal is to simply employ DFTB for structural optimization rather
than detailed electronic structure calulations, this approach is similar in spirit to empirical
potential approaches. The training set employed here includes (strained) atomic dimers, which
we find to be very important in determining the shape of the repulsive potential curves over a

large range of interatomic distances. For larger clusters, we similarly employ both ground state

9
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configurations as well as structures that are homogeneously expanded or contracted to sample a
range of atomic environments. As seen from Fig. 1, the training procedure results in repulsive
potentials that are in excellent agreement for both homo-elemental and alloy systems. In
particular, we found that empirically tuning the d-orbital energies g, relative to their default

DFT-calculated values (Table 1) has a significant effect on the quality of the data fits. Table S1
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Figure 1: Fitting the derivatives of repulsive potential: (a): Pt-Pt interaction; (b): Ru-Ru
interaction; (c): Pt-Ru interaction. Family of points are from various structures. The cutoff

distance for the repulsive interaction is 7, = 3.3 A.
in the Supplementary information displays the results of this tuning exercise; Fig. 1 displays the
results with optimal onset energies (-0.25 Ha for Pt and -0.24 Ha for Ru).

While we also attempted to include bulk data in the training set, this seemed to adversely

10
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1
2
2 affect accuracy for clusters. Since our focus here is on modeling alloy clusters rather than bulk
5
6 systems, we chose not to include bulk data in the training sets. The transferability of the homo-
7
8 elemental parameterizations (Pt-Pt and Ru-Ru) from cluster data is nevertheless satisfactory for
9
12 bulk Pt and Ru systems as shown in Table S1; the transferability to bulk Pt-Ru alloys is, however,
12
13 poor and we caution against using this DFTB parameter set beyond clusters.
14
15
16
19 R= 09831 " = 09403
20 2= 09911 7 + Bl al = 09819 &
21 > 2 e Pty =
© x P © &
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41 (c) x  PRug
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43 0 Ed L .
44 0 1 2 3 4
45
46 Eppr (€V)
47
48 . . .
49 Figure 2: Comparison of DFT and DFTB formation energies of Pt, Ru and PtRu clusters. Dashed
30 lines indicate the least-squares fit to the data. The slopes of the lines (ideally unity) and the R
g; values indicate an accurate DFTB representation of the target DFT data.
53
54
gg The quality of DFTB parameterization is tested by comparing cluster formation energies
57
58 calculated using both DFTB and DFT as shown in Fig. 2. The formation energy for a Pt,Ru,
2(9) 11
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cluster (on a per atom basis) is defined as
Ef = [E(PtymRuy) —m Epy — n Egy]/(m + ), (5)

where E (Pt,,Ru,,) is the total energy of the cluster, and Ep; and Ej,, are the energies per atom of
bulk FCC Pt and HCP Ru, respectively. Test geometries for each size and composition are based
on cluster morphologies from our previous study on Pt nanoclusters.'® Ru and PtRu clusters are
simply generated by replacing Pt atoms in these clusters and subjecting them to structural
relaxation. In general, we see that for both homo-elemental as well as alloy clusters, the DFTB
formation energies faithfully represent the target DFT data. Indeed, in addition to R-squared
values being very close to one, indicating small statistical scatter, the slopes of the fits are also
close to unity, indicating excellent one-to-one correspondence in the DFTB and DFT formation
energies. Based on this successful parameterization, we pursue next a few examples of GA-based

morphological optimization of PtRu alloy clusters.

3.2 DFTB-based Genetic Algorithm optimization of PtRu cluster morphologies

We now apply our new SCC-DFTB parameterization to the problem of ascertaining minimum-
energy morphologies of PtRu clusters as a function of cluster size and composition. The goal
here is not to undertake a detailed study of the structural and electronic properties of PtRu alloy
clusters but simply to use the DFTB parameterization in conjunction with a GA to confirm
experimentally observed features (see details below) of sub-nanometer PtRu clusters and validate
the model. As examples, we consider PtRu clusters with 13, 32, 55, and 81 atoms with
(approximate) Pt atomic fractions of 0%, 25%, 50%, 75% and 100% in each case. Figure 3
displays the various minimum-energy cluster morphologies for various cluster sizes and

composition. As seen from Fig. 3, the clusters exhibit low-symmetry morphologies in all cases

12
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with little or no resemblance to high-symmetry icosahedral or cuboctahedral geometries as is
often assumed ad hoc in computational studies. In particular, the finding that low-energy Pt

clusters typically adopt low-symmetry structures at small sizes is consistent with several prior

18, 48, 49

studies. In the case of PtRu alloy clusters, it is well known from several experimental

50, 51

studies that Pt atoms preferentially occupy surface sites whereas Ru atoms segregate towards

x=0.00 x=0.25 x=0.5 x=0.75 x=1.00

Figure 3: Morphologies of minimum-energy PtRu clusters of various sizes (N — number of
atoms) and compositions (x — Pt fraction) as predicted by our DFTB-based GA
implementation. Gold and pink spheres represent Pt and Ru atoms, respectively.

the core sites. This is also borne out by our simulations, as seen from Fig. 3, wherein we
consistently find segregation of Pt atoms to the surface with (near) core—shell-like morphologies

visible at intermediate Pt compositions. As noted by Wang et al.’' this segregation is a

13
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mechanism for reducing the energetically unfavorable filling of antibonding states of Pt that
occurs during alloying with Ru. One may also note that the cohesive energy of HCP Ru is much
larger than that of FCC Pt (by 2.8 eV, Table S1), whereas the surface energies of typical low-
index Miller surfaces of Ru are higher than that of Pt (Table S1); both of these facts would also

point towards the tendency for phase segregation with Pt preferentially occupying surface sites.

2.4 :
13 —o—
32 —e—
5 | 55 _
- 81 —e—
>
216!
S
1.2
(a) (b)
0.8 : ‘ ' ' 0.8 : ' . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8
Pt fraction Pt fraction

Figure 4. Formation energies of GA-optimized PtRu clusters (displayed in Fig. 3) as a
function of Pt concentration, calculated with (a) DFT and (b) DFTB. Cluster sizes (number of
atoms) are indicated in the legends.

As a quantitative comparison of the DFTB model against DFT, we display in Fig. 4 the
formation energies of the GA-optimized clusters (Fig. 3). The DFTB results are obtained by the
application of the GA; these GA-optimized clusters are simply imported into VASP and
subjected to a conjugate-gradient structural relaxation (local energy minimization) after which
formation energies are calculated using Eq. 5. In general, we see from Fig. 4 that at any given
composition, smaller clusters have larger formation energies (less thermodynamically stable),
which is to be expected due to the larger number of undercoordinated atoms in smaller clusters.

For the 13-atom cluster, both DFTB and DFT predict a minimum formation energy at x=0.75.
14
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For the 32-atom cluster, DFTB predicts a shallow minimum in formation energy at x=0.75,
which is not captured in DFT. For larger clusters, the DFTB and DFT results agree in predicting
a monotonic decrease in formation energy from pure Ru to pure Pt clusters. In general, DFTB
tends to underestimate formation energies relative to DFT (on average, by about 0.41 eV/atom)
although the overall trends are broadly captured. Nevertheless, to the extent that we propose to
use DFTB as a “pre-processing” step to search the potential-energy hypersurface for low-energy
candidates for subsequent higher-level DFT calculations, the agreement may be deemed

satisfactory.

4. CONCLUSIONS

We have developed an SCC-DFTB parameterization that allows us to model chemical bonding
in Pt-Ru alloy clusters. The parameter set was developed by using a training set of first-
principles DFT data for homo-elemental (Pt and Ru) and alloy clusters. Our new
parameterization is able to describe the thermodynamics (formation energies) of Pt, Ru, and
PtRu nanoclusters in reasonable agreement with benchmark DFT calculations.

As an example application, we employed the validated DFTB parameter set within a Genetic
Algorithm for structural optimization of PtRu clusters and showed that the procedure correctly
captures surface segregation of Pt in PtRu nanoclusters. The low-energy structures predicted by
the DFTB-based GA can serve as good starting points for future investigations of electronic
properties and catalytic activity with higher-level DFT calculations. More broadly, the new
DFTB parameter set for Pt-Ru interactions presented in this work opens up avenues for detailed

investigation of structure—function relationships in this important class of catalytic materials.

15
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SUPPORTING INFORMATION
The Supporting Information is available free of charge on the ACS Publications website at DOI:
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Structural and thermodynamic properties of bulk Pt and Ru phases; comparison of genetic
algorithm and simulated annealing for structural optimization; Slater-Koster tables in DFTB+

format for Pt-Pt, Ru-Ru and Pt-Ru interactions
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