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1. Abstract 21 

Pt-based bimetallic alloys are considerably more active than Pt for the oxygen reduction reaction 22 

(ORR). This increased activity has been attributed to weakening of the adsorption of ORR intermediates 23 

due to the presence of Pt “skins.” Density functional theory (DFT) calculations have, in turn, pointed 24 

to the importance of surface segregation energies and Pt leaching on the formation and stability of the 25 

skins on close-packed surfaces of Pt alloys. The generalizability of these insights across different 26 

chemical environments, surface compositions, and facets, however, remains a subject of active research 27 

and is the focus of this work. We present a generalized computational framework combining DFT 28 

calculations and data-driven methods to predict the stability of different Pt3X (X = Ni, Co, Fe, and Cu) 29 

alloy facets under vacuum conditions and in the presence of an electrochemical environment, wherein 30 

we analyze the combined effect of segregation, intrasurface phase separation, leaching, and surface 31 

oxidation as a function of electrode potential. The analysis reveals that a subtle interplay of these factors 32 

influences Pt skin formation and stability, with Pt segregation being a strong function of the surface 33 

structure, and continuous base metal dissolution being thermodynamically, although not always 34 

kinetically, favored at ORR-relevant voltages. 35 
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2. Introduction 44 

Alloys are used as catalysts for a diverse range of electrochemical reactions such as hydrogen 45 

evolution1, oxygen reduction2, CO2 electroreduction3, methanol electrooxidation4,5, and many others. 46 

Among these, the oxygen reduction reaction (ORR), which occurs at the cathode of a fuel cell, is a 47 

particularly challenging reaction to catalyze, not only due to its sluggish kinetics, but also due to a 48 

reaction environment that is highly corrosive (in an acidic medium) and oxidizing, leading to rapid 49 

catalyst degradation. Pt-based alloy catalysts have shown greater activity for the ORR compared to the 50 

commercially used Pt/C catalyst2,6, and Pt3Ni, in particular, is the current state-of-the-art7–11. However, 51 

the stability of Pt3Ni in an electrochemical environment remains a critical issue that poses a significant 52 

barrier to its practical application. This stability is a function of surface structure and composition2,7,12, 53 

which can be modified via various mechanisms including surface segregation13,14, leaching12,15–19, and 54 

adsorbate-induced surface processes such as surface oxidation20,21. Stamenkovic et al.7 have 55 

demonstrated that these mechanisms also influence the activity of Pt3Ni extended surfaces, as evidenced 56 

by the higher activity shown by the so-called “Pt skin” surfaces on Pt3Ni, which have a Pt-rich top layer 57 

and an Ni-rich subsurface layer. Computational studies2,22 have, in turn, suggested that the increase in 58 

activity results from a weakening of the binding of oxygen—compared to pure Pt—on such Pt skin 59 

surfaces. Nevertheless, incomplete understanding of the complex array of physico-chemical phenomena 60 

that affect the structure, activity, and stability of Pt3Ni alloys motivate further studies of these 61 

phenomena, with an ultimate goal of suggesting strategies to design more stable Pt-based alloy catalysts 62 

for the ORR.  63 

Over the past 25 years, a series of computational studies have begun to illuminate some of the 64 

phenomena described above.  The celebrated density functional theory (DFT) studies of segregation in 65 

binary alloys by Nørskov and coworkers14,23 involved calculation of segregation energies through atom 66 

exchange between different layers in a surface slab. These studies demonstrated that the segregation 67 

energy to move a Pt atom to the top layer from the subsurface layer in Pt3Ni is negative, hence indicating 68 

the favorability of Pt segregation to the surface. A limited number of studies have also considered 69 

segregation in the presence of adsorbates such as oxygen. Ma & Balbuena24 analyzed segregation with 70 
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low oxygen coverages on the alloy surfaces. Dapeng et al.21 constructed a surface phase diagram based 71 

on an ab initio atomistic thermodynamics framework25,26, determining that the Pt skin surface changes 72 

to an Ni-skin surface with ½ ML adsorbed oxygen atoms at higher oxygen chemical potentials; this 73 

conclusion was also supported by experimental studies27,28 showing the propensity for O-induced 74 

segregation of Ni to the surface and subsequent oxidation of nickel in an oxygen-rich gas phase 75 

environment. Ma & Balbuena18 also analyzed leaching of Pt3Ni under electrochemical conditions—by 76 

applying the thermodynamic formalism developed by Greeley & Nørskov17—and calculated the 77 

dissolution potentials of Pt from the Pt skin layer, with and without oxygen adsorbates, which were 78 

found to be more positive compared to pure Pt. A limited number of studies have also looked at Pt-Ni 79 

ordering at longer length scales using potential functions trained on DFT calculations. Mueller and 80 

coworkers29,30 performed a comprehensive analysis of the Pt3Ni (111) surface using cluster expansion-81 

based grand canonical Monte Carlo simulations and generated detailed phase maps to describe 82 

equilibrium surface composition profiles and correlate them with ORR activity. More recently, Hansen 83 

and coworkers31,32 utilized machine learning-based methods to identify surface patterns on Pt-Ni 84 

nanoalloys.  85 

In this work, we seek to extend the first principles treatments described above by introducing a 86 

generalized thermodynamic framework that (1) accounts for all possible structural and compositional 87 

perturbations at the surface and (2) provides a comprehensive picture of thermodynamic stability in 88 

both chemical and electrochemical environments by incorporating the combined influence of physico-89 

chemical mechanisms such as segregation, leaching, intrasurface phase separation, and adsorbate-90 

induced surface processes. The atomistic slab models used in the framework are developed for several 91 

Miller Index surface facets and consist of two regions—a fixed and ordered bulk region and a variable 92 

surface region with a specified number of active layers that is systematically populated with all possible 93 

surface compositions and configurations.  94 

DFT calculations are employed to evaluate the energies of the above structures, and a canonical surface 95 

phase diagram, consisting of a one dimensional convex hull formalism, is then used to determine the 96 

thermodynamically stable surface compositions and configurations. The chemical potentials of these 97 
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configurations are next determined to identify surface compositions in equilibrium with the fixed bulk 98 

composition. Subsequently, a grand canonical surface phase diagram is constructed to determine the 99 

compositional and configurational evolution of the surface as a function of electrode potential in an 100 

electrochemical environment. The effect of leaching is considered by assuming an equilibrium between 101 

non-precious metals in the surface and their ions in solution. Finally, the influence of adsorbate-induced 102 

surface processes, such as surface oxidation, is incorporated using the computational hydrogen 103 

electrode (CHE)33 method.  104 

We use this framework to examine stability trends of Pt3Ni and other bimetallics such as Pt3Fe, Pt3Co, 105 

and Pt3Cu. We look at four facets of each of the alloys—(111), (100), (110), and (211)—to determine 106 

the structure sensitivity of these trends. To deal with the explosion in configuration space due to the 107 

inclusion of disordered configurations of the (211) facet, we use an active learning scheme to reduce 108 

the number of DFT evaluations required to accurately sample the search space. Beginning with training 109 

dataset of DFT calculations, we use the Monte-Carlo dropout34 technique in a dropout graph 110 

convolutional network (dGCN)35, based on the crystal graph convolutional neural network (CGCNN) 111 

framework developed by Xie et al.36, to estimate uncertainty in target property predictions, and then use 112 

a thermodynamic criterion—based on the lower confidence bound (LCB) acquisition function37—to 113 

sample structures for further DFT evaluations.  114 

Through a canonical analysis, we show that Pt skin formation is favored under vacuum for the (111) 115 

facet, although intrasurface phase segregation is not observed, consistent with previous experiments 116 

and computational studies. However, this favorability towards Pt-segregation is reversed for the (110) 117 

facet, as we observe Ni to be more stable in the top layer. We show that this is due to a surface 118 

coordination effect—Pt prefers to segregate to the surface site with a higher coordination number (CN) 119 

first—and that this effect is consistent across facets, most notably on the (211) facet, which has the most 120 

heterogeneous coordination environment. 121 

Lastly, through a grand canonical analysis, we show that the leaching of Ni dominates over its surface 122 

oxidation (via OH and O adsorption), leading to the formation of a Pt-rich surface above 0 𝑉𝑆𝐻𝐸. 123 

However, the difference between the driving forces for leaching and surface oxidation is reduced for 124 
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the (211) facet, which binds oxygen-containing adsorbates strongly. We close by discussing the 125 

potential role of kinetics in determining the surface composition profile.  126 

3. Methods 127 

3.1 Electronic Structure Calculations 128 

Periodic density functional theory calculations in the Vienna Ab-Initio Simulation Package (VASP)38 129 

are used to perform electronic structure calculations. The Kohn-Sham orbitals are expressed in terms of 130 

a plane-wave basis set with an energy cutoff of 400 eV. The Perdew-Burke-Ernzerhof (PBE)39 131 

functional within the generalized gradient approximation (GGA) is used to model exchange and 132 

correlation effects. The Brillouin zone is sampled with a 4 × 4 × 1 grid chosen according to the 133 

Monkhorst-Pack40 scheme; the associated k-point density changes only slightly across different 134 

considered surfaces. Core electron states are expressed using the projector augmented wave (PAW)41 135 

method. Electron states above the Fermi level are populated at 0 K using the first-order Methfessel-136 

Paxton42 smearing scheme with a width of 0.2 eV. All the calculations are spin polarized. Geometric 137 

optimization of the surface structures is carried out until the Hellman-Feynman forces are below 0.02 138 

eV/Å.  139 

Lattice constants of Pt3Ni, Pt3Co, Pt3Fe, and Pt3Cu are calculated by relaxing the bulk unit cell volume. 140 

Values for the lattice constants are given in Table S3. The (111), (100) and (110) facets are modeled as 141 

2 × 2 × 6 unit cells, whereas the (211) facet is modeled as a 3 × 2 × 6 unit cell with 15 Å of vacuum 142 

separating periodic images in the z-direction.  143 

3.2 High-Throughput Workflow 144 

The stoichiometric surfaces of all facets are generated from bulk alloy structures using the Python 145 

Atomic Simulation Environment (ASE)43, and further modifications to the structures are performed 146 

using an in-house code. The top two layers of the alloy surfaces are designated as active layers, and 147 

these layers are systematically perturbed in terms of stoichiometry and arrangement such that all 148 

possible surface configurations are sampled. Out of this total set, unique configurations are sampled 149 

using structure matching tools from Pymatgen,44 and only these unique geometries are used in the DFT 150 
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calculations. For each of the (100), (110) and (211) facets, two surface terminations exist, based on 151 

where the bulk is cleaved. We consider both terminations in our structure generation routine. We also 152 

build analysis tools to capture detailed characteristics of the surface structures, such as the number of 153 

atoms of each type in every layer, as well as the number of different types of bonds between atoms in 154 

the active layers. These statistics are later used to determine thermodynamic excess surface quantities.  155 

We further couple our high-throughput structure generation, calculation, and analysis workflow with a 156 

machine learning-based surrogate model to reduce computational overhead in the case of the (211) 157 

facet, where the number of total configurations is about an order of magnitude higher the other three 158 

facets combined. Specifically, we train a dropout graph convolutional network (dGCN)45—based on 159 

the crystal graph convolutional neural network (CGCNN) framework developed by Xie et al.46, 160 

additionally modified to include the coordination number of each atom as a node feature—on the DFT 161 

predictions of all the configurations of the (111), (100), and (110) facets, as well as a subset of the total 162 

number of (211) configurations. To quantify uncertainty in the predictions of the target property, we 163 

use a Monte-Carlo dropout scheme. This trained dGCN model is then used to predict the energies of all 164 

possible (211) configurations. We apply a thermodynamic stability criterion, involving the lower 165 

confidence bound (LCB) acquisition function, on the predicted target properties and uncertainties, and 166 

sample a subset for which we perform further DFT calculations.  167 

3.3 Thermodynamic Formalism 168 

Thermodynamic analyses are performed in the canonical and grand canonical ensembles. The former 169 

predicts stability for given compositions, whereas the latter describes an electrochemical environment 170 

as a function of electrode potential. The analyses are discussed primarily in the context of Pt3Ni, but 171 

they can be generalized to other Pt3X alloys considered in this work. Extensive quantities with a prime 172 

(′) are excess quantities, and those without a prime are rescaled excess quantities. 173 

3.3.1 Canonical ensemble  174 

An alloy model with a fixed bulk region (consisting of ordered Pt3Ni) and a surface region with a 175 

specific number of active layers is considered. The surface region is allowed to access any composition, 176 

ranging from pure Pt to pure Ni, and any arrangement of Pt and Ni atoms. The rescaled excess 177 
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Helmholtz free energy (𝑓𝑠) of this model is expressed as a function of the rescaled surface excess 178 

quantity of Pt (Γ𝑃𝑡), the surface energy (𝛾𝑠), and the surface chemical potentials of Pt (𝜇𝑃𝑡) and Ni 179 

(𝜇𝑁𝑖) using Equation 1, which is derived from the fundamental equation of thermodynamics: 180 

𝑓𝑠 = 𝛾𝑠 + 𝜇𝑁𝑖 + (𝜇𝑃𝑡 − 𝜇𝑁𝑖)Γ𝑃𝑡 (1) 181 

The rescaling procedure effectively sets the references for the surface excess free energy to structures 182 

with pure Pt and Ni surfaces and Pt3Ni bulk substrates, and normalizes the surface excess values such 183 

that they lie between 0 and 1. Therefore, Γ𝑃𝑡 is analogous to a surface composition, such that Γ𝑃𝑡 = 1 184 

represents a pure Pt surface and Γ𝑃𝑡 = 0 represents a pure Ni surface on a Pt3Ni bulk substrate. 𝑓𝑠, which 185 

is the free energy of a surface with a given Γ𝑃𝑡 on a Pt3Ni bulk substrate, involves two contributions—186 

the energy required to transfer the requisite number of Pt and Ni atoms from reservoirs with chemical 187 

potentials 𝜇𝑃𝑡 and 𝜇𝑁𝑖 having pure Pt and pure Ni surfaces on Pt3Ni bulk, respectively, and the surface 188 

energy. While the first contribution has an analog in standard bulk Helmholtz free energy expressions, 189 

the latter is exclusive to our formalism. A more detailed derivation is provided in Section S1. 190 

In a procedure analogous to that used to generate bulk binary alloy phase diagrams47,48, a canonical 191 

surface phase diagram is made by plotting 𝑓𝑠, calculated using DFT, against Γ𝑃𝑡, and a convex hull is 192 

used to determine phase stability. Configurational entropy is incorporated into the calculation of 𝑓𝑠 193 

through a Boltzmann average over all possible surface arrangements (see Section S3). The surface 194 

chemical potentials differences between Pt and Ni are obtained from the slopes of the convex hull. 195 

Consistent with the rescaling discussed above, these chemical potentials are referenced to the chemical 196 

potentials of the pure Pt and pure Ni surfaces on Pt3Ni bulk, respectively. Separate convex hulls are 197 

constructed for 0 K and finite temperatures. 198 

The formalism described above is valid when the number of active layers in the surface region is fixed, 199 

implying that Γ𝑃𝑡 + Γ𝑁𝑖 = 0. However, the boundary between the bulk and surface regions is not a 200 

physical entity, and in principle, the surface region can have an arbitrary number of active layers. 201 

Consideration of a higher number of such layers should, in turn, yield improved accuracy of calculated 202 

surface properties such as surface energies and surface chemical potentials. Generalizing to arbitrary 203 
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active layers entails consideration of surface slabs with varying active layers for a fixed number of bulk 204 

layers. In this case, the rescaled excess Helmholtz free energy (𝑓𝑠) is expressed independently in terms 205 

of the rescaled Pt surface excess (Γ𝑃𝑡) and the rescaled Ni surface excess (Γ𝑁𝑖); a zero rescaled surface 206 

excess of both species represents a surface with no active layers (Equation 2). We note that the 207 

generalized relationship is distinct from the case where a fixed number of active layers is considered, 208 

wherein Γ𝑃𝑡 and Γ𝑁𝑖 may not be independently varied (Equation 1).  From Equation 2, a two 209 

dimensional convex hull is constructed with simplices in the form of planes that independently yield 210 

the chemical potentials of Pt (𝜇𝑃𝑡) and Ni (𝜇𝑁𝑖), as well as the surface energy (𝛾𝑠). 211 

𝑓𝑠 = γs + Γ𝑃𝑡𝜇𝑃𝑡 + Γ𝑁𝑖𝜇𝑁𝑖 (2) 212 

Calculated surface chemical potentials of the alloy elements are compared with the corresponding bulk 213 

chemical potentials to identify surface structures and compositions that are in thermodynamic 214 

equilibrium with the bulk alloy. To evaluate the bulk chemical potentials of Pt (𝜇𝑃𝑡
𝑏𝑢𝑙𝑘) and Ni (𝜇𝑁𝑖

𝑏𝑢𝑙𝑘), 215 

a canonical bulk phase diagram with pure bulk Pt and pure bulk Ni as bulk references is constructed, 216 

and the slopes of the convex hull around Pt3Ni are determined (see Section S6). The two slopes provide 217 

a lower bound (Δ𝜇𝑏𝑢𝑙𝑘
𝐿𝐵 ) and an upper bound (Δ𝜇𝑏𝑢𝑙𝑘

𝑈𝐵 ) on the surface chemical potentials, and any 218 

surface structures and compositions having surface chemical potential differences (Δ𝜇 = 𝜇𝑃𝑡 − 𝜇𝑁𝑖) 219 

within these bounds will be in equilibrium with the bulk alloy. We define these bounds as the bulk 220 

stability window.  221 

Δ𝜇𝑏𝑢𝑙𝑘
𝐿𝐵 ≤ Δ𝜇 ≤ Δ𝜇𝑏𝑢𝑙𝑘

𝑈𝐵 (3) 222 

We note that, since the canonical bulk phase diagram is calculated with pure bulk Pt and pure bulk Ni 223 

as references (different from the references of the surface chemical potentials), we apply a correction 224 

to the surface chemical potentials to align their references with the bulk references. We provide a 225 

derivation for the correction in Section S6.  226 

3.3.2 Grand canonical ensemble 227 

In the grand canonical analysis, the excess grand free energy of the surface (𝜔𝑠
′) is expressed as a 228 

function of the surface excess of Pt (Γ𝑃𝑡), the bulk composition of Pt (𝑥𝑃𝑡), surface chemical potential 229 
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of Pt (𝜇̅𝑃𝑡), and excess Helmholtz free energy of the surface (𝑓𝑠
′), as shown in Equation 4. Note that, 230 

for convenience, the reference state for the chemical potentials is chosen to be the average energy per 231 

atom of bulk Pt3Ni.  This modified reference, compared to Equations 1 and 2, is indicated by the bar 232 

notation. In addition, for convenience, we use a stoichiometric Pt3Ni(111) surface as the reference for 233 

the grand canonical energies (indicated by the prime notation), in contrast to the canonical case 234 

described above  (see Section S4 for a more detailed derivation). 235 

𝜔𝑠
′ = 𝑓𝑠

′ −
Γ𝑃𝑡 − 𝑥1

1 − 𝑥1
𝜇̅𝑃𝑡 (4) 236 

To determine the chemical potentials, two equilibria are assumed—one between dissolved, solution-237 

phase Ni ions and surface Ni atoms, and the other between bulk Pt atoms and surface Pt atoms. 238 

Therefore, the surface chemical potential of Ni is equated to the chemical potential of solution-phase 239 

Ni2+ ions, which is expressed as the sum of the standard chemical potential—the difference between the 240 

bulk DFT energy of Ni (𝜇𝑁𝑖
𝑏𝑢𝑙𝑘) and standard free energy change of the redox reaction (Δ𝐺𝑁𝑖2+|𝑁𝑖

0 ) —241 

and contributions from the solution-phase entropy, which depends on the concentration of Ni2+ (𝐶𝑁𝑖2+ ), 242 

and the electrode potential (𝑈), referenced to the standard hydrogen electrode.  243 

𝜇𝑁𝑖
𝑠𝑜𝑙 = 𝜇𝑁𝑖

𝑏𝑢𝑙𝑘 − Δ𝐺𝑁𝑖2+|𝑁𝑖
0 + 𝑘𝐵𝑇 log

𝐶𝑁𝑖2+ 

1𝑀
− 2𝑒𝑈 (5)  244 

The surface chemical potential of Pt is then determined using the bulk alloy constraint for the 245 

relationship between bulk Ni and Pt chemical potentials:  246 

𝜇̅𝑁𝑖 = 𝜇𝑁𝑖
𝑠𝑜𝑙 − 𝜇𝑃𝑡3𝑁𝑖

𝑏𝑢𝑙𝑘 (6) 247 

𝜇̅𝑃𝑡 = −
(1 − 𝑥1)𝜇̅𝑁𝑖

𝑥1

(7) 248 

This formalism is analogous to a standard electrochemical Pourbaix analysis, wherein the grand free 249 

energy is expressed as a function of electrode potential. A surface Pourbaix diagram is made by plotting 250 

𝜔𝑠
′  against 𝑈 (with the latter acting as a proxy for 𝜇̅𝑃𝑡), and the most stable phase is determined at each 251 

potential by identifying the structure with lowest lying curve. Alloy structures with adsorbates, 252 
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specifically H, OH, and O, are included by modifying the expression for the excess grand free energy 253 

with an additional term incorporating the coverage (𝜃𝑎𝑑𝑠) and chemical potential (𝜇𝑎𝑑𝑠) of adsorbate 254 

species, the latter of which are estimated using the computational hydrogen electrode (CHE)33 method. 255 

The factor 𝑁𝑙 indicates the number of active layers. 256 

𝜔𝑠
′ = 𝑓𝑠

′ −
Γ𝑃𝑡 − 𝑥1

1 − 𝑥1
𝜇̅𝑃𝑡 −

𝜃𝑎𝑑𝑠

𝑁𝑙
𝜇𝑎𝑑𝑠 (8) 257 

4. Results and Discussion 258 

4.1 Canonical surface phase analysis of the (111) facet  259 

We begin with the discussion of the canonical surface phase diagram for the (111) facet (Figure 1b). 260 

The rescaled excess Helmholtz free energy (𝑓𝑠) of each (111) configuration is plotted against the 261 

rescaled surface excess of Pt (Γ𝑃𝑡). Drawing an analogy between our canonical surface phase diagram 262 

and canonical bulk phase diagrams in literature, 𝑓𝑠 can be interpreted as the energy required to form a 263 

Pt3Ni surface alloy having a particular composition Γ𝑃𝑡 from pure Ni and pure Pt surfaces, all of which 264 

have a Pt3Ni bulk substrate. Extending this analogy further, the thermodynamic stability of surface 265 

phases can be determined using a convex hull formalism, wherein phases that lie on the convex hull are 266 

deemed to be thermodynamically stable, and those that do not lie on the hull are expected to separate 267 

out into the two adjacent phases on the hull. For each surface composition, we find that the surface 268 

structure with the lowest energy lies on the convex hull. We further confirm that this insight holds for 269 

larger unit cells by making the phase diagram and convex hull for a √3 × √3 cell with one active layer. 270 

We also consider stability at finite temperatures by evaluating 𝑓𝑠 through a rigorous partition function-271 

based approach at various temperatures (the convex hull for 1000 K, which is reported to be the 272 

annealing temperature in experimental studies19, is shown in the phase diagram). At higher 273 

temperatures, all surface compositions are stabilized due to configurational entropy and remain on the 274 

convex hull.  In aggregate, these results imply that no intrasurface phase transformations, such as 275 

islanding, will occur on Pt3Ni(111), although it is possible that such processes might be observed at 276 

larger length scales that are not accurately described by our surface unit cells.  277 
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 278 

Figure 1: (a) Automated workflow to generate unique surface configurations from a stoichiometric 279 

surface slab for any facet. First, all possible surface configurations are enumerated based on the number 280 

of active layers specified (two, in this illustration). Next, an algorithm leveraging both ASE and 281 

Pymatgen is used to identify unique, symmetrically-distinct configurations. These configurations are 282 

then evaluated using DFT. (b) Canonical surface phase diagram showing the Helmholtz free energies 283 

(per surface atom, 𝑓𝑠) plotted against the surface composition of Pt (Γ𝑃𝑡) (blue circles). The atoms in 284 

the top two active layers of structures on the convex hull at T=0 K (blue dotted line) and T=1000 K (red 285 

dotted line) are shown on the two sides of the phase diagram. The surface compositions lying in the 286 

pale green window are in equilibrium with the bulk.  287 

The results further demonstrate that, as the surface composition of Pt is increased, Pt preferentially 288 

segregates into the top layer and forms a Pt skin at and above Γ𝑃𝑡 = 0.5. This result is consistent with 289 

prior surface science experiments and theoretical studies that have established the favorability of Pt 290 

segregation to the (111) surface in stoichiometric Pt3Ni alloys. We note that, compared to these prior 291 

segregation analyses, we have additionally considered the stability of non-stoichiometric Pt surface 292 

compositions, and we have determined that the segregation trends are consistent across all surface 293 

compositions. The lowest surface excess free energy is at Γ𝑃𝑡 = 0.5, corresponding to a structure with 294 

a Pt skin and a fully Ni-occupied subsurface. In addition, this structure shows a higher fraction of mixed 295 

Ni-Pt bonds compared to either Pt-Pt or Ni-Ni bonds in the active layers (see Figure S6a). This result 296 

points to a strong driving force for formation of Pt-Ni bonds, in addition to Pt segregation. A theoretical 297 

study by Abrikosov et al.49 on Pt0.5Ni0.5 found two key governing principles that stabilize Pt-Ni alloy 298 

surfaces—(1) the segregation of Pt to the top layer and (2) interlayer as well as intralayer Pt-Ni ordering. 299 

Our results for the (111) facet, which clearly show both Pt segregation and maximization of the number 300 

of Pt-Ni bonds, are consistent with these two principles. Finally, by comparing trends across Pt-based 301 

alloys, we conclude that Pt-segregated structures are also stable on Pt3Co, Pt3Fe, and Pt3Cu (see phase 302 

(a) (b) 
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diagrams in Section S10). As with Pt3Ni(111), intrasurface phase transformations are not observed on 303 

these alloys. 304 

To further probe the stability of these surface structures under vacuum, we analyze the slopes of the 305 

canonical surface phase diagram that correspond to the difference in surface chemical potentials of Pt 306 

and Ni (Δ𝜇) (see Section S6). We apply the bulk stability constraint (discussed in Methods and Section 307 

S6), 0.11 𝑒𝑉 ≤ Δ𝜇 ≤ 0.29 𝑒𝑉, to these surface chemical potentials to identify surface compositions 308 

that are in equilibrium with the bulk. We find (at both T=300 K and T=1000 K) that surface 309 

compositions in the range Γ𝑃𝑡 = 0.75 − 0.875 (i.e., 75% to 87.5% Pt) are in equilibrium with the bulk 310 

(shown in green in Figure 1b). Our predictions are consistent with predictions made by Cao et al.50 for 311 

equilibrium surface compositions (71% to 79%) and with the bulk chemical potential window (0.10 eV 312 

– 0.29 eV) predicted for Pt3Ni by through a detailed cluster expansion-based Monte Carlo approach. 313 

The structures on the convex hull in this surface composition range have a Pt skin and approximately 314 

50-75% Pt in the subsurface layer. Stamenkovic et al7 report the formation of a Pt-skin and 48% Pt in 315 

the subsurface under UHV post-annealing. This experimentally reported segregation profile lies close 316 

to the range of segregation profiles predicted using DFT with our formalism. 317 

The results described above demonstrate that it is possible to reliably predict the stable surface structure 318 

and composition of the Pt3Ni(111) surface under vacuum using only DFT calculations and 319 

thermodynamic consistency criteria. At the same time, use of larger unit cells or more active layers in 320 

the analyses could lead to higher resolution in the segregation profile.  321 

4.2 Generalization of formalism to an arbitrary number of active layers 322 

The treatments discussed above use a fixed number of active layers (in this case, two) where 323 

compositional changes are allowed to occur. This assumption implies that the surface excesses of the 324 

two species add to zero (Γ𝑃𝑡 + Γ𝑁𝑖 = 0);  so species only substitute each other, and the total number of 325 

atoms in the active region is not changed. However, the choice of active region is somewhat arbitrary, 326 

and additionally, due to this restriction, it is not possible to calculate the surface chemical potentials of 327 

Pt and Ni and surface energies independently (we can only calculate the difference in chemical 328 
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potentials, as described in Section 4.1). To overcome these limitations, we briefly consider a 329 

generalization of our formalism by relaxing this constraint (so that Γ𝑃𝑡 + Γ𝑁𝑖 ≠ 0) and analyzing a 330 

surface region with 0, 1, 2, and 3 active layers (corresponding to slabs having a total of 4, 5, 6, and 7 331 

total layers, respectively). A full derivation of this generalized formalism is provided in Section S2. 332 

