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Abstract: We examined the oxygen evolution reaction (OER) and oxygen reduction reaction (ORR)
of Pt-based Pt;M /Pt nanoalloy catalysts (where M represents a 3d transition metal) for bifunctional
electrocatalysts using spin-polarized density functional theory calculations. First, the stability of
the Pt3M /Pt catalyst was investigated by calculating the bulk formation energy and surface separa-
tion energy. Using the calculated adsorption energies for the OER/ORR intermediates in the modeled
catalysts, we predicted the OER/ORR overpotentials and potential limiting steps for each catalyst.
The origins of the enhanced catalytic reactivity in Pt3M /Pt catalysts caused by strain and ligand
effects are explained separately. In addition, compared to Pt(111), the OER and ORR activities in
a Pt3Ni/Ptg, catalyst with a Pt skin layer were increased by 13.7% and 18.4%, respectively, due
to the strain and ligand effects. It was confirmed that compressive strain and ligand effects are key
factors in improving the catalytic performance of OER/ORR bifunctional catalysts.

Keywords: electrocatalyst; oxygen evolution reaction; oxygen reduction reaction; bifunctional;
density functional theory

1. Introduction

To achieve a clean and sustainable future, green energy technologies, such as hydrogen
fuel cells and metal-air batteries, have been attracting significant attention since they can be
expected to utilize renewable energy and reduce energy consumption [1-3]. Among these
technologies, one of the core elements is an oxygen electrode that electrochemically oxidizes
water via oxygen evolution reaction (OER) or reduces oxygen via oxygen reduction reaction
(ORR) [4]. To overcome the low kinetics of these two reactions, Ir- and Ru-based noble
metal catalysts are mainly used for OER, and Pt-based catalysts are used for ORR [5-9].

A bifunctional catalyst applied to a unitized reversible fuel cell (URFC) should have
excellent activity in both OER and ORR. Most URFCs are based on proton exchange
membranes, and hydrogen and oxygen are used as the fuel. URFC has two operating
modes: electrolysis mode and fuel cell mode. In the electrolysis mode, water is oxidized
through OER of an oxygen electrode, giving protons and electrons and releasing oxygen
[2H,0 — 20, + 4H* + 4e™]. These protons and electrons are transferred to the hydrogen
electrode via the membrane and electric potential, respectively. In the hydrogen electrode,
hydrogen is produced by a hydrogen evolution reaction (HER) in which four protons
are combined with four electrons [4H* + 4e™ — 2H;]. Overall, in this process, water is
decomposed into hydrogen and oxygen by an electric potential. Among both OER and
HER, OER is a limited process due to its relatively higher overpotential.
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On the other hand, in fuel cell mode, hydrogen and oxygen are injected to a hydrogen
electrode and oxygen electrode, respectively. The electrode that generated hydrogen during
the electrolysis mode oxidizes the injected hydrogen and splits it into protons and electrons
[2H; — 4H* + 4e~] via the hydrogen oxidation reaction (HOR). Likewise, the electrode
that oxidized water during electrolysis mode reduces the injected oxygen to produce water
[20; + 4H* + 4e~ — 2H,0] via ORR. Of the two reactions, ORR is a limiting process.

The known ORR and OER catalysts so far show good activity only in their respective
reactions [10-12]. Developing low-cost, stable bifunctional electrocatalysts, especially
those having excellent activity for both OER and ORR, remains a major scientific and
technological challenge [13-15].

One way to improve catalytic activity and reduce costs is by lowering the noble
metal content through alloying, in which two or more guest atoms are introduced and
mixed into an existing metal catalyst [16-18]. By alloying, the catalytic properties, such
as the core structure, lattice distance, chemical properties of the surface, chemical com-
position of the ensemble, and surface atomic coordination, are changed, which greatly
affects the activity and stability of the catalysts [19]. Among these property changes,
the three factors that have the greatest influence are (1) strain effect (change in the lat-
tice distance of the core), (2) ligand effect (change in chemical properties of the atoms
on the surface), and (3) ensemble effect (change in catalytic properties of an ensemble of
atoms on the surface) [20-23]. In actual alloy catalysts, these three effects appear mixed
together, making it difficult to distinguish them separately. However, it is possible to clearly
examine each effect using first-principles investigations, and it can provide insight to other
researchers because the origin of the enhanced reactivity can be apparently identified.

In this study, electrochemical OER and ORR on Pt-based alloy catalysts were investi-
gated through first-principles calculations based on density functional theory (DFT). In
core-shell PtsM /Pt catalysts made of Pt and an alloy with M, the strain and ligand effect
on the activity of both OER/ORR were investigated. We found that the Pt3Ni/Ptg, cata-
lyst with a Pt skin-layer showed OER and ORR activities enhanced by 13.7% and 18.4%,
respectively, compared to the Pt(111) catalyst due to strain and ligand effects.

2. Computational Details

All first-principles calculations were performed based on spin-polarized DFT, as
implemented in the Vienna Ab-initio Simulation Package (VASP) [24-26]. The projector
augmented wave (PAW) method using a plane wave basis set was implemented to describe
the interaction between the core and valence electrons [27]. The Perdew—Burke-Ernzerhof
(PBE) exchange-correlation functional within a generalized gradient approximation (GGA)
was employed [28]. An energy cutoff of 400 eV was used for the plane-wave expansion of
the electronic eigenfunctions.

To model the Pt3M /Pt catalysts, we first built an fcc-structured Pt bulk unit cell with
lattice parameters optimized with a = 3.97 A, which is close to the experimental result
of 3.92 A [29]. Using this unit cell, we prepared fcc-structured PtzM bulk unit cells by
replacing one of the Pt atoms with M (where M represents a 3d transition metal). We also
examined the thermodynamic feasibility of Pt3M alloy formation by calculating the bulk
formation energy of Pt;M:

AEgyix = [Epism — (Np¢Ept + NvEwm)]/ (Np3 + Nivin)

where Epism, Ept, EM, Npy, N, Npgs, and Nypp represent the total energies of the bulk Ptz M,
bulk Pt, bulk M and the number of atoms in bulk Pt and bulk M, the number of Pt atoms in
bulk Pt3M, and the number of M atoms in bulk PtsM, respectively.

To separately examine the strain and ligand effects caused by PtzM alloying, we
prepared (2 x 2) PtsM/Pt (tri-layered Pt supported on Pt;3M(111) alloy substrate) and
Pt3M /Pty (the mono-layered Pt on the Pt3M(111) alloy substrate) slab models with five
atomic layers, each containing four atoms, as shown in Figure 1. We also investigated
the OER/ORR on a Pt(111) (pure Pt single-crystal surface) slab model as a reference. By
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comparing Pt(111) and Pt3M/Pt, it can be seen that the strain effect changes the charac-
teristics of Pt(111) catalysts, and the difference between Pt3M /Pt and Pt3M/Ptg, can
be seen as a change caused by the ligand effect. This is due to the fact that, in previous
studies, we found that the change in the surface electronic structure due to the ligand effect
was neglected when the shell thickness was above three atomic layers [30,31]. These slab
models were isolated from periodic images in the vertical z direction by a vacuum space
corresponding to eight atomic layers. The bottom two layers were fixed at correspond-
ing bulk positions, while the upper three layers were fully relaxed using the conjugate
gradient method until the residual forces on all constituent atoms became smaller than
5 x 102 eV/A [32]. For the Brillouin zone integration, we accepted (16 x 16 x 16) and
(5 x 5 x 1) Monkhorst-Pack meshes of k-points to obtain the optimal geometries and total
energies of the bulk and slab models [33]. To calculate the surface electronic structure, we
doubled the mesh to (10 x 10 x 1).

Surface
Segregation

Surface
Segregation

oL Pt(111)

Figure 1. DFT slab models. Gray, blue, and red spheres represent Pt, M, and O atoms, respectively.
An asterisk (*) denotes the adsorption state.

The d-band occupancy near the Fermi level (xr) was calculated as the ratio of the area
of partial density of state (PDOS) corresponding to the “near Fermi level”
(—0.25 eV < E — Eg < 0.25 eV) to the total area of PDOS:

_ o pde
XF = [ pde
where p and ¢ represent the electron density and energy level, respectively. The charge
density of the surface Pt atoms (o) was estimated by Bader charge analysis with a special
convergence test over a charge density grid [34].

The adsorption energy of the OER/ORR intermediates (AEaq45 (X), X:O, OH, and

OOH) was calculated using the following equation:

AEAds (X) = Ebare + Ex — Ex

where Ep,re, Ex, and Ex+ represent the total energy of the bare slab, isolated X molecule in
the gas phase, and the slab with X adsorbed, respectively (an asterisk * denotes
the adsorption state).
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To examine the surface stability of the PtsM/Ptg;,, models, we calculated the surface
segregation energy of M under pristine (AEgeg) and oxygen-rich (AEgeg o) conditions:

AESeg =Eas — Bpare

AEseg 0 =Eas_.o — Eox

where Eag, Eas 0, and Eo+ represent the total energies of the PtsM /Pty slab after segre-
gation, with O adsorbed after segregation, and with O adsorbed, respectively.

To calculate the Gibbs free energy change (AG) of every step for OER/ORR, we intro-
duced a computational hydrogen electrode (CHE) model, as pioneered by Nerskov [35].
In this model, the free energy of a coupled proton and electron is equivalent to that of
half gaseous Hy [G(H* + e~) = 1/, G(H,)] under standard reaction conditions (T = 298.15 K,
P=1bar, pH = 0) with no external potential. We obtained the AG value using
the following method:

AG = AE — TAS + AZPE — neU

where AE, AS, AZPE, n, and U are the difference in total energies directly obtained from
DFT calculations, difference in entropies, difference in zero-point energies, number of
transferred electrons during the reaction, and operating potential in CHE, respectively.
The entropies and zero-point energies of the OER/ORR intermediates were calculated
using the vibrational frequencies, in which the adsorption vