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ABSTRACT

Proton exchange membrane fuel cells (PEMFCs) are promising candidates for alternate energy conversion devices owing to their
various advantages including high efficiency, reliability, and environmental friendliness. The performance of PEMFCs is funda-
mentally limited by the sluggish kinetics of the oxygen reduction reaction (ORR) at the cathode. Various studies have addressed
myriads of Pt-based alloys as potential catalysts for ORR. However, most of these studies only focus on the cubic-structured Pt-
based alloys which require further improvements especially in terms of stability and required loading. In this work, we perform
first-principle density functional theory calculations to explore Fe and Co alloys of Pt in a different face centered tetragonal (L1p)
geometry as potential catalysts for ORR. The work focuses on understanding the reaction mechanism of ORR by both dissociative
and associative mechanisms on L1y-FePt /Pt(111) and L1p~CoPt /Pt(111) surfaces. The binding pattern of each reaction intermediate
is studied along with the complete reaction free energy landscape as a function of Pt overlayers. The L1y-FePt/Pt(111) and L1y~
CoPt/Pt(111) surfaces show higher calculated surface activity for ORR as compared to the native fcc Pt(111) surface. The decrease
in the required overpotential (r7) for the alloys with respect to the unstrained Pt(111) surface is found to be in the range (0.04
V-0.25 V) assuming the dissociative mechanism and (0.02 V-0.10 V) assuming the associative mechanism, where the variation
depends on the thickness of Pt overlayers. We further correlate the binding behavior of the reaction intermediates to the applied
biaxial strain on the Pt(111) surface with the help of a mechanical eigenforce model. The eigenforce model gives a (semi-) quantita-
tive prediction of the binding energies of the ORR intermediates under applied biaxial strain. The numerical values of the limiting
potential (Uy) obtained from the eigenforce model are found to be very close to ones obtained from electronic structure calcula-
tions (less than 0.1V difference). The eigenforce model is further used to predict the ideal equi-biaxial strain range required on
Pt(111) surfaces for optimum ORR activity.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5049674

I. INTRODUCTION large-scale production still faces several challenges. Many of

these challenges are related to the relatively slow kinetics of

One of the most attractive applications of proton
exchange membrane fuel cells (PEMFCs) is their use in the
automobile industry to drive high-power electric vehicles.'
Representing a convergence of the trend of the electrifi-
cation of the drivetrain with the concept of the “hydrogen
economy,” a fuel cell efficiently exploits the chemical energy
stored in hydrogen gas to generate electricity which can be
used to drive electric cars.?* PEMFCs have seen recent com-
mercial demonstration in the automobile industry, but their

the oxygen reduction reaction (ORR) at the cathode;>7 this
necessitates the use of a high overpotential and directly low-
ers the efficiency of the fuel cell. Pt is the best elemental
electrocatalyst for ORR, and in addition to its high cost it suf-
fers from relatively high cathodic overpotential requirements
of around 0.4 V at a current density of 1 mA cm™. Pt
being scarce in quantity makes it even more challenging
to develop principles for designing scalable catalysts that
exhibit high surface activity as well as low Pt loading at the
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same time. Alloying Pt with a less expensive first-row tran-
sition metal like Co, Ni, or Fe is one such common strategy
that has been explored for the efficient design of ORR cata-
lysts.®-10 In particular, the core /shell structured Pt alloys with
a thin Pt shell and a metal(M)-Pt core provides an interest-
ing and promising direction for ORR catalysts that can exhibit
higher per-site activity in addition to reducing the use of
Pt both via dilution and with a high surface-to-mass ratio.
The ORR activity of core /shell-structured MPt alloy nanopar-
ticles are usually considered in terms of strain and ligand
effects.’’-8 The strain effect is due to the lattice mismatch
of the shell with the core, while the ligand effect arises due
to the electronic interaction between the shell and the core
constituents.

Basic catalyst theory suggests that an optimal catalyst
should follow the Sabatier principle: binding the reactant
intermediates neither too weakly nor too strongly.” That is,
a good ORR catalyst should be reactive enough to activate the
O, bond and at the same time noble enough to release inter-
mediates like HO* from the surface to form H,O. (Here, = rep-
resents an adsorption site.) Additionally, too strong binding of
reaction intermediates is believed to block most of the active
sites on the catalyst surface, hindering the ability to break the
0O-0 bond. However, too weak binding of O makes break-
ing the O-O bond energetically unfavorable. Pt is known to
bind O and HO= relatively strongly, which may be respon-
sible for the slow kinetics of ORR. Theoretical studies have
proposed that a good ORR catalyst should bind ORR inter-
mediates like Ox around 0.0-0.4 eV weaker or HO* around
0.0-0.2 eV weaker as compared to Pt(111).67920 The effect of
strain and ligand effects on the binding strength of a reac-
tion intermediate can be associated with the shift in the
surface d-band center as described by the conventional d-
band center model.’?2" There have been various studies using
electronic structure theory which focused on understand-
ing the effect of strain and/or ligand on ORR intermediates
due to the change in the surface d-band center.”11-1822.23 [t
has been established that compressive biaxial strain and/or
ligand effects can lead to the down-shift of Pt's surface d-
band center, leading towards weaker binding of the ORR
reaction intermediates.?* For example, Stamenkovic et al.'“
have reported 10-fold increase in ORR activity for Pt3Ni(111)
resulting from the combination of both strain and lig-
and effects arising from a special arrangement of the sur-
face which consisted of a Pt-enriched outermost layer
and a Ni-enriched subsurface. In particular, it is a con-
ceived notion that compressive strain in the Pt shell layer
is beneficial for enhancing the ORR activity of many MPt
catalysts.

Investigations on some MPt alloys, especially in the form
of core-shell nanostructures, revealed the strain effect to be
dominant in tuning the ORR activity due to the acid leaching
of the solute element.'>25-27 A detailed investigation on PtsM
(M = lanthanide or alkaline earth metal) electrocatalysts
reported improved ORR activity by a factor of three to six over
Pt as a result of strain effects introduced on the Pt shell by
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lanthanide contraction. PtsTb and Pt;Gd showed the highest
activity among this set, which corresponds to a lateral com-
pressive strain of 5.5% and 4.7%, respectively.?” In order to
study just the effect of ligands on ORR activity, Duan and
Wang'? performed density functional theory (DFT) calcula-
tions on Pt/M(111) (M = Ni, Co, Fe) alloy catalysts. The modeled
surfaces were assumed to have the same lattice constant as
unstrained fcc Pt, modified with a transition metal enriched
subsurface. Their theoretical study reported that the pres-
ence of subsurface transition metals like Ni, Co, and Fe can
lead to multi-fold enhancement in the ORR catalytic activity
as a result of a pure ligand effect. Deconvolution of the ligand
and strain effect is considered as a difficult task for many MPt
alloy systems; most of the theoretical studies discussed above
focus on understanding only one of the effects. Incorporating
theoretical studies to understand the predominance of either
strain or ligand effects based on different surface /subsurface
compositions and alloying elements is required to better
understand and improve the design of ORR catalysts. The use
of MPt alloys to enhance the ORR activity with the help of the
strain and /or ligand effect has shown an interesting direction
for designing better ORR catalysts. However, the stabiliza-
tion of secondary metals (M) like Fe, Co, and Ni in MPt alloys
still remains a challenging task owing to the extremely cor-
rosive conditions at the fuel cell cathode, and many of these
metals can damage the fuel cell's membrane if they leach from
the catalyst over the lifetime of the cell. Most of the stud-
ied cubic structured MPt alloys, despite showing improved
ORR activity, are not known to efficiently stabilize the sec-
ondary metal (M) under the acidic ORR conditions. On the
other hand, a recent study on tetragonal Llp-structured FePt
has shown efficient Fe stabilization against acid leaching along
with enhanced ORR activity as compared to cubic structured
Pt3Fe.28

Motivated by these experimental L1y structures, in the
current study, we use density functional theory (DFT) to per-
form a detailed investigation on core-shell structured Llp-
MPt/Pt (M = Fe, Co) alloys for enhancing the ORR activ-
ity as a function of Pt shell thickness. The work focuses on
studying the strain and ligand effects on binding strengths
of the ORR intermediates and the ORR surface activity. We
will show that DFT calculations predict enhanced ORR activ-
ity for both Llp-FePt/Pt(111) and L1o-CoPt/Pt(111) surfaces as
compared to the unstrained Pt(111) surface. We attribute the
enhancement in ORR activity to the dominating strain effect
on the Pt(111) surface in the case of ~3 or more Pt overlayers.
The ligand effect becomes more dominant for 1-2 Pt overlay-
ers which may further tune the ORR activity. We will show
that we can use an intuitive eigenstress model?® to explain
the trends in binding energy with pure applied compressive
strain. The eigenstress model has shown that the interaction
potential energy can be described by the coupling between
the adsorbate-induced surface stress with the external strain.
An intuitive “eigenforce” model is proposed based on the
eigenstress model which aims towards providing a (semi-)
quantitative prediction of the binding energy change due to a
pure strain effect. The eigenforce model shows similar trends
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FIG. 1. Schematic showing a side cut view of L1,-MPt/Pt, slabs (M = Fe, Co) with increasing Pt overlayers from left to right. Here, n denotes the number of Pt overlayers.

for the effect of applied compressive strain on adsorbate bind-
ing strengths as seen through the conventional d-band center
model and is also able to approximately predict the exper-
imentally observed ideal equi-biaxial strain required on the
Pt(111) surface for near-optimum ORR activity.

Il. COMPUTATIONAL METHODS

Electronic structure calculations were performed in den-
sity functional theory (DFT) using a Grid-Based Projector-
Augmented Wave (GPAW)*%31 method with atomistic manipu-
lations handled in the Atomic Simulation Environment (ASE).32
We used a plane wave basis set along with the revised Perdew-
Burke-Ernzerhof (RPBE) exchange-correlation functional of
Hammer, Hansen, and Ngrskov.3®* The surfaces were mod-
eled using a 3 x 4 unit cell with four atomic layers and 15
A vacuum in the z-direction. For all the surface calculations,
we fixed the bottom layer of the slab, while the top three
layers and the adsorbates were allowed to relax. The opti-
mized RPBE bulk lattice constants were used for modeling
the Pt(111), L1p-FePt/Pt,(111), and L1lo-CoPt/Pty(111) surfaces.
Here, n represents the number of Pt overlayers (1 < n < 4).
The optimized bulk lattice constants for Pt, Lly-FePt, and
L1o-CoPt were (a = 3.99 A), (a = 3.90 A, ¢ = 3.80 A), and (a =
3.82 A, ¢ = 3.80 A), respectively. The experimentally available
lattice constants for fcc Pt (a = 3.91 A) and L1y-FePt strucutres
(a =3.86 A, c =3.79 A) were found to be very similar to ones
obtained through DFT.>#35 The plane wave cutoff used for
all the geometry optimizations was 450 eV with a 4 x 4 x 1
k-point mesh. A 7 x 7 x 7 k-point mesh was used for lattice
constant optimization. All the calculations involving Fe and Co
were spin-polarized to account for their ferromagnetic prop-
erties. For a given L1p-MPt alloy (M = Fe or Co), we performed

geometry optimizations on surfaces with varying Pt overlayer
thickness, as shown in Fig. 1.

To calculate the eigenforces on the unstrained Pt(111) sur-
face, we took an approach similar to that of Ref. 29. We started
off by relaxing a pure Pt(111) bare slab. The optimized slab was
fixed and the adsorbate of interest was then added to the
surface. The adsorbate was allowed to relax on the sur-
face, while the surface atoms remained fixed. The forces
induced by the adsorbate on the neighboring surface atoms
were obtained by an atomic force call which gave us the
eigenforces introduced on each surface atom. We discuss
in Sec. Il how these are converted to explicit interaction
energies.

ORR is typically studied via both dissociative and asso-
ciative mechanism as described in Fig. 2. Based on the
scheme shown in Fig. 2, we studied Ox, HOO%, Ox, and
HO=x as ORR intermediates. Each of these intermediates were
adsorbed on their energetically most preferred sites on Pt(111),
Llp-FePt/Pt,(111), and Lly-CoPt/Pty(111) surfaces (1 < n
< 4), as shown in Fig. 3. In the case of L1o-MPt/Pt;(111) sur-
faces, the Pt sites are differentiated by the presence of M
atoms in the immediate subsurface. We report all the sta-
ble adsorption sites along with their potential energies on
L1p-MPt/Pty(111) surfaces in the supplementary material (See
Sec. 2 of the supplementary material).

We computed the binding energies for the aforemen-
tioned reaction intermediates as described by Eq. (1)

Ep = Egia — Es — Ey, )

where E,, is the binding energy of an adsorbate, Eg., is the total
potential energy of the relaxed slab and adsorbate together, Eg

Dissociative Mechanism Associative Mechanism
1/2 O0,(g) +* = O (D1) Os(g) +* — O3 (A1) FIG. 2. Elementary steps involved in ORR
O* +H' + ¢ — HO* (Dy) O +H' + e~ — HOO* (Ay) via dissociative and associative mechanism
" _ « on a catalyst surface. Note that * represents
HO™ + H' +¢” — HyO(1) + * (Ds) HOO™ + H' +e” = H,0(1) + 0 (As) an adsorp{ion site. P
O*+H' +e” — HO* (Ay)
HO* + HY + e~ — Hy0(1) + * (As)
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is the total potential energy of the relaxed slab alone, and Ex
is the total gas-phase potential energy of the adsorbate alone.
To unify the reference states, the gas-phase potential energies
of the adsorbates were referenced to the gas-phase potential
energies of HO and H,. Note that in this convention, more
positive values of Ey, represent weaker binding.

The computational hydrogen electrode (CHE)” model was
used to obtain the reaction free energy of the steps involv-
ing a (H* + e7) transfer. The CHE model considers the chem-
ical potential of gaseous hydrogen (1u[H,]) to be equal to
the chemical potential of the proton-electron pair (u[H*]
+ pule”]) at O Vrye. (RHE indicates the reversible hydrogen
electrode scale.) AGy = —eU was added to adjust the reac-
tion potential relative to O V. The free energy landscapes were
obtained at 300 K. The free energies of the gas-phase adsor-
bates were obtained using the RPBE free energies of H,O and
H, and the experimental reaction free energy (2.46 eV) for
H,O — %Og + Hy. The ASE thermochemistry module®? was
used to calculate the free energies of reaction intermediates,
where gases were treated in the ideal-gas limit and adsorbates
were treated in the harmonic limit.

ARTICLE scitation.org/journalljcp

FIG. 3. Energetically most favorable sites
for (a) Oz%, (b) HOx, (c) Ox, and (d)
HOO= on Pt(111) surface. Note that the
adsorption sites remain the same for
unstrained Pt(111), L1o-FePt/Pt(111), and
L19-CoPt/Pt(111) surfaces. The atoms in
the descending order of size are Pt, O, and
H, respectively.

Ill. RESULTS AND DISCUSSION

A. Structural effects on binding strengths

We start off by investigating how the Pt skin structure
affects the binding strength of the ORR intermediates, decou-
pling the strain and ligand effects. Figures 4 and 5 show
the binding energies for the adsorbed intermediates (Ozx,
HOO#x, O%, and HO+) on L1y-FePt/Pt(111) and L1y-CoPt/Pt(111),
respectively, with varying thickness of Pt overlayers. The pos-
itive “sign” of binding energies for HOO*, HO*, and O* are
due to the choice of gas phase reference states as described
under the computational details. The positive “sign” does not
signify repulsive interactions. A black horizontal line indi-
cates the binding energy of the reaction intermediates on
the unstrained Pt(111) surface. We observe that the reaction
intermediates bind weakly on these Pt skin surfaces as com-
pared to that on unstrained fcc Pt(111), due to a coupled
strain and ligand effect. We can decouple this effect by also
examining a pure strain effect, through calculating binding
energies on pure Pt structures at the same strain levels as
the fct structures. This allows a separation of the strain and
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4.3 (b) Binding Energies for HOO* on L1,-FePt/Pt,
42
s
b g ey N .
5E 4.0 ;—_fcc_PGnaraF ed T 7
foe Pt unsirained ‘ FIG. 4. Binding energies of (a) Ox, (b)
1.3k 3.9t HOOx, (c) HOx, and (d) O+ on L1o-

1 2 3

Number of Pt overlayers FePt/Pt with varying thickness of Pt over-

layers. The face-centered tetragonal (fct) Pt
(L1o-FePt/Pty) and fcc Pt unstrained repre-
sent Pt slabs with the lattice parameters of
L1o-FePt and native Pt, respectively.

Number of Pt overlayers

£ 5¢
(c) Binding Energies for HO* on L1,-FePt/Pt, (d) Binding Energies for O,* on L1,-FePt/Pt,

fct Pt (L1,-FePYPt,)

E fcc Pt unstrained -0 T T T T T T T foc Pt unstrained |

1 2 3 0t 2 3
Number of Pt overlayers Number of Pt overlayers

ligand effects. As expected, the ligand effect decays with an
increasing thickness of Pt overlayers, and the binding ener-
gies fall asymptotically until only the strain effect remains. The
L1p-CoPt /Pt experiences an in-plane biaxial strain of —4.50%
along [011] (the a direction) and -4.25% along [110] (the b
direction) with respect to unstrained Pt. On the other hand,
L1o-FePt /Pt experiences a strain of —3.47% and -2.23% along
[011] and [110], respectively. (The negative sign indicates the
strain is compressive.) Note that the surface strain is slightly
anisotropic, as it is a cut of the bulk fct structure which is also
compressed anisotropically relative to the pure unstrained fcc
Pt system; this is explained in Fig. S1 of the supplementary
material.

B. Free energy landscapes and limiting potentials
1. Dissociative mechanism

Figure 6 shows the free energy landscape at U = 1.23
Vrug Vvia dissociative mechanism on Llg-FePt/Pt(111),
L1o-CoPt/Pt(111) surfaces with varying thickness of Pt over-
layers. Here, U is the electrode potential versus RHE. For
all the surfaces considered, we observe that the step involv-
ing formation of O« (D;) is downhill in free energy (ie.,
exergonic), while the following two protonation steps of Ox
and HO« (D, and Ds) are uphill in free energy (i.e., ender-
gonic). The potential at which the entire free energy surface
becomes completely exergonic is conventionally considered

FIG. 5. Binding energies of (a) Oy, (b)

Number of Pt overlayers

3 HOOx, (c) Ox, and (d) HOx on L1y-CoPt/Pt
as a function of Pt overlayers. The fct Pt

21 E(a)  Binding Energies for O* on L1,-CoPt/Pt, 4'45 (b) Binding Energies for HOO* on L1,-CoPt/Pt,
4.
1.9E .
SMO _lmgmame~ | <.
= __E fct Pt (L1,-CoPtPt,) | 2
L7t ot Pt (L1y-CoPUPL) | = 411 PLLI-CoPUPL)
E Strain Effect Wale—————
s V] 4.0F feo Ptunstrained
fcc Pt unstrained ¢ Pt unstrained
1.3 1 5 3 3.9 1
Number of Pt overlayers
1.3¢ -0.5
(c) Binding Energies for HO* on L1-CoPt/Pt,
E —0.6F
1.2¢ E
s f S-o7k _ __ _
L1 OPLIeCoPUPY) | € EftPtL1,CoPUPt)
@&k uf —0.8F
1o ——— — — — — — — — — — — — — e
fcc Pt unstrained -0.9 — fec Pt unstrained
0.9 1 > 3 —1.0% 1

’ (d) Binding Energies for O,* on L1-CoPt/Pt,

(L19-CoPt/Pts) and fcc Pt unstrained repre-
sent Pt slabs with the lattice parameters of
L1¢-CoPt and native Pt, respectively.

Number of Pt overlayers

Number of Pt overlayers
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(H* + e ™) transferred

FIG. 6. Free energy diagrams at U = 1.23 V for oxygen reduction reactions via dissociative mechanism on (a) L1o-FePt/Pt, and (b) L1,-CoPt/Pt, where

(n=1,2,3).

as the limiting potential (Ur), which we take as a proxy for
the onset potential. Since both the protonation steps (D, and
D3) involved are potential-dependent, the free energy land-
scape can be made entirely downhill by lowering the poten-
tial of the electrode by an amount equal to the larger of
the two thermodynamic barriers, AG;, (D2 or Ds). We con-
sider the thermodynamically required overpotential (1) as
AGy/e. Here, e is the charge of an electron. The new poten-
tial at which the free energy landscape now becomes com-
pletely exergonic is called the limiting potential (Ur) and is
given by

n= 1.23 - UL = AGL/E. (2)

Uy, is commonly used to correlate with experimental onset
potentials and is considered a reasonable choice to use as an
ORR activity indicator.>63¢ More positive limiting potentials
(Up) indicate lower overpotential requirements to achieve a
given current density, or equivalently better ORR activity at
a specified overpotential. We observe that the strain and/or
ligand effect on L1p-FePt /Pt(111) and L1p-CoPt /Pt(111) surfaces
destabilizes the ORR reaction intermediates by raising their
free energies, as shown in Fig. 6. The destabilization results
in lower overpotential (r7) or higher limiting potential (U;) on
L1p-FePt/Pt(111) and Llp-CoPt/Pt(111) surfaces compared to
unstrained Pt(111) surface, as shown in Fig. 7. For all the sur-
faces considered, we observe that D3 is the potential limiting
step since it has the maximum positive change in free energy.
The change in free energies associated with each step in
dissociative mechanism are provided in Tables I and II for L1y~
FePt/Pt(111) and L1p-CoPt/Pt(111) surfaces, respectively. We
observe that decreasing the number of Pt overlayers makes
the reaction intermediates less stable by raising their free
energies due to the increasing ligand effect. For ~3 or more

Pt overlayers, it is dominantly the strain effect which con-
trols the binding strength of a reaction intermediate and the
change in free energies associated with each step of the reac-
tion mechanism. Note that the ligand effect is observed to be
more on Lly-FePt/Pt(111) surfaces than in L1y-CoPt/Pt(111) as
evident from I'ig. 7 for Pt overlayer thickness of 1. On the other
hand, L1p-CoPt/Pt(111) experiences higher compressive strain
compared to Llp-FePt/Pt(111). Hence, for thicker Pt overlay-
ers, L1o-CoPt/Pt(111) shows higher calculated ORR activity as
compared to both Lly-FePt/Pt(111) and unstrained fcc Pt(111)
surfaces.
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FIG. 7. Activity in terms of limiting potential (U ) at U = 1.23 V for ORR
in dissociative mechanism for both L1,-FePt/Pt, and (b) L1o-CoPt/Pt, where
(n=1,2,3). The fct Pt (L1o-CoPt/Pt,), fct Pt (L1o-FePt/Pts) and fcc Pt unstrained
represents Pt slabs with the lattice parameters of L1y-CoPt, L1o-FePt and native
Pt, respectively.
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TABLE I. Comparison between calculated change in free energies for the steps in
dissociative mechanism over L1y-FePt and unstrained fcc Pt.

System D; (eV) Dy (eV) Ds (eV) UL (V)
L1y-FePt/Py —0.44 0.17 0.26 0.97
L1p-FePt /Pty —0.74 0.30 0.44 0.79
L1y-FePt/Pt; —0.79 0.32 0.47 0.76
L1p-FePt/Pty —0.73 0.26 0.47 0.76
fcc Pt (unstrained) —0.98 0.46 0.51 0.72

TABLE II. Comparison between calculated change in free energies for the steps in
dissociative mechanism over L1y-CoPt and unstrained fcc Pt.

System D; (eV) Dy (eV) Ds (eV) UL (V)
L1p-CoPt /Pt —0.36 0.08 0.28 0.95
L1yp-CoPt/Pt, —0.60 0.23 0.37 0.86
L1p-CoPt/Pt3 —0.65 0.22 0.43 0.80
L1yp-CoPt /Pt —0.63 0.20 0.43 0.80
fcc Pt (unstrained) —0.98 0.46 0.51 0.72

We also consider an alternate route to form H,O via the
disproportionation reaction of HO* + HO* to give H,O + O*
instead of the protonation of HO* to H,O (Step D3 or As in
Fig. 2). Although the formation of H,O through the dispro-
portionation reaction route seems feasible for unstrained fcc
Pt(111), it is expected to have much lower rate on L1p-MPt/Pt,
surfaces at 300 K, as discussed in Sec. 3 of the supplementary
material. Hence, we only consider formation of H,O through
protonation of HO* for the rest of the discussion. Figure S3 of
the supplementary material shows the free energy landscape
for H,O formation through the disporotionation reaction on
both L1y-FePt/Pt, and L1y-CoPt/Pt, surfaces. The change in
free energies associated with each step in dissociative mecha-
nism proceeding through disproportionation reaction to form
H,O is also provided in Tables S3 and S4 of the supplementary
material.

2. Associative mechanism

The free energy landscapes for ORR via the associa-
tive mechanism with varying thicknesses of Pt overlayers are
shown in Fig. 8. All four intermediates are destabilized on
L1p-FePt/Pt(111) and L1lp-CoPt/Pt(111) surfaces as compared
to unstrained fcc Pt(111) surface. Similar to the effect in dis-
sociative mechanism, we see that the ligand effect further
destabilizes the intermediates as we decrease the Pt overlay-
ers. Unlike the dissociative mechanism, which has only two
endergonic steps (i.e., protonation of O and of HOx), the
associative mechanism has three endergonic steps (i.e., pro-
tonation of Oy*, Ox, and HO=). We find the change in free
energy in the O+ protonation step to be the highest for all
our systems, which gives us the limiting potential, Uy, for the
associative mechanism. The changes in free energies associ-
ated with each step in the associative mechanism are provided
in Tables III and IV. We observe that ORR activity increases
via the associative mechanism on both Llp-FePt/Pt(111) and
L1o-CoPt/Pt(111) surfaces compared to unstrained fcc Pt
(see Fig. 9), similar to that observed in the dissociative
mechanism.

Since the focus of this work is restricted only to the
elementary thermodynamics associated with both mecha-
nisms, we avoid drawing conclusions on the kinetic feasi-
bility and dominance of one mechanism over the other. For
example, we can estimate the activation barrier required for
0O-0 bond dissociation with a linear transition-state adsor-
bate scaling relation (E; = 1.8 E,(O*) — 2.89) as described
by Karlberg et al.,’¢® which we find to be 0.73 eV and
0.85 eV for Llp-FePt/Pt; and L1p-CoPt/Pt; surfaces, respec-
tively. At this stage, the dominance of either O,* dis-
sociation or Op* protonation becomes the deciding fac-
tor governing the ORR mechanism. In order to confidently
predict the feasibility and dominance of one mechanism
over the other we need to conduct a potential-dependent
kinetic barrier study, which we intend to address in future
work.
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TABLE lIl. Comparison between calculated change in free energies for the steps in
associative mechanism on L1y-FePt/Pt and unstrained Pt.