Briefly, we evaluate the excess Helmholtz energies (at 300 K) as well as surface excess concentrations 333 

of both species, for all generated structures and construct a three dimensional phase diagram. The x- 334 

and y-axes represent the rescaled surface excesses of Pt (Γ𝑃𝑡) and Ni (Γ𝑁𝑖), respectively, and the z-axis 335 

represents the rescaled excess Helmholtz energy (𝑓𝑠) – see Methods section for exact definitions. A 336 

two dimensional projection of this phase diagram is shown in Figure 2, with the z-axis directed out of 337 

the page (for the full three dimensional representation, refer to Figure S9f). The thermodynamically 338 

stable structures are determined using a two dimensional convex hull whose simplices are planes. 339 

The point (Γ𝑃𝑡 = 0, Γ𝑁𝑖 = 0) represents a surface with 0 active layers. For a constant Γ𝑁𝑖, an increase 340 

in Γ𝑃𝑡 exclusively leads to an increase in the number of Pt atoms in the active surface region, and vice 341 

versa. Inclusion of each additional active layer then corresponds to the addition of a one dimensional 342 

convex hull having a slope of negative one and y (and x) intercepts equal to Γ𝑃𝑡 + Γ𝑁𝑖 (the total excess 343 

for the given number of active layers). The primary advantage of this two dimensional convex hull 344 

formalism is that it allows us to calculate surface chemical potentials of Pt and Ni, as well as the surface 345 

energy, independently by determining the equation of each plane (or simplex) of the two dimensional 346 

convex hull. While, in principle, it is possible to add an arbitrarily large number of layers in this phase 347 

diagram, we find that the upper and lower bounds of the chemical potentials converge on adding three 348 

layers, and any further addition of layers only serves to increase the resolution of the phase diagram 349 

(see Section S11).  350 

By equating surface chemical potentials with corresponding bulk values, we find a condition for the 351 

equilibrium of the surface with the bulk in terms of the surface excesses of Pt and Ni (the equilibrium 352 

region is shown in green in Figure 2). First, we observe that one of the vertices of the equilibrium 353 

region is at (Γ𝑃𝑡
(0)

= 0.34, Γ𝑁𝑖
(0)

= 0); for a zero surface excess of Ni, a positive surface excess of Pt is 354 

predicted in the equilibrium region. This result indicates that formation of a single layer Pt skin is 355 
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favored when it is equilibrated with the bulk, consistent with our result from the one dimensional 356 

analysis. Second, if we define 
ΔΓ𝑃𝑡

ΔΓ𝑁𝑖
  as the slope of a line beginning at the vertex of the equilibrium 357 

region (Γ𝑃𝑡
(0)

= 0.34, Γ𝑁𝑖
(0)

= 0), then we observe that values of 1 and 3 bound the equilibrium region. 358 

This result implies the formation of a single layer Pt skin and subsurface compositions in the range of 359 

50-75%, as observed in our DFT calculations. The analysis is also consistent with our prediction of the 360 

segregation profile using the one dimensional convex hull.  361 

As mentioned above, the two dimensional treatment permits self-consistent calculation of relative 362 

surface energies and surface chemical potentials (Figure S9). The difference in surface chemical 363 

potentials is thus found to vary linearly with the logarithm of the ratio of the respective surface excesses, 364 

which is thermodynamically consistent with the mean-field expression of chemical potential as a 365 

logarithm of the activity (in this case, surface composition) (see Figure S9e). Although the existence 366 

of surface segregation implies that some non-mean field effects exist in the surface region, the 367 

logarithmic profile demonstrates that mean field factors nevertheless contribute significantly to the 368 

surface properties. Note these insights regarding the equilibrium surface composition profile are 369 

expected to change on the application of an external voltage, such as in an electrochemical environment, 370 

and this effect will be analyzed in a later section.  371 
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 372 

Figure 2: 2D projection of a 3D surface phase diagram with a 2D convex hull (represented by the 373 

triangles). A few selected structures on the convex hull are shown beside the phase diagram wherein Pt 374 

(grey) and Ni (green) atoms in the active layers are shown. The shaded green region on the convex hull 375 

represents the bulk-stable region.  376 

4.3 Effect of surface coordination on segregation 377 

To study the structure sensitivity of surface segregation profiles, we repeat the canonical analysis 378 

performed in Section 4.1 for other surface facets such as (100), (110), and (211). We perform the 379 

analysis with the one dimensional convex hull formalism with two active layers, since we conclude 380 

from Section 4.2 that the insights obtained using two active layers are consistent with those obtained 381 

by generalizing to an arbitrary number of active layers.  382 

4.3.1 Segregation reversal on the (110) facet 383 

On comparing segregation trends across facets, we find that none of the facets show a tendency for 384 

intrasurface phase separation. Moreover, the (100) facet shows a similar trend with regards to Pt skin 385 

formation as the (111) facet (see Figure S7a and Table S4). However, there is a complete reversal in 386 

the segregation trend for the (110) facet. On increasing the surface composition of Pt, Ni preferentially 387 

occupies the top layer, leading to the formation of a Ni skin above Γ𝑃𝑡 = 0.5, as shown in Figure 3a. 388 

Gauthier et al.51 report a reversal in the segregation trend and formation of a Ni skin for Pt0.5Ni0.5 (110). 389 

Moreover, Abrikosov et al.49 report the same trend for Pt0.5Ni0.5 (110) using first principles DFT 390 
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calculations in the local density approximation (LDA) and attribute the reversal to a key difference in 391 

geometry of the (110) facet as compared to the (111) and (100) facets—the presence of an 392 

undercoordinated second layer (Figure 3b).  393 

We examine the effect of Pt-Ni ordering on this reversal using a simple bond counting model. First, we 394 

estimate bulk “bond energies” of Pt-Pt, Pt-Ni, and Ni-Ni bonds, based on cohesive energies, as -0.49 395 

eV/atom, -0.44 eV/atom, and -0.40 eV/atom, respectively. Second, we enumerate the number of surface 396 

bonds of each type in the top two layers for the Pt-segregated and Ni-segregated configurations at Γ𝑃𝑡 =397 

0.5 for the (111) and (110) facets. We find that, for (111), two Pt-Ni bonds are replaced with one Pt-Pt 398 

and one Ni-Ni bond when comparing the Ni-segregated with the Pt-segregated surfaces, respectively. 399 

For (110), the opposite is true—three Pt-Pt bonds are replaced by two Pt-Ni bonds and one Ni-Ni bond 400 

when comparing the Ni-segregated with the Pt-segregated surfaces. Based on our evaluated bond 401 

energies, these bond numbers directly imply that the surface energy is minimized for Pt segregated 402 

(111) surfaces and for Ni segregated (110) surfaces. Note that, in this relatively simple model, we make 403 

an approximation by using bulk bond energy values to compare surface bonds; however, we do not 404 

expect the overall trend to change since the differences between bulk and surface bond energies are 405 

likely to be approximately equal for all bond pairs.  406 

To determine whether the segregation reversal observed on the (110) facet extends to other surfaces 407 

with highly undercoordinated features, we further analyze the (211) facet of Pt3Ni within our canonical 408 

formalism. We choose this surface because it possesses undercoordinated step sites (with a coordination 409 

number of seven) and because it serves as a general model of surface defects in many studies of 410 

heterogeneous catalysis and electrocatalysis.52–54  411 
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 412 

Figure 3: (a) Canonical surface phase diagram for the (110) facet showing the most stable structures at 413 

every surface composition with the bulk stable region shaded in green. (b) The coordination numbers 414 

of the top two layers in each of the (111), (100), and (110) facets. The (110) facet has an 415 

undercoordinated second layer (marked in red).  416 

4.3.2 Segregation trends on the (211) facet 417 

On applying our structure generation tools to the (211) facet, we discover that there are 4608 unique 418 

configurations that can be generated by varying the positions of elements in the top two active layers. 419 

This number is more than an order of magnitude higher than the total number of calculations for the 420 

three low-index facets combined. The large size of the configuration space for the (211) facet can be 421 

attributed to both its low symmetry and the large number of surface atoms per unit cell.  To reduce the 422 

associated computational cost, we introduce an active learning workflow that is briefly summarized 423 

below. 424 

We start with an initial dataset consisting of DFT-calculated excess Helmholtz energies for the (111), 425 

(100), and (110) facets of Pt3Ni, Pt3Co, Pt3Fe, and Pt3Cu alloys (Figure 4). An additional 88 426 

configurations of the (211) facet for each of the four alloys, generated by varying the surface structure 427 

and composition of the top layer, are also calculated and added to the dataset, yielding a total of 1672 428 

structures for all four alloys. A dropout graph convolutional network (dGCN)45 is trained on this dataset 429 

and used as a surrogate model to make predictions of excess Helmholtz energies for all unique 430 

configurations of Pt3Ni(211) that can be generated by permuting the top two active layers (4608 in 431 

total). A one dimensional convex hull is constructed based on the dGCN predictions, and a 432 

thermodynamic criterion based on a lower confidence bound (LCB) acquisition function is used to 433 

(a) (b) 
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sample structures near the convex hull for evaluation using DFT. The dGCN is then retrained on the 434 

updated dataset, and the procedure is repeated until no new configurations are predicted to lie on the 435 

convex hull.  Based on the converged results, a canonical surface phase diagram is plotted with the 436 

DFT-evaluated excess Helmholtz energies of the most stable Pt3Ni(211) structures (Figure 5a). A 437 

detailed description of this workflow is provided in Section S7. 438 

 439 

Figure 4: Active learning workflow to identify stable configurations of irregular facets. A training 440 

dataset consisting primarily of regular facets (and a relatively small subset of irregular facets) is 441 

generated using DFT calculations. The dGCN is trained on this initial dataset. Subsequently, predictions 442 

are made for all (211) configurations using the dGCN and a canonical surface phase diagram is 443 

constructed. Based on a lower confidence bound acquisition function, a few stable configurations are 444 

chosen, DFT energies are evaluated for them, and these are added to the training set. The dGCN is 445 

retrained on this new training dataset to improve predictions. This cyclic workflow is repeated until no 446 

new structures are added predicted to lie on the convex hull.  447 

The canonical phase diagram predicts the formation of a Pt skin as the surface composition of Pt is 448 

increased (Figure 5a). The surface structure in equilibrium with the bulk is found to have a Pt skin and 449 

50% Ni in the second layer, with two out of the three subsurface Ni atoms situated directly below the 450 

stepped edge and the remaining Ni atom present below the upper terrace. In addition, the presence of 451 

Pt atoms in the top layer is found to be governed by surface coordination. Pt atoms first occupy the 452 

lower terrace, which has a coordination number of 10, following which the upper terrace, with a 453 

coordination number of 9, becomes occupied as Γ𝑃𝑡 increases.  Finally, at Γ𝑃𝑡 = 0.5, Pt atoms occupy 454 
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the two sites on the step edge that have a coordination number of 7 (Figure 5b). Thus, the propensity 455 

for Pt segregation to a surface site is directly proportional to the coordination number of the site. To 456 

provide further insight into these trends, we calculate cohesive energies, using the bulk bond strengths 457 

described above, for Pt and Ni atoms on both the lower terrace and the step in a stoichiometric Pt3Ni 458 

slab. The difference between the magnitude of the total cohesive energy, for all bonds, on the lower 459 

terrace and on the step is 1.45 eV/atom for Pt and 0.51 eV/atom for Ni, indicating a Pt atom is 460 

approximately thrice as stable on the lower terrace, as compared to the step site, than a Ni atom.  461 

 462 

Figure 5: (a) Canonical surface phase diagram of Pt3Ni (211) from DFT-predicted excess Helmholtz 463 

free energies of configurations sampled using the active learning workflow. The shaded region 464 

represents compositions that are in equilibrium with the bulk, and the structure with the green box 465 

represents a bulk-stable structure. (211) slabs shown here are repeated once in the x-direction for clarity. 466 

(b) Occupation of surface with increasing surface excess composition of Pt is in decreasing order of 467 

surface coordination.  468 

To summarize, for the (110) facet, a higher surface composition is required to form a Pt skin, which 469 

falls outside the equilibrium region, and thus, a reversal in segregation is seen. For (211), the surface 470 

composition required to form a Pt skin is lower than the equilibrium region, so a Pt skin is predicted to 471 

be stable. These results suggest that local surface structure and coordination of a facet plays an important 472 

role in regulating the presence (or absence) of a Pt skin. 473 

4.4 Electrochemical surface stability analyses 474 

In an electrochemical environment (such as in a fuel cell), the solution-phase chemical potentials of Pt 475 

and Ni can additionally influence the surface structure and composition in this analysis. For instance, a 476 

(a) (b) 
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lower solution-phase chemical potential of an element can lead to leaching of that element from the 477 

surface into the solution. Further, water-derived adsorbates present in an aqueous electrolyte may 478 

interact with the surface and form surface hydroxide or oxide phases. These effects may be convoluted 479 

and also depend on the electrode potential. Having performed a detailed stability analysis under 480 

vacuum, we turn to the analysis of electrochemical stability. 481 

4.4.1 Comparison of bulk, surface, and solution-phase chemical potentials 482 

We begin with a simple comparison of bulk, surface, and solution phase chemical potentials of Pt and 483 

Ni. Bulk chemical potentials are obtained from a bulk phase diagram analysis (Section S6). Surface 484 

chemical potentials are, in turn, obtained from the two dimensional convex hull analysis (Section 4.2). 485 

The Nernst is equation is used to calculate solution phase chemical potentials by assuming the presence 486 

of 10−6 𝑀 of Pt2+ and Ni2+ ions at 300 K in the electrolyte. The reference state for the chemical 487 

potentials of all phases for each element is taken to be the chemical potential of a pure bulk structure of 488 

that element (for instance, pure bulk Pt is the reference for bulk, surface, and solution-phase Pt chemical 489 

potentials).  490 

The comparison between these chemical potentials is summarized in a chemical potential diagram (akin 491 

to a reaction free energy diagram) in Figure 6. First, we observe that for both Pt and Ni, the bulk and 492 

surface chemical potentials for equal bulk (𝑥) and surface (Γ) compositions (for example, 𝑥𝑁𝑖 = Γ𝑁𝑖 =493 

0.25) are nearly equal, indicating that there is no chemical potential gradient and hence, no net transfer 494 

of Pt and Ni between the bulk and surface when they both have the same composition. This result 495 

provides rigorous support for the common assumption that, in the absence of large diffusion barriers, 496 

the bulk and surface regions of binary alloys are in thermodynamic equilibrium. 497 

Second, on exposing a Pt3Ni alloy nanoparticle to an electrolyte in a fuel cell, the application of a 498 

voltage leads to significant changes in chemical potentials, thus introducing driving forces for changes 499 

in the bulk, surface, and solution phase concentrations of Pt and Ni. For Ni, at both 𝑈 = 0.9 𝑉𝑆𝐻𝐸 and 500 

𝑈 = 1.2 𝑉𝑆𝐻𝐸 (ORR relevant voltages), the solution phase chemical potential is significantly lower than 501 

the bulk and surface chemical potentials. Therefore, there is a driving force for diffusion of Ni from the 502 

bulk to the surface (lowering the bulk chemical potential) and leaching from the surface into the solution 503 
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(lowering the surface chemical potential) which, in turn, would lead to an increase in the solution phase 504 

concentration of Ni2+ and a corresponding increase in the solution-phase chemical potential of Ni. 505 

Overall, this implies a net transfer of Ni from the bulk to the solution. For Pt, at 𝑈 = 0.9 𝑉𝑆𝐻𝐸, the 506 

approach to equilibrium is reversed—there is a driving force for the redeposition of Pt2+ ions onto the 507 

surface (lowering the solution phase chemical potential) and diffusion of Pt from the surface to the bulk 508 

(lowering the surface chemical potential), leading to a corresponding increase in the bulk chemical 509 

potential of Pt. In effect, this signifies a net transfer of Pt from the solution to the bulk. However, if 510 

there is an increase in the potential to 𝑈 = 1.2 𝑉𝑆𝐻𝐸, due to potential cycling or fuel cell startup or 511 

shutdown, the driving forces resemble that of Ni, and leaching of Pt begins to be favored. 512 

While we have painted a picture of thermodynamic equilibrium above, it is possible for kinetic 513 

limitations, such as hindered diffusion, to prevent approach to equilibrium. In fact, it is found in 514 

experiments that Pt skin formation in an electrochemical environment terminates at a certain number of 515 

layers6,19,55. In such a case, it is possible for the surface to be kinetically trapped, implying that, in our 516 

diagram, the surface chemical potential would take an intermediate value between the bulk and solution 517 

phase chemical potentials. Additionally, it is possible for adsorbates present in the electrolyte to bind 518 

to the surface and modify the surface chemical potential through processes such as surface oxidation. 519 

To analyze these scenarios, we next turn to the grand canonical analysis. 520 
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 521 

Figure 6: Chemical potential diagrams for (a) Pt and (b) Ni. Bulk, surface, and solution phase states 522 

are shown as solid, dash-dot, and dashed lines, respectively, and the values above these states represent 523 

corresponding chemical potentials in units of eV/atom. For solution phase states, corresponding 524 

voltages are specified below the states.  525 

4.4.2 Grand canonical analysis 526 

To study the influence of water-derived adsorbates on the structures of Pt3Ni surfaces in electrochemical 527 

environments, we adopt a grand canonical approach.  In this formalism, the excess grand free energy 528 

(𝜔𝑠
′) is calculated as a function of the chemical potential of each species in the structure. By adopting 529 

appropriate quasi-equilibrium assumptions, it is possible to express the chemical potential of each 530 

species as a function of the electrode potential via the Nernst equation for Ni, bulk alloy constraint for 531 

Pt, and the computational hydrogen electrode (CHE)33 method for H, OH, and O adsorbates, rendering 532 

the excess grand free energy as a sole function of the electrode potential.  533 

The results are presented in the form of a surface Pourbaix diagram (at pH=0) in Figure 7. We note that 534 

this approach has been utilized by Hansen et al.56 to find stable phases on metal surfaces under 535 

electrochemical conditions. Further, Nørskov and coworkers57 have introduced an active learning-based 536 

automated approach to constructing these surface Pourbaix diagrams with varying adsorbate coverages. 537 

Herein, we expand on these approaches by constructing surface Pourbaix diagrams for alloy surfaces 538 

with varying surface facets, structures, and compositions. 539 

(a) (b) 
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Below, we provide a detailed analysis of the structure and stability of two Pt3Ni facets—the close-540 

packed (111) facet and the stepped (211) facet - since these well represent terraces and edges in a 541 

cuboctahedral nanoparticle; results for the other facets are discussed in Section S12. We begin by 542 

discussing the surface Pourbaix diagram for the (111) facet (Figure 7a), and we then compare trends 543 

with the (211) facet (Figure 7b). For each facet, we consider all structures on the convex hulls in the 544 

corresponding canonical analyses (Figures 1, 3, 5, and S10a).  In addition, since surface adsorption 545 

can, in some cases, lead to reversal of surface segregation, we consider structures wherein the first two 546 

layers of each convex hull structure are interchanged (the most stable arrangement of atoms in each 547 

layer for the interchanged structures is chosen for analysis). The excess grand free energy of each 548 

structure is plotted against the electrode potential, and each line represents a clean surface structure of 549 

Pt3Ni. The influence of three adsorbates—H, OH, and O—is additionally analyzed, and structures 550 

covered by these adsorbates are represented in the form of grey, blue, and red envelopes, respectively. 551 

On the (111) facet, we consider coverages of 1/4 ML for each adsorbate, while coverages of 1/6 ML 552 

are employed for the (211) facet. The energy of the most favorable site for each adsorbate is used to 553 

generate the Pourbaix diagrams (for OH, a solvation correction is added for top site adsorption - see 554 

Section S4.1). 555 

On the (111) facet, at potentials lower than about -0.75 𝑉𝑆𝐻𝐸, the most stable structure has a pure Ni 556 

surface with ¼ ML H. On increasing the potential, Pt atoms occupy the top layer until a single layer Pt 557 

skin is formed, following which they occupy the subsurface until a multilayer Pt skin is formed above 558 

-0.22 𝑉𝑆𝐻𝐸. This transformation can be attributed to the segregation and subsequent leaching of Ni from 559 

the surface. We note that an alternate process — adsorbate-induced segregation of Ni, followed by 560 

surface oxidation – can, in principle, also influence the surface structures. However, since the lower 561 

boundaries of both the blue and red envelopes, representing structures with OH and O adsorbates, 562 

respectively, are higher in free energy than other structures at any potential where Ni is present in the 563 

top two layers, such oxygen-induced segregation processes are not thermodynamically preferred. 564 

Effectively, in an electrochemical environment, Ni atoms preferentially leach into solution, and 565 

adsorbed O or OH moieties do not form. As the potential is increased above 0.2 𝑉𝑆𝐻𝐸 , the surface 566 
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transitions from a hydrogen-covered surface to a clean surface. Finally, as the potential is increased 567 

above 0.85 𝑉𝑆𝐻𝐸, the adsorption of OH and, subsequently, O on the multilayer Pt skin becomes 568 

favorable, indicating that surface oxidation is the dominating surface-altering mechanism above that 569 

potential. These results are broadly consistent with the work of Stamenkovic et al., who report the 570 

formation of a “Pt skeleton,” composed of a Pt-rich surface with bulk-structured layers in the subsurface 571 

region, after electrochemical cycling between 0.05 𝑉𝑆𝐻𝐸 and 1.0 𝑉𝑆𝐻𝐸. According to our surface 572 

Pourbaix analysis, above 0 𝑉𝑆𝐻𝐸, multilayer Pt skins with a bulk terminated subsurface (rather than a 573 

Ni-enriched subsurface) are predicted to be stable, qualitatively matching the aforementioned 574 

experimental results.  575 

The (211) stepped facet shows similar trends compared to the (111) facet. However, since step sites 576 

bind adsorbates strongly as compared to terrace sites on (111), the clean surface of the (211) facet is 577 

not stable in any potential region, with the transition from H to OH adsorbates occurring at 0.5 𝑉𝑆𝐻𝐸 578 

and the transition from OH to O occurring at 0.85 𝑉𝑆𝐻𝐸. Additionally, the excess grand free energy 579 

difference between the clean surface and the OH and O envelopes is lower for all potentials compared 580 

to (111), indicating that metastable surface hydroxylation or oxidation are more likely to occur on (211). 581 

We note, in passing, that these transition potentials may be modified on consideration of higher 582 

coverages on both (111) and (211), but we do not expect the general trends to change.  583 

The Pourbaix analysis also implies that multilayer Pt skins are metastable at potentials relevant to the 584 

ORR. By representing the bulk stability window in terms of electrode potential, we find that that bulk 585 

Pt3Ni is stable between -0.33 𝑉𝑆𝐻𝐸 and -0.27 𝑉𝑆𝐻𝐸. Above -0.27 𝑉𝑆𝐻𝐸, it is favorable for Ni to leach 586 

from the bulk. Thus, under ORR conditions, the surface Pourbaix analysis will predict the complete 587 

conversion of all Pt3Ni layers to Pt if more active layers are included in the calculations. However, since 588 

it is observed experimentally that this multilayer skin formation stops at a finite number of layers6,19,55, 589 

it can be concluded that the resultant structures are kinetically trapped.  590 

In closing, we remark that the approach presented above may be particularly useful in predicting the 591 

stable surface phases of multimetallic or “high-entropy” alloys under reaction conditions, since the 592 

presence of several elements with differing dissolution and oxidation potentials can lead to the 593 
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formation of mixed stable phases with the possibility of simultaneous segregation, leaching, and surface 594 

oxidation. Additionally, while the effect of excess configurational entropy in stabilizing the surface is 595 

negligible in this case (see Figure S11), for a high-entropy alloy with more than five elements, this 596 

effect may lead to a more pronounced shift in surface dissolution and oxidation potentials.  597 

 598 

Figure 7: Surface Pourbaix diagram of the (a) (111) facet and (b) (211) facet. Black solid lines represent 599 

surface configurations that are stable at some potential. Grey solid lines represent configurations that 600 

are not stable at any potential. Grey, pink, and blue envelopes represent the most stable H-, O- and OH-601 

adsorbed configurations, respectively. The shaded green region represents the potential range in which 602 

bulk Pt3Ni is stable. The evolution of the surface with change in potential is illustrated with a few key 603 

structures in both diagrams. 604 

5. Conclusions 605 

We develop and present a computational framework to perform a rigorous study of surface stability of 606 

alloy catalysts. Our work generalizes previous first principles studies on surface stability by accounting 607 

for all possible surface structures and compositions (for a given unit cell), different facets, and diverse 608 

chemical environments. Additionally, our formalism allows for the study of combined influence of 609 

multiple mechanisms such as segregation, leaching, intrasurface phase transformations, and surface 610 

oxidation, which can affect the surface in an electrochemical environment. The atomistic model utilized 611 

in the framework consists of two regions, a fixed bulk region and a surface region with a fixed number 612 

of active layers in which all the structural and compositional perturbations are sampled. Pt3Ni, which is 613 

a state-of-the-art alloy catalyst for ORR, is used as a model system to demonstrate the key features of 614 

this framework. 615 

(a) (b) 
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First, a canonical surface phase diagram is plotted for Pt3Ni(111) based on the rescaled excess 616 

Helmholtz energies of all the sampled structures evaluated using DFT. A one dimensional convex hull 617 

is used to determine stable structures at all given surface compositions. The phase diagram predicts the 618 

favorability of Pt segregation to the surface under vacuum, and it also identifies a single layer Pt skin 619 

structure, with 50-75% Ni in the second layer, that is in equilibrium with the bulk.  This result, which  620 

is consistent with prior experiments and computational studies, is then generalized to an arbitrary 621 

number of active layers using a 2-dimensional convex hull analysis, and surface chemical potentials 622 

and surface energies are calculated self-consistently as a function of the surface composition. The 623 

relationship between the difference in surface chemical potentials and the logarithm of the ratio of 624 

surface excess concentrations is found to be well represented by a linear fit, analogous to the mean-field 625 

expression of chemical potential as a function of activity.  626 

Second, on repeating the canonical analysis for the (110) facet, we find that the formation of a Ni skin 627 

is favored, in stark contrast to the (111) facet. A simple bond counting model is developed to explain 628 

the differences in segregation trends between the (111) and (110) facets. Further, to ascertain whether 629 

inverse segregation is favored on other surface facets, we examine segregation trends on a highly 630 

stepped Pt3Ni(211) surface. Since we find that the search space of structures for the (211) facet is about 631 

an order of magnitude higher than the regular facets, we use a dropout graph convolutional network 632 

(dGCN) in conjunction with a thermodynamics-based acquisition function to reduce the number of DFT 633 

evaluations required from 4608 to 1892 for Pt3Ni, with a further reduction expected on application of 634 

this workflow to other alloys in the dataset. From the phase diagram of Pt3Ni(211), we find that, as the 635 

surface composition of Pt is increased, Pt segregates to the lower terrace (coordination number of 10), 636 

followed by the upper terrace (coordination number of 9), and finally to the step edge (coordination 637 

number of 7) in the top layer. This result signifies that surface segregation of Pt is dependent on the 638 

coordination environment of a surface facet.  639 

Finally, we analyze the electrochemical stability of Pt3Ni. We first perform a simple comparison of the 640 

bulk, surface, and solution phase chemical potentials, the former two calculated from the canonical 641 

analyses, and the latter calculated using the Nernst equation, and discuss implications of these chemical 642 
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potentials for Pt and Ni dissolution as the system approaches equilibrium. We then shift to the grand 643 

canonical ensemble in which the excess grand free energy is expressed as a function of the electrode 644 

potential. As the potential is increased, the surface composition of Pt3Ni (111) is found to change from 645 

Ni-rich to Pt-rich, with multilayer Pt skins stable above 0 𝑉𝑆𝐻𝐸 due to segregation and subsequent 646 

leaching of Ni from the surface. However, since the bulk dissolution potential of Ni is determined to be 647 

−0.27 𝑉𝑆𝐻𝐸, the multilayer Pt skins are likely to be only kinetically stable under realistic ORR 648 

conditions. This result is consistent with experimental reports that indicate formation of multilayer Pt 649 

skins on potential cycling between 0.05 𝑉𝑆𝐻𝐸 and 1 𝑉𝑆𝐻𝐸. We also conclude that, for the (111) surface, 650 

leaching dominates over surface hydroxylation and surface oxidation at lower potentials, with the 651 

surface hydroxylation onset only occurring at 0.85 𝑉𝑆𝐻𝐸. For (211), this onset occurs at a much lower 652 

potential (0.5 𝑉𝑆𝐻𝐸), and there is a greater driving force for metastable surface hydroxylation or 653 

oxidation. We envision that these surface phase analyses could be used to rigorously quantify the 654 

stability of, not only bimetallic alloys, but also multimetallic, high-entropy alloys under electrochemical 655 

conditions.  656 
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