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ABSTRACT.

Improving the activity and stability of Pt-based core-shell nanocatalysts for proton exchange
membrane fuel cell (PEMFC), while lowering Pt loading, has been one of the big challenges in
electrocatlysis. Here, using density functional theory (DFT) we report the effect of adding Au as
the third element to enhance the durability and activity of Ni@Pt core-shell nanoparticles (NPs)
during the oxygen reduction reaction (ORR). Our results show that the durability and activity of
a Ni@Pt NP can be finely tuned by controlling Au concentration and distribution. For a
NiAu@Pt NP, the durability can be greatly promoted by thermodynamically favorable
segregation of Au to replace the Pt atoms at vertex, edge and (100) facets on the shell, which are

known to contribute much less to ORR activity than (111) facets, while still keeping the ORR



activity on the active Pt(111) shell as high as that of Ni@Pt nanoparticle, which strongly depends
on the direct interaction with Ni interlayer. Our results not only highlight the importance of
interplay between surface strain on the shell and the interlayer-shell interaction in determining
the durability and activity, but also provide the guidance on how to maximize the usage of Au to
optimize the performance of core-shell (Pt) nanoparticles. Such understanding allows us to

discover the novel NiAu@Pt nanocatalyst for the ORR.

1. INTRODUCTION

Core(non-Pt metals, M)-shell (Pt) nanoparticles (denoted as M@Pt NPs) have held special
status of being either high-performance cathode? or anode®* catalyst for fuel cells.>**** For
the oxygen reduction reaction (ORR: O, + 4H" + 4" — 2H,0) at cathode of fuel cells, however,
the reaction causes overpotentials and losses in fuel cell efficiency on conventional Pt catalyst. In
addition, the high cost for precious Pt also hinders the practical application of fuel cells. The
introduction of a secondary metal like Co, Ni, and Fe was found to not only reduce Pt loadings
and therefore the cost, but also serve as an important ingredient to promote the catalytic
activity.®>*?° In addition, adding Au as the third element to form alloy cores and enhance the
ORR activity of AUM@Pt NPs was also observed.?>?? The size and surface contraction®**’, local
structural flexibility,® as well as smooth surface morphology?®*®® were considered as the key
factors for enhancing activity. Yet the durability still remains a challenge. In this regard, Au,
which has much higher dissolution potential (1.50V) than Pt (1.18V),*® has shown the significant
potential by either forming bimetallic®! or ternary alloys with Pt.?**? The increased durability of

Pt shell was proposed to associate with the lowered surface energy via Au segregation or the

hindered formation of sub-surface oxygen due to the presence of near-surface Au. However, the



details of how Au plays during the ORR are barely studied, which prevents the further

development of PtAu-based catalysts.

In this contribution, we took NiAu@Pt NP as a case study to rationalize the concentration
and distribution of Au in tuning the ORR durability and activity using density functional theory
(DFT). Ni@Pt NPs stood out as an ORR catalyst,"®*"*** peing able to effectively reduce the
cost due to the use of nonprecious metal and speed up the rate-determining protonation of O-
containing species, e.g. 0°® %% or OH"*“ on pure Pt by introducing the surface contraction
using Ni core. However, the catalyst lacks durability as Ni is leached out from the core under the
potential cycling.® Here, we constructed core-shell NPs using NiAu alloy as the core and
monolyer (ML) of Pt as the shell, aiming to meet three challenges by varying the concentration
and distribution of Au: (1) increasing the durability of Pt on the shell under the ORR conditions;
(2) tuning the binding properties of Pt on the (111)-shell and therefore at least maintaining the
ORR activity of Ni@Pt; (3) lowering the additional cost by limiting the Au loading. Our study
gained insight into the origin of Au in promoting the catalytic durability and activity of Ni@Pt
NPs, highlighting the importance of interplay between surface strain on the shell and the
interlayer-Pt shell interaction. In addition, it also provided guidance on how to maximize the
usage of Au to optimize the ORR performance of core-shell (Pt). Such understanding eventually
led to the discovery of novel NiAu@Pt NP catalyst, which adopted the optimal concentration and
distribution of Au, being able to assure the high durability, but still allowing a high ORR

activity.

2. COMPUTATIONAL SECTION

2.1 Computational methods.



All calculations were performed by using DFT as implemented in the Vienna ab-initio
simulation package (VASP).***? The spin-restricted GGA-PW91 functional,* a plane-wave
basis set with an energy cutoff of 400 eV, and the projector augmented wave (PAW) method*
were adopted. The NP was placed inside the (38x38x38 A®) cubic supercell whose size is large
enough such that the separation between NP and its image in three direction is >15A. The
Brillouin zone of the supercell was sampled by I'-point only. The conjugate gradient algorithm
was used in optimization, allowing the convergence of 10 eV in total energy and 0.02 eV/A in
Hellmann-Feynman force on each atom. We also tested the effect of employing spin-polarized
DFT. The results showed that the differences introduced by using spin-were small, which were in
the order of ~0.02eV for dissolution potentials and ~0.07eV for O-binding energy (denoted as

BE-O).

The relative stability of various core-shell NPs were expressed by electrochemical
dissolution potential of surface alloys in acids following ref.** BE-O/OH on the (111) terrace of a
NP was calculated.***>*® BE-O was defined as BE-O= E(O/NP) — E(H,0) + E(H) — E(NP) and
BE-OH was defined as BE-OH= E(OH/NP) — E(H,0) + %E(H,) — E(NP), where E represented
the total energy of O/OH adsorbed NP, a water molecule in gas-phase, a hydrogen molecule in
gas-phase and bare NP. To calculate BE-O, we chose one identical 3-fold hollow site (i.e., the
most stable O-adsorption site), which located at the center of (111)-Pt shell. The adsorbed OH
has a top configuration with O bound with Pt atom. The solvent effect on the ORR energetic is
included by adding corrections of H20 taken from Norskov et al.36 No geometry constraints
were applied during the optimization in order to explicitly capture the subtle size- and shape-
effect of technical NP catalyst. It is worthy to stress that our NP model is in stark somewhat

different from the previously employed ‘slab’' or ‘geometry-frozen NP model*®, which reduces



the computing time, but is too simplified to capture the huge surface contraction introduced at
nanoscale for particles. Using our NP model, we were able to describe the interplay between
surface contraction and local structural flexibility in determining the ORR durability and activity
of the NPs. 2 > |n agreement with the experimental observations, the activity is likely to
converges to the bulk limit when the particle size is at least 4 or 5 nm.?® Calculated results based

on our model should reflect both ligand effects and strain effects. 2402

2.2 Core-shell NP model.

A 2.2nm sphere-like (SP) truncated octahedral NiggAuios@Pt04 core-shell NP model
(total 405 atoms) was constructed. We note here that the ionic relaxations using DFT may not
optimize the NP away from the original conformation which is here a bulk terminated
structure;>® however, the truncated octahedral shape and the bulk-like atomic array the Pt-based
core-shell NPs have been reported experimentally, where our NP model is able to well describe
the experimental observation.>*>>* The core corresponded to a Ni/Au atomic ratio of 0.48/0.52
which was based on the experiments.” Ni1@Ptz0s and Ptygs NPs with the same size and shape
of NiggAu10s@Pto04, as well as Pt(111) were also included for comparison. Recent studies
showed that such more realistic NP model was able to effectively capture the variation of activity
and durability with size and shape.”?*® Au as an alloying component has the strongest tendency

toward surface segregation in vacuum and under the ORR conditions, >*°"®

which is generally
considered as an adverse factor for durability. In our DFT calculations, the cases without and
with segregation of Au to the interlayer (IL) between core and shell and the shell were all taken
into considerations. Accordingly, three NP models were constructed (Figure 1). The first

corresponded to 1ML of Pt shell supported by the NiAu bulk-alloy core, NigsAu;os@Pto4

(Figure 1a). The second was developed based on NigsAuios@Ptys With consideration of Au



atoms segregating to the IL, Nizg@Niy7Au105@Pty04 (Figure 1b,c). Due to insufficient amount of
Au in the model (105 atoms), the IL was only partially covered by Au, where the effects of both
Au IL (Figure 1b) and Ni IL (Figure 1c) were considered. By further segregation of Au to the
shell, a Nizg@Niy7Pt1os@Au;05Ptegg NP was constructed (Figure 1d,e). Here the Au segregation
was carried out by exchanging position with the nearby Pt in the shell. As a result, the core is
still Nizg as Nizg@Ni;17AuU105@Pt2o4, but the IL and the shell consisted of Nij7Ptios and AuigsPtgg,
respectively. Again, the effects of both Pt IL (Figure 1d) and Ni IL (Figure 1e) were again
considered. In our model, Au atoms were distributed in a symmetric way by occupying vertex
and corner sites preferentially, followed by (100) and then (111) facets based on stability of the
position (Figure S1) shown in previous studies.”®*® In general, the more easily the Pt atom in the
shell dissolute, the more energy gain is obtained when it is replaced by Au. Indeed, our
calculations show that Au prefers to segregate to the shell (Figure 1d,e), rather than staying in the
core as a NiAu alloy (Figure 1a) or in the IL (Figure 1b,c) by 0.12 eV/atom and 0.15 eV/atom,
respectively. Such energetics-driven restructuring was also observed in experiment which
showed more Au atoms were segregated to the top layers with an increasing annealing
temperature in thermal treatments of AugsPtys nanoparticles.” We should also note that our

2.2nm NP model is still much smaller compared to experimental NPs (>5nm).

3. RESULTS AND DISCUSSION
3.1. NigGAU105@Pt204 NP

In the present study, the core-shell NPs consisting of 96 Ni atoms, 105 Au atoms and 204 Pt
atoms in three different structures, NigsAu10s@Pty04 (Figure 1a), Nizg@Niy7AU105@Ptaos (Figure

1b,c) and Nizg@Ni7Pt1os@Au0sPteg (Figure 1d,e), were used as a model core-shell NP to



understand the effects of core, in particular to target the first two challenges on the durability and

ORR activity of the Pt shell respectively.

Poor durability is one of the major drawbacks of the Pt-based NPs for practical application
as ORR catalysts, because Pt-based NPs containing transition metals like Fe, Co, and Ni are
facing dealloying or dissolution of reactive metals to the solution under potentials.®** Recent
studies observed the significant effect of Au in enhancing the durability. ***? Here we took a
further step to investigate the possible influence of Au distribution on the durability of
NigsAU10s@Pt204 NP. In our study, the size and shape of NPs as well as the composition were

kept the same and only the Au distribution was changed. Following the previous study,
durability of the NP was scaled using dissolution potential of Pt shell, U. Figure 2 displayed the
calculated dissolution potentials for various NPs with respect to Pt(111). One can see that
Pt(111) shows the higher durability than all the NPs. Due to the size effect, the dissolution
potential of pure Ptsos NP is lower than Pt(111) ( U=-0.19 V) which can be further lowered by
replacing the core Pt with Ni, and forming Niz;@Ptys NP (U= -0.27 V) (Figure 2). When
replacing the Ni core for the stoichiometric AuNi alloy, NiggAu10s@Pt204 (Figure 1a) NP is able
to increase U to -0.23 V. A decreasing in U to -0.33 V/Pt atom is obtained in the case that Au
atoms segregate from the core to the IL and form Nizg@Nii7Au10s@Pto04 (Figure 1b,c), while the
dissolution potential is raised close to that of Pt(111) (U = -0.04 V) when Au segregates to the
shell and forms Nizg@Ni;7Pt10s@Au105Pteg NP (Figure 1d,e). That is, the durability of NiAu@Pt
NP can be promoted by distributing Au to the shell, which is a thermodynamically favorable

process; in contrast, the presence of Au in the IL is energetically unfavored and should be

avoided, which can destabilize and decrease the durability of NiAu@Pt NP.



Despite a large number of publications on the ORR in PEMFCs, the exact ORR mechanism
remains unknown and the understanding the electrocatalysis of ORR on Pt and its alloys is still
challenging to both experimental and theoretical studies.” ® The complex kinetics for the ORR
on Pt-based catalysts has been extensively studied.??*304>%057 Ejther BE-Q% 37396889 o BE.
OH'*%4048 has heen selected as a descriptor to capture the difference in the ORR activity from
one system to the next, where BE-O and BE-OH well correlate with each other. When BE-O/OH
IS too strong, the protonation of O or OH is likely to be the rate-determining step (RDS), which
determines the major cause for overpotential in experiment; whereas when BE-O/OH is too
weak, the reaction can be hindered by the formation of OOH. This corresponds to the left and
right leg of the ‘volcano’ plot, respectively. The strong O/OH-Pt(111) interaction can make the
proton and electron transfer to *O or *OH very difficult, which is the major cause for high
overpotential in the ORR and can also deteriorate NP’s durability and block the active sites. A
slightly weaker BE-O/OH than Pt(111) is required to promote the ORR activity but too weak
BE-O/OH would switch the RDS from *OH formation or removal to *OOH formation according
to the ‘volcano’ plot.>***? It was predicted that tuning the Pt sites with BE-O ~0.2 eV or BE-OH

~0.1 eV more weakly than Pt(111) likely led to the optimal ORR activity at the top of volcano.

According to our calculations, the correlation between BE-O and BE-OH on NPs observed
for metal surfaces** is also valid for the interested NPs (Figure 3). Accordingly, both BE-O
and BE-OH can be used to scale the ORR activity. Our calculations show that the Pt(111) shell
for all NPs studied display to varied degree a weaker BE-O/OH than Pt(111). As shown in
Figure 4, the formation of Pts,s NP (BE-O = 1.87 eV) is capable to weaken the O-Pt bond on
Pt(111) (BE-O = 1.74 eV). The weakening can be significantly improved by replacing the core

with Ni (BE-O = 2.54 eV for Niy @Pty04). According to the volcano plot from previous studies,



36, 3739889 the calculated BE-O weakening (0.8eV) on going from Pt(111) to Nisy@Ptos NPs
seems over-weakening the O binding, which cannot explain the enhanced ORR activity observed
experimentally for Ni@Pt NP.*"° The discrepancy seems associated with the difference of NP
size. As noted in Section 2.2, our NP model (2.2nm in size) is much smaller than those used in
experimental NPs (>5nm). On the basis our previous study,”®> we expect that the weakening in
BE-O on a bigger Ni@Pt NP will be less severe and move closer to the top of volcano than that
of Niy;@Pty4 NP. Therefore a higher ORR activity than Pt can be observed. Calculations on
much larger NPs indeed confirmed that the strain plays the dominant role on the ORR activities
for the core/shell nanoparticles and suggested that the diameter of the core/shell nanoparticles
should be larger than 7 nm to reach the peak of ORR activities.”* Accordingly, it is expected that
BE-O/OH based on our 2.2nam NP model should be shifted down in the volcano plot for
comparison with experimental results using big NPs.

For NIAu@Pt NPs (a-e, Figure 1), the calculated BE-Os vary significantly depending on
how Au distributes. NiggAu105@Pt204 binds oxygen (BE-O = 1.89 eV) more strongly than that of
Nizo1@Pty04. In the case of Niz@Nij;Auis@Ptys, Segregating Au to the IL generates the
heterogeneity on the Pt shell. Two different kinds of Pt on the (111) facet, or Pt(111) shell in our
notation, are formed depending on whether the interacted IL is Au (b, Figure 1b) or Ni (c, Figure
1c). One can see in Figure 4 that the BE-O for the Pt(111) shell interacted with Au IL is stronger
(BE-O = 1.78 eV) than NigsAu105s@Pta04, While for those interacted with Ni IL (Figure 1c), BE-O
(BE-O = 2.55 eV) is close to that of Ni@Pt24. Similar situation is also observed in the case
that Au segregate to the shell, Ni;g@Niy7Pti0s@Au10sPtgg, Which results in the Pt(111) shells
interacted with Pt (Figure 1d) and Ni ILs (Figure 1e). Again, the Pt(111) shell interacted with Ni

IL provides an oxygen binding (BE-O = 2.60 eV) as weak as that of Ni@Ptys; While it is



increased (BE-O = 2.07 eV) with Pt as IL (Figure 4). In general, replacing Ni core for NiAu
alloy is likely to increase the interaction of Pt(111) shell in Niy;@Ptyos NP with the key
intermediates, O or OH. The segregation of Au introduces heterogeneity in the Pt(111) shell,
where two different ORR activities are observed on the same NiAu@Pt NP. Only the Pt(111)
shell interacted with Ni IL can display similar BE-O and therefore the ORR activity as
Ni201@Pto4; In contract those interacted with either Au or Pt IL bind the reaction intermediates
more strongly. Such stronger O-Pt(111) shell interaction than Ni1 @Pt204 NP can affect the ORR
activity in twofold: (1) strongly beneficial to the ORR when moving BE-O/OH closer to the top
of volcano plot; (2) detrimental to the ORR in the case that the corresponding BE-O/OH is even

further away from the optimal value than that of Nigo @Pt204 NP.

To understand the trend in durability and BE-O/OH, we estimated the strain on the Pt(111)
shell (Spt.pt) Of various NPs following our previous work (Figure 4),%° and calculated the d-center
(gq) for Pt on (111) shell of the NPs (Figure 5), which has been found to scale well with BE on
metal surfaces.’” By carefully analyzing the detailed local structures of NiAu@Pt NPs, we find
that the degree of surface contraction on the shell and the shell-IL interaction play a key role in
determining the durability and activity. In general, the more the surface is contracted, the lower
the durability of corresponding Pt shell is (Figure 4), while the binding towards the reaction
intermediates is rather complex. According to the previous studies on both metal surfaces® and
Pd@Pt NPs,® a linear-like relationship between the surface strain and the BE was observed,
where the origin was associated with the modification of Pt electronic structure due to the
surface strain. For NiIAu@Pt NPs, different behaviors were observed. One can see that with the
same size (2.2 nm) and shape (sphere-like), both BE-O (Figure 4) and &4 (Figure 5) correlate

with Spept Via a step-like trend. A plateau is observed at the region with large Sp.p: (< -4.5%),
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where BE-O and g4 are insensitive to compressive strain; while for the region with small strain (>
-4.5%), both decrease with the increasing Spt.p; Via a linear-like trend. Compared to Pt(111), the
formation of Ptsos NP introduces a surface contraction (Spe.pt = -3.6%) (Figure 4). According to
our calculations, Spi.pr can be effectively tuned by modifying the core. The Spep; for Ptygs is
increased by 67% by using Ni as core and forming Nizo @Pt04 NP. As a result, the Pt(111) shell
gets deactivated by shifting the Pt g away from the Fermi Level from -2.47 eV to -3.09 eV
(Figure 5), which leads to the decreasing in Pt shell-core interaction or dissolution potential and
O-Pt interaction (Figure 4). Therefore, a lowered durability and an enhanced activity were
observed experimentally under the ORR condition on going from Pt NP to Ni@Pt NP.'*™
Adding the third metal Au effectively releases the overall surface contraction of Niyo; @Ptyoq NP
and therefore promotes the durability. Compared to Ni@Pto4 NP, the lattice constant of Ni
core is enlarged by alloying with Au and forming Nig4sAuos2 bulk alloy, which leads to the
decreasing of Spi.p; from -6.0% to -3.9% (Figure 4). Consequently, &4 of Pt(111) shell upshifts to
-2.50 eV (Figure 5). Such shift in g4 helps in increasing Pt-Pt, Pt-core as well as Pt-O
interactions. Therefore, the durability of Niy;@Ptyqs NP is promoted (Figure 2), while the
binding to oxygen is strengthened (Figure 4). We should also note that the dependence of the
ORR activity on &g can be very complex for different metals ranging from Fe to Au.”® However,
the current study is only for one kind of metal, Pt. As shown in Figure 5, the shift in g4 of (111)-

Pt shell from Pt NP to Ni@Pt and various NiAu@Pt NPs is relatively small, which is within 1

eV. Therefore, a relatively direct relationship among &g, Spi.pt and BE-O/OH can be obtained.

Controlling the segregation and therefore the distribution of Au can be also essential to tune
the surface contraction of NigsAuigs@Ptaos NPs. When Au segregation is limited to the IL

(Ni7zg@Ni7Au105@Pty04) the surface contraction of Pt shell of NiggAui0s@Pty04 can be released
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(Spe-pt = -3.4%) via directly interacting with the Au IL (Figure 1b), while it is increased to -4.4%
via directly interacting with the Ni IL (Figure 1c). Accordingly, g4 of Pt(111) shell is shifted up
to -2.28 eV and stays as -2.97 eV, which close to that of Niyo; @Pty4 (Figure 5), respectively. In
this way, two different ORR activities can be provided from a single NP. In term of durability,
the presence of inert Au in the IL significantly decreases the stability of Pt shell and the
durability of Nizg@Ni;7Au10s@Pt204 NP is lower than that of NiggAu10s@Pt204; in comparison the
contribution from the Pt(111) shell interacted with Ni IL is less significant (Figure 2).
Nizg@Niy7Pt;0s@AuiosPteg With Au segregation all the way to shell is thermodynamically more
favorable than Nizg@Nii7Au105@Pt204 and NigsAu1os@Ptoo4. The core includes only Ni atoms, the
IL is a mix of Ni and Pt facets and the shell includes a mix of Au and Pt terraces (Figure 1d,e).
Again, depending on the interacted IL, Pt (Figure 1d) or Ni (Figure le), the contraction on
Pt(111) shell can be -4.3% and -5.0%, and consequently the corresponding g4 shifts to -2.66 eV
and -3.13 eV, respectively (Figure 5); yet the calculated BE-O is either lower or similar to that of
Ni201@Pty4 NP (Figure 4). The presence of inert Au on the shell greatly raises the dissolution
potential of Pt shell on Ni@Pty04 NP by 0.23 V (Figure 2), while the BE-O and therefore the
high ORR activity can be kept at the same level by the-Pt(111) shell interacted with Ni layer (in
Figure 4). Our results indicate that the IL can have pronounced impact on the local geometric

structure and electronic structure of Pt(111) shell.

In general, compared to Pt(111), the compressed strain or the shortened Pt-Pt bond length on
the (111) shell is likely to weaken intermediate-Pt shell interaction by shifting &4 away from the
Fermi level.”®™ This is the case for the NPs with small contractions, including Ptags,

Nizg@Ni17AU105@Ptoos (au 1), and Nizg@Ni7Ptios@AU105Pteg et 11); IN contrast, Nizi @Ptaoa,

Ni7g@Ni17AU105@Pt204 (Ni IL)s and Ni7g@Ni17Pt105@AU105Ptgg (Ni L) NPs are all supported by Ni
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IL, which leads to a larger surface contraction and more importantly the small variation in g4 and
therefore BE-O with the decreasing Spe.pt. Such insensitivity of ¢4 and BE-O to the variation in
Spe-pt 1S UNIque, which to our best knowledge, has not been observed before for core-shell NPs.
The origin is not due to size and shape, which are kept same in our study. In addition, it does not
seem to depend on the large surface contraction on the Pt(111) shell. Instead, we find that such
behavior is associated with the tuning capability of the interacted Ni IL. Compared to Au, Pt or
Pd ILs, Ni IL binds the Pt(111) shell and therefore, the electronic modification to the supported
Pt the most strongly. The strain normal to (111) surface between Ni IL and Pt shell (Npt.ni) varies
with Spep; in the (111) shell. As shown in Figure S2, the more negative Spep; IS, the more
negative Np.ni Will be. That is, the strongly compressed Pt-Pt bond on the shell is accompanied
with a strengthened Pt shell-Ni IL interaction along (111) direction. The former tends to
destabilize Pt, while the latter increases the stability of Pt. With the decreasing in surface
contraction, the normal strain is also released accordingly. The contribution from the two strains
operating in an opposite way makes Pt g4 stay at similar level in spite of variation in Spi.p;. Our
findings of insensitive €4 and BE-O to Spi.p; due to the unique interaction between Pt shell and Ni
IL can have significant impact on the development of ORR catalysts. It indicates that a good
catalyst for ORR does not necessarily provide a moderate activity to compromise the high

durability and high ORR activity.

According to the first two challenges we aim to meet for AuNiI@Pt NPs,
Nizg@Niy7Pt1os@AU105Pteg (ni 1) NP stands out, being able to promote the durability but
maintaining the ORR activity of Niy @Pt4 Au Segregates to occupy the (100), edge and kink
sites on the Pt shell, which are less stable and more prone to corrosion than the Pt(111) shell

during the ORR. Such segregation not only stabilizes the entire NP, but also prevents the
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dissolution of the Pt(111) shell. In term of ORR activity, due to the insufficient number of Au to
cover the IL and the shell, the heterogeneity is introduced by Au segregation. It leads to the
formation of Pt(111) shell supported by Ni IL, which displays similar to that of Niyo; @Ptyoq NP.
The disadvantage for Nizg@Ni17Pt10s@Au;osPteg NP is that due to the big loading of Au the third
challenge of lowering additional cost cannot be met and the active Ni IL-supported Pt(111) shell
is only 25% of the active (111)-facets. Therefore, theAuNi@Pt NPs with decreased amount of

Au will be studied in the following.

3.2 Nige@AUXPtzm-x

The results on NiAu@Pt NPs indicate three important factors to promote the durability and
maintain the same ORR activity as Ni@Pt by adding Au. Firstly, the core should mostly consist
of Ni, as only Ni IL-supported Pt(111) shell is able to keep the high ORR activity as Ni@Pt,
while the presence of Au or Pt at the IL should be avoided. Secondly, the best way to increase
the durability of Ni@Pt is that Au locates on the shell by replacing the Pt, in particular those at
vertex and edge, which are less stable and more easily to dissolute than those on the terraces.
Finally, the amount of Au at the shell should be limited to a certain extent, being large enough to
replace Pt atoms on the shell that easily dissolute and therefore increase the catalyst durability,
but small enough to keep the surface contraction large (< -4.5%) and maximize the amount of
Pt(111) shell, which is active for the ORR. Following this idea, we varied the concentration of
Au, aiming to target all three criteria, which is on durability, activity and cost respectively. Only
the cases with decreasing amount of Au compared to NigsAu10s@Pty4 Were considered, as the

increasing Au amount decreased the number of sites for the active Pt(111) shell supported by Ni
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IL. In addition, the core was kept as pure Ni to assure the high ORR activity as Ni@Pt. Three
model NPs were constructed based on the Niyo; @Ptyo4 NP (Figure 6). That is, the size and shape
are kept same as Niy@Ptys and NiggAuis@Ptys NPs. The difference is the amount and
position of the alloyed Au. The first is Nig @Au10sPtes (Figure 6a), which has all (100) facets,
edge and vertex sites are occupied by Au atoms similar to NiggAu1gs@Ptyo4, While the core is
only consisted of Ni. Interestingly, we also observe a structural transformation of Au(100) facets
to Au(11l)-like facets (Figure 6a) during the geometry optimization. The second is
Nioo1@AugsPt1o (Figure 6b). The Au concentration decreases from 26.7% in the case of
Nizo1@AuU1sPtgs to 20.7%, where Au atoms only occupy the edge and vertex sites of
Ni201@Pto04. The third is Niyo @Auz4Ptigo (Figure 6¢). In this case, the amount of Au is further
reduced to 5.9%, which uniquely only sit at the vertex sites of Niyo@Ptyo4. In addition, using
these NP models allows us to understand the effect of lowering the Au amount on the durability

and the ORR activity.

With the increasing Au amount, going from Nigo @Pt204, Nizoa@AU24Pt150, Nigo1 @AugsPti
to Niy; @Au;osPtes, the Pt atoms at vertex, edge and (100)-terrace sites of Niy@Ptyo4 are
replaced by Au sequentially (Figure 7). Due to the difference in stability of Pt at different
positions (Figure S1), a big promotion in U is observed when the active vertex sites are occupied
by Au, (Nizo:@Au,4Pt1g0, Figure 7); in contrast the increase by occupying the edge sequentially
is less significant (Nizo1@Aug4Ptio, Figure 7). When further replacing the Pt(100) shell with Au
(Ni21@Au108Ptes, Figure 6a), U stays close to that of Niy @AusgsPti2, Where the slight drop in
U is associated with structural transformation of Au(100) to Au(111)-like shell (Figure 5a). A
reverse trend is observed for BE-O/OH, which decreases with the increasing amount of Au on

the shell (Figures 3, 4 and 7). In general, increasing Au concentration in the shell is able to
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release the surface contraction from -6.0% for Niyg1@Ptygs t0 -5.9% for Nizg @Au24Pt1g0, -4.9%
for Niypi@AuUgsPtizy and -4.8% for Niya@AuiesPtes and therefore increase U; Yet, in
comparison, as discussed in Section 3.1, the corresponding variation in g and BE-O/OH is much
less (Figures 3, 4 and 5). Nig @AugsPti0 NP shows the highest durability among all the NPs
studied, where U is close to that of Pt(111) (Figure 7). In term of activity, Ni@Au4Pt150 NP
provides a BE-O/OH as weak as that of Niy@Ptys Yyet the BE-O/OHs for
Nizo@Niz7AU105@Pt204 (ni 1L), Nizg@Ni17Pt1os@AU105Ptag (i 1L), and Niz1 @AugsPting NPs are also

close.

In consideration of the three challenges to target for AuNi@Pt NPs, we consider
Nixo1@AugsPt1o0 NP as the optimal. The first challenge is accomplished as among all NPs
studied Niyo; @AugsPti2o NP shows the highest durability. For the second challenge on the ORR
activity, it maximizes the area of active Pt(111) shell as the case of Niy@Pt204. In addition, the
BE-O for the Pt(111) shell on Nigp@AugsPtizo NP is only 0.18 eV stronger than that of
Ni201@Pt204 NP, which is very likely to locate in the optimal region of the volcano plot between
BE-O and the ORR activity.’®**" Finally, the Au loading is decreased to satisfy the third

challenge of lowering the cost due to Au.

3.3 0RR 0N Ni201@AU84Pt120 NP

In this section, we carried out mechanistic study of the ORR on Niy; @Aug4Pti20, making sure
that the predicted ORR activity using BE-O/OH as a descriptor is valid. Pt(111) was also
included for comparison. It’s widely accepted that the ORR on Pt-based catalysts in acidic media

proceeds via two reaction mechanisms:*® (1) dissociative (direct) mechanism, in which O is
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directly reduced to H,O: O, + 4(H" + &) — 20* + 4(H" + &) — 20H* + 2(H" + &) — 2H,0; (2)
associative (indirect) mechanism, in which O, is indirectly reduced to H,O through the formation
of peroxy intermediate: O, + 4(H" + ¢) — OOH* + 3(H" + ) — O* + OH* + 3(H" + &) — O*
+ H,0 + 2(H" + &) — OH* + H,0 + (H" + &) — 2H,0. One can be a dominant pathway over

the other or they run in parallel depending on the working potential and the catalyst used.

We calculated the Gibbs reaction energy (AG) with salvation effect included along both
pathways via both dissociative mechanism and associative mechanism using the model
developed by Narskov, et. al. % Accordingly, the reference potential setting was set to be that of
the standard hydrogen electrode (SHE) and the chemical potential for the reaction (H" + €7) was
related to that of 1/2H,. It is important to stress that the above analysis on the ORR is the
simplified without including the kinetic effects. However, for Pt and Pt alloys, extensive
previous studies have shown that the difference in thermodynamics from one system to the next
is able to capture that in the kinetics observed the experimentally.>*®3"4%" The relative ORR

activity our interest here and the accurate prediction is beyond the capability of current DFT.

As shown in Figure 8, our calculated energy diagrams for the ORR on Pt(111) agree well
with the previous theoretical results for Pt(111) including the effect of water.*® In general, all
potential-dependent elementary steps less and less energetically favorable in both dissociative
and associative mechanisms when increasing the potential (U) from 0 V to working potential
(U=0.8V) and equilibrium potential (U= 1.23 V). In addition, following the same method, *® we
considered the most thermodynamically unfavorable step corresponding to the lowest abs(AG) as
the most likely the RDS. At 0 V, the least exothermic step along the dissociative pathway and
therefore the likely RDS is the first proton transfer or *O protonation, *O + H" + & — *OH,

along the dissociative pathway (AG= -0.78 eV); yet the second proton transfer, *OH + H" + ¢ —
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H,O can also be important to the overall ORR with AG =-0.80 eV. At 0.8V, both *O and *OH
protonation are thermonetrual (AG= 0.02 eV) and therefore the RDS, while the O, dissociation is
highly exothermic. At 1.23 V, again *O (AG= 0.45 eV) and *OH (AG= 0.43 eV) protonation
remain as the RDSs to slow down the reaction, while the endothermicity of the reaction
increases. Along the associative pathway (Figure 8b), the first proton transfer or *O protonation
to *OH is the least exothermic step at 0 V (AG= -0.52 eV). At 0.8V, both the proton transfer to
*O is energetically unfavorable (AG= 0.28 eV) besides formation of *OOH via the O;
protonation (AG= 0.26 eV). At 1.23 V, the *O protonation remains as the step with the highest
endothermicity (AG= 0.72 eV). One can see that the likely RDS for the ORR on Pt(111) varies
depending on the reaction mechanism and potentials. According the energetics, at the working
potential of the ORR the proton transfer to adsorbed *O or *OH is likely to slow down the
overall conversion, in agreement with the previous study.*® Therefore, tuning the weakening the
O/OH-Pt interaction has been predicted as an effective way to improve the ORR on Pt(111). We
note here that the question about the real identity of the RDS in the ORR mechanism even on
Pt(111) still remains open in both experiment and theory.®® It has been claimed that the reduction
of *OH or *O is the RDS of the ORR depending on the coverage of H,O*, *O and *OH on the
surface.*®404888%% | this present work, we did not consider the effect of the surface species, but
only including the corrections to the calculated BE in UHV condition at low coverage to describe
the effect of water.®® Nevertheless, the ORR on both NPs and Pt(111) is described under the

same conditions for comparison, which is our interest here.

In comparison with Pt(111), Niy1@AugsPtizg NP behaves differently. As demonstrated
above, the Pt(111) shell of the NP is less active than that on Pt(111). As a result, the reaction

intermediates of the ORR on the NP is less stable than those on Pt(111) (Figure 8). At both U=
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OV and U= 0.8 V (AG= 0.13 eV) along the dissociative pathway (Figure 8a), the potential-
independent oxygen dissociation, 1/20, — O¥*, is the only thermoneutral step on the NP (AG= -
0.06 eV), which is likely the least favorable step and therefore the RDS, while it is highly
exothermic on Pt(111) (Figure 8a) and should proceed well under the ORR condition with a
barrier of ~0.5 eV.”® Yet, the overall ORR is downhill as the case of Pt(111). At U=1.23 V, the
energetic preference for both *O and *OH protonation decreases close to thermoneutral, though
the *OH protonation is slightly more energetically difficult than the rest steps. Along the
associative pathway (Figure 8b), it’s clear that the O, protonation to *OOH (AG= -0.65 eV at 0
V, 0.13 at 0.8 V, 0.55eV at 1.23 V) is critical for the ORR to proceed on the NP at all potentials;
in contrast the other elementary steps are either more exothermic or less endothermic. In
comparison with Pt(111), Niy;@AugsPtizo NP clearly behaves differently. Due to the weaker
binding properties of Pt(111) shell of Niy@AugsPt120 NP than Pt(111), strengthening the *OOH
interaction becomes essential for facilitating the ORR at the working potential. By displaying a
lower AG for the RDS than Pt(111) for the ORR via either dissociative or associative pathway,
Nixo1@AugsPt10 NP is likely to display a higher activity under realistic ORR potentials (0.8 V).
That is, the ORR activity estimated using the BE-O/OH is valid. In this case, the potential
hinders the protonation steps. As a result, on Pt(111) the rate-determining protonation of *O or
*OH varies from thermodynamically favorable to unfavorable (Figure 8). On the NP the binding
property of Pt(111) shell is deactivated selectively to *O rather than *OH, which promotes the
exothermicity of the rate-determining protonation of *O to *OH. As a result, the corresponding
AG stays negative at 0.8 V, which is more favorable than that on Pt(111) (Figure 8). Given that,

the Pt(111) shell of Ni@AugsPtizo NP is tuned to the optimal binding activities, being able to
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catalyze both the O-O bind cleavage and the H-O bond formation better than Pt(111) under the

ORR condition.

Finally, we note that the predictions from current theoretical work may also have impact on
the practical applications. Firstly, we used a more realistic NP model, being able to well describe
the difference from one system to the next in catalytic behaviors observed experimentally on
technical powders.?*** In addition, the predicted structures of the NPs are thermodynamically
stable, which can be possible to achieve by using fine-controlled synthesis method for practical
applications.">"

4. CONCLUSIONS

We employed DFT to investigate the effect of adding Au as the third element to the
durability and activity of Ni@Pt core-shell NP during the ORR. According to our study, the
catalytic property of Ni@Pt NP can be finely tuned by controlling the Au concentration and
distribution. For a NigsAu10s@Pty04 NP, the durability of Pt on the shell is greatly promoted by
thermodynamically favorable Au segregation to replace the Pt atoms at vertex, edge and (100)
facets on the shell (NiggAu10s@Pt20s — Nizg@Niy7Ptios@Au10sPtgg), Which are less stable and
less active than those on (111) facets during the ORR. In contrast, the presence of Au in the
interlayer is energetically unfavored and should be avoided, which destabilizes and decreases the
durability of NigsAu10s@Pt204 NP. The segregation of Au can also introduce heterogeneity in the
Pt(111) shell of the NP. Depending on the species of the interacted interlayer, Ni or Pt(Au), two
different ORR activities are observed on the same NP. Only the Pt(111) shell interacted with Ni
interlayer can display similar ORR activity as Ni»o @Pt204, While those interacted with either Au

or Pt interlayer are less active.
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On the basis of such understanding, we discovered Niy;@AugsPtio0 NP as the best ORR
catalysts, being able to fulfill the three challenges in durability, activity and cost. In this case the
added Au atoms are designed to segregate to the shell and replace the vertex and edge Pt atoms.
The concentration of Au is designed in a way, which is large enough to occupy all the vertex and
edge sites on the shell, but small enough to keep the surface contraction large (< -4.5%) and
maximize the area of Ni interlayer supported Pt(111) shell. In this way, Niyy@AugsPtio NP
displays the highest durability among all the NPs studied here, while the ORR activity is much
higher than Pt and can be as promising as Ni@Pt NP. The Pt(111) shell of Ni@AugsPti20 NP
is tuned to the optimal binding activities, being able to catalyze both the O-O bind cleavage and
the H-O bond formation better than Pt(111) under the ORR condition. Our study not only
highlights the importance of interplay between surface strain on the shell and the interlayer-shell
interaction in determining the durability and activity, but also opens new opportunity to optimize
the performance of a core-shell NP towards the ORR by controlling the distribution and

concentration of the components.

Supporting Information. Calculated Pt-5d projected density of states (PDOS) for a Pt shell
atom at various sites of Ni and Ni@Pt NPs; variation in strain normal to (111) shell with that in

(111) shell.
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Core

0O/Core-shell

(a) (b)

Figure 1. Pt(111) shells from three optimized core-shell NP models with the same composition. (a) NiggAuos@Ptys; (b)
Nizg@Nij;Auos@Ptygs, Where the oxygen was adsorbed on the Pt(111) shell supported by Au IL; (¢) Ni;g@Ni7Auos@Pty4, Where the
oxygen was adsorbed on the Pt(111) shell supported by Ni IL; (d) Nizg@Ni 7Pt os@Au;9sPteg, where the oxygen was adsorbed on the
Pt(111) shell supported by Pt IL; (e) Ni;o@Ni;;Pt|os@Au;osPtyy, where the oxygen was adsorbed on the Pt(111) shell supported by Ni IL.
Light blue: Ni; dark blue: Pt, yellow: Au; red: O.
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Figure 2. Calculated dissolution potentials for Pt, Ni@Pt and NiAu@ Pt NPs with respect to Pt(111).
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Figure 3. Calculated O-binding energy (BE-O) as a function of calculated OH-binding energy (BE-OH) on Pt(111) facet of Ni@Pt core-
shell NPs.
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Figure 4. Variation of calculated O-binding energy (BE-O) with the strain (Sp,p,) on the Pt(111) shell of core-shell NPs.
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Figure 5. Calculated d-band center of three Pt atoms interacted with oxygen as a function of surface contraction.
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Figure 6. Optimized structures of three designed core-shell NP models. (a) Niyg@Au;gsPtos; (b) Nigyi@AugsPtsg; (€)
Niz @Au,4Pt 5.
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Figure 7. (a) Calculated dissolution potentials (U, black square) and O-binding energy (BE-O, red circle) as a function of Au con-
centration for Ni@AuPt core-shell nanoparticle.
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Figure 8. Calculated free-energy diagram for the ORR over Pt(111) (dashed line) and Niyy @(AugsPt;59) NP (solid line) at zero potential
(U=0V), the working electrode potential (U=0.8V), and the equilibrium potential (U=1.23 V), following (a) dissociative (direct) mecha-

nism, and (b) associative (indirect) mechanism.
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