System A (eV) Az (eV) Az (eV) Ayq (eV) As (eV) UL (V)
L1y-FePt/Py —-0.06 080 -118 017 026 043
L1p-FePt /Pty —024 081 —-130 030 044 042
L1o-FePt/Pts —-026 078 —-131 032 047 045
L1p-FePt/Pty —-023 077 —-127 026 047 046

fcc Pt (unstrained) —0.35 0.85 —148 046 051 0.38

C. Rationalizing strain effects via
an eigenstress model

The eigenstress model introduced by Khorshidi et al.?°
provides an intuitive way to characterize the binding behavior
of an adsorbate with applied strain. According to the model,
any perturbation caused by the presence of an adsorbate on
a small region of volume V| acting as a subdomain of a con-
tinuous body can induce an eigenstress o* (a tensor) on the
subdomain surface boundary. The eigenstress is positive if the
adsorbate pushes the neighboring surface atoms outwards or
negative if it pulls them inwards. At an arbitrary applied exter-
nal strain €° (a tensor), the binding energy of an adsorbate can
be further calculated as

Ep(€°) = Ep(0) + Eine(€°, 0*), 3)

where E,(0) is the binding energy of an adsorbate at zero
applied strain and E;, is the interaction potential energy of
the applied external strain with the induced eigenstress. Note
that a more positive value of Ep(e®) indicates weaker binding.
The interaction potential energy, Ej is calculated as

B =~ | Y lederylx. @

Vi 5

14
The above equation is exact in the limit of linear elastic-
ity. Here, eg and oj; represent the tensorial components of

€® and o*, respectively. Based on the sign of the interac-
tion energy, Ein, we can qualitatively predict the response of
binding energy to the applied strain. In other words,

> E if -0 >

Ep(<”) : { WO T~ Zigey > O )
< Eb(O) if - 210 eij O_ij < 0.

As seen from the schematic in Fig. 10, the ORR reaction inter-

mediates tend to push the atoms outwards (positive eigen-

stress). This suggests that applying a compressive external

strain should result in a more positive binding energy, that

TABLE IV. Comparison between calculated change in free energies for the steps in
associative mechanism on L1,-CoPt/Pt and unstrained Pt.

System Aj (eV) Az (eV) Az (eV) A4 (eV) As (eV) UL (V)
L1p-CoPt/Pt; —0.07 083 -—112 0.08 0.28 040
L1yp-CoPt/Pt, —0.16 080 —124 023 037 043
L1p-CoPt/Pts —-0.20 077 —122 0.22 043 046
L1p-CoPt/Pt4 —-017 075 —121 020 043 048

fcc Pt (unstrained) —0.35 0.85 —148 046 051 0.38
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FIG. 9. Activity in terms of limiting potential (U ) at U = 1.23 V for ORR
in associative mechanism for both L1o-FePt/Pt, and (b) L1o-CoPt/Pt, where
(n =1, 2, 3). The fct Pt (L1o-CoPt/Pt;), fct Pt (L1o-FePt/Pt;) and fcc
Pt unstrained represent Pt slabs with the lattice parameters of L1,-CoPt,
L1o-FePt, and native Pt, respectively.

is, weakening the binding. On the other hand, a tensile
external strain should result in stronger binding. Both L1y~
FePt/Pt(111) and L1p-CoPt/Pt(111) experience a biaxial com-
pressive strain as compared to the unstrained Pt(111) sur-
face. Hence, the eigenstress model predicts weaker binding
strength of the reaction intermediates on Llp-FePt/Pty(111)
and L1p-CoPt/Pt4(111) as compared to the unstrained fcc Pt(111)
surface, as observed in Figures 4 and 5.

The eigenstress model has shown that the interaction
potential energy can be described by the coupling between
the adsorbate induced surface stress with the applied external
strain. However, quantitatively assigning continuum proper-
ties, like stress and strain, in an atomistic model is challenging.
As a refinement to the eigenstress model, here we suggest
an eigenforce model to calculate the interaction energy, Ejp,
using discrete atomistic inputs. According to the eigenforce
model, the interaction energy is considered as the integral
of induced eigenforces times displacement over each atom,
rather than the contribution of each stress and strain compo-
nent on the surface (Iig. 11). Here, displacement refers to the
change in the Cartesian coordinate of an individual atom due
to the applied strain. The interaction energy described by the
eigenforce model is of the form

Eine = Z / F; dR;, (6)

ieS

where R; is the Cartesian coordinate of the atom i and F; is the
force on the corresponding surface atom induced by relax-
ing an adsorbate on a fixed unstrained surface. This integral is
applied on all the atoms of the surface (S). For convenience, the
above equation can be further simplified by assuming that the
eigenforce remains constant with strain. Then the equation
can be reduced to

Eint ~ — Z F; AR;. )

ieS
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This, of course, introduces a systematic second-order error
into the equation since forces opposed to a displacement
will tend to increase with the displacement, while forces
inline with a displacement will tend to decrease. Here the

<}£|

y

L—V :
(V]

V4 X

FIG. 11. Schematic showing in plane components of the adsorbate induced
eigenforces and displacement due to applied strain.
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FIG. 10. In plane components of forces on
the surface atoms on native Pt(111) surface
atoms induced by (a) Oz, (b) HOx, (c) Ox,
and (d) HOO:x. The eigenforces, as vectors,
for each of the cases are provided in the
supplementary material.

displacement AR; is given by the change of the Cartesian
coordinate of the surface atoms with applied strain. Hence,
the eigenforce model uses AR; and F; to calculate Ej,¢ with-
out explicitly performing electronic structure calculations on
strained surfaces.

The eigenforce model justifies the weaker binding of
the reaction intermediates on L1p-CoPt/Pt4(111) than on Lly-
FePt/Pty(111) since the former experiences a higher compres-
sive strain along both [011] and [i10] directions. Figure 10
shows that the intermediates O2* and Ox induce relatively
higher eigenforce on the neighboring surface atoms as shown
by the magnitude of the in-plane components of forces on
the surface atoms (lengths of the arrows) as compared to the
eigenforce induced by the presence of HOO* and HOx inter-
mediates. This is in accordance with the DFT calculations as
shown in Figures 4 and 5.

We compare the calculated interaction energy with the
actual change in the binding energy of the ORR intermedi-
ates on L1p-CoPt/Pty(111) and L1p-FePt/Pt4(111) surfaces with
respect to unstrained fcc Pt(111), as shown by a parity plot
in Fig. 12. The results obtained from DFT calculations very
well follow the trend predicted by the eigenforce model; i.e.,
more positive interaction energy leads to weaker binding. We
observe that the eigenforce model over-predicts the change in
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FIG. 12. Interaction energy, Ej versus the actual change in binding energies on
L1o-FePt/Pt (filled shapes) and L1y-CoPt/Pt (unfilled shapes).

binding energy since all the data points fall below the diagonal
of the parity plot. The over-prediction of the change in binding
energy by the eigenforce model is believed to be due to fewer
degrees of freedom provided to the system during relaxation
for the calculation of eigenforces (where only the adsorbate
was allowed to relax) as compared to the calculation of actual
binding energies (where both the adsorbate and the slab were
allowed to relax).

D. Optimum strain range for ORR
using eigenforce model

We further use the eigenforce model to predict the
change in binding energy of ORR intermediates with differ-
ent applied compressive strains. Table V shows the calculated
interaction energy with applied equi-biaxial compressive
strain on the Pt(111) surface. Theoretical studies have proposed
that a good ORR catalyst should bind Ox (0.0-0.4 weaker)
and HO« (0.0-0.2 eV weaker) compared to the unstrained
Pt(111) surface.’29 The interaction energies obtained from the
eigenstress model can be treated as the upper-bound in the
expected change in the binding energy of the ORR reaction
intermediates with applied compressive strain. The eigen-
stress model is in agreement with the conventional d-band
center model suggesting weaker binding of the ORR reaction
intermediates with applied compressive strain. It has also been

TABLE V. Interaction energy, Ein; (eV) with the applied equi-biaxial strain on the
Pt(111) surface. Note that positive interaction energy suggests weaker binding.

Adsorbate —1% —2% —3% —4% 5% —6% —7%
Ogx 0.07 013 020 026 033 038 046
HOOx 0.04 0.08 012 0.16 020 024 028
HOx 0.04 0.08 011 0.15 0.18 0.23  0.26
Osx 0.09 017 026 034 043 0.51 0.60

ARTICLE scitation.org/journalljcp

experimentally reported that biaxial strain of around -4% to
-5% on Pt(111) overlayers fall in the optimum ORR activity
range with HOx binding weakened by (~0.10-0.15 eV) as con-
firmed from DFT.?” This is in agreement with the eigenforce
model which approximately predicts a similar change in HOx
binding energy (considering the over prediction of around
~0.08 eV in the change in binding energy by the eigenforce
model) with applied compressive strain on Pt(111) overlayers,
as shown in Table V.

We construct the free energy landscapes by convert-
ing the binding energies obtained from the eigenforce model
to free energies. Figure 13 shows that the predicted free
energy landscape on Pt(111) via both dissociative and associa-
tive mechanism with varying biaxial compressive strain. We
observe that the eigenforce model is able to predict similar
trends observed from our DFT calculations; i.e., an upward
shift in the free energy of each reaction intermediate with
increasing values of applied compressive strain.

We highlight that Llp-FePt/Pty and Llp-CoPt/Pts sit
in one continuous trend with a biaxial compressive strain
of —-3.47%/-2.23% and -4.50%/-4.25%, respectively, along
[011]/[110] directions, as shown in Fig. 13. The eigenforce
model roughly suggests that further application of compres-
sive strain on the Pt(111) surface (~-5% or more) will lead to
further weakening of ORR intermediates like O2* and Ox. Too
weak binding of the reaction intermediates will reduce the
ability of the catalyst surface to activate O, (O, — Oqx being
uphill in free energy as shown in Fig. 13) as well as limiting
the occurrence of ORR due to too weak binding of Ox (A Ey
for Ox greater than 0.4 eV) as observed in literatures.!?20
For compressive strain greater than -5%, we observe that
the adsorption of O, becomes uphill in free energy as shown
in Fig. 13. The overall change in free energy, AG, required
for the reaction to be completely exergonic for compressive
strain greater than -5% is given by the sum of the uphill
change in free energy for the O, adsorption step and the
overpotential,  for both dissociative and associative mech-
anisms, respectively. Note that dissociative mechanism also
requires the activation of O, for further dissociation to Ox.
For compressive strain of ~—5% or less, the AG equals the
overpotential, . The required change in free energy, AG,
corresponding to different strain levels for both dissocia-
tive and associative mechanisms are shown in Table VI. We
observe that AG is minimum for —-5% compressive strain for
both associative and dissociative mechanism. The numeri-
cal values of the overpotential obtained from the eigenforce
model are found to be very close to the ones obtained from
our DFT results (less than ~0.1 eV difference). We observe
that the overpotential, 7 obtained for L1p-CoPt /Pty falls very
close to that obtained from the Pt(111) surface having an
equi-biaxial strain of -5%. This suggests that Llp-CoPt/Pty
may show near optimum behavior for ORR activity as pre-
dicted by the eigenforce model. The actual change in bind-
ing energy for HO= on the L1p-CoPt/Pt4(111) surface is found
to be ~0.1 eV which is reported as the near ideal change in
HOx for optimum ORR activity by many previous theoretical
studies.”19.20.39
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TABLE VI. The change in free energy (AG) required to make the reaction pathway
downhill for both dissociative and associative mechanisms with varying compressive
strain as obtained from the eigenforce model.

Dissociative mechanism Associative mechanism

Strain % AG (eV) AG (eV)
Unstrained Pt 0.51 0.85
—1% 0.47 0.82
L1o-FePt/Pty 0.39 0.79
—3% 0.40 0.77
L1o-CoPt /Pty 0.35 0.75
—5% 0.33 0.72
—6% 0.34 0.74
—7% 0.37 0.79

IV. CONCLUSIONS

In conclusion, our study has shown that Lly-FePt/Pt
and L1p-CoPt/Pt are promising candidates for ORR catalysts.
The ORR reaction intermediates are found to bind weakly
on the Lly-FePt/Pt and L1p-CoPt/Pt surfaces as compared
to the unstrained fcc Pt(111) surface. The free energy land-
scapes have shown that both Lly-FePt/Pt and L1p-CoPt/Pt
systems have higher calculated ORR activity via both associa-
tive and dissociative mechanism. Depending upon the thick-
ness of the Pt overlayers, the strain or ligand may dominate
the effect on ORR activity. For Pt overlayer thickness of around
three or more atomic layers, the strain effect is found to be
dominant. Note that in a real system, if the number of Pt
overlayers continues to increase, we would expect the strain
effect to eventually die out. Such relaxation occurs due to a
variety of effects, such as grain boundaries, defects, or parti-
cle curvature, all of which are difficult to assess with electronic
structure calculations.

Deconvolution of the strain from the ligand effect is a
difficult task to perform experimentally as they both may co-
occur. On the other hand, using electronic structure theory,
we can approximately separate one effect from the other
as shown in this study. Our method describes a way to

(H* + e ") transferred

approximately determine the effectiveness of one effect over
the other based on the Pt shell thickness. Depending on
the nature of the ligand and its relative position to the Pt
shell, we can further estimate its effect on the ORR activ-
ity. For a Pt shell thickness of ~1, we observe the ligand
effect to be the most important in deciding the fate of
the ORR activity. However, in a real case system, we are
more likely to observe a slightly thicker shell where strain
and ligand effects may co-exist. This provides a great tool
for the experimental community to decide on the required
Pt shell thickness for the optimum use of a particular
MPt catalyst depending on the effectiveness of the com-
pressive strain with or without the presence of the ligand
effect.

We further show that the proposed intuitive eigenforce
model is able to give a (semi-) quantitative prediction of the
binding energy change due to a pure strain effect. The trends
observed by the eigenforce model are in agreement with the
conventional d-band center model. The calculated interaction
energy, Ein, can be used as a descriptor to study the response
of applied strain on the binding strengths of the ORR reaction
intermediates.

Finally, we use the eigenforce model to predict the exper-
imentally observed ideal compressive strain range for opti-
mum ORR performance on the Pt(111) surface. We observe
a very clear trend in the change in binding energies of the
reaction intermediates with applied strain suggesting that
compressive strain of around —5% would show near ideal ORR
behavior.

The stability of the solute metal in a MPt alloy is an impor-
tant factor governing the influence of the strain and /or ligand
on the surface activity of the catalyst. Efficient stabilization of
the solute metal will not only prevent leaching of Fe/Co into
the electrolyte but also preserve the strained surface in the
long term. Experimental results on L1y-FePt by Li et al.?® have
shown improved stabilization of Fe in the alloy with a thin Pt
shell of ~2 overlayer thickness suggesting that strain and lig-
and effects may occur simultaneously. Hence, stabilization of
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Fe/Co can further preserve the ligand effect for further tuning
of the ORR activity. Electronic structure theory calculations
can be employed to understand the long term stability of MPt
alloys which otherwise are difficult to measure experimen-
tally. Studying stability as a function of the alloying element
and Pt shell thickness will further help us predict the num-
ber of Pt overlayers to expect, which greatly decides the effect
influencing the ORR surface activity.

SUPPLEMENTARY MATERIAL

See supplementary material for the procedure used to
determine the anisotropic lattice contraction of the alloys
(Sec. 1), energetically stable binding sites for adsorbates on
the alloy surfaces (Sec. 2), alternate pathway for water for-
mation through the disproportionation reaction (Sec. 3), and
eigenforces on each atom and the optimized geometry for the
surfaces considered in the eigenforce model analysis (Sec. 4).
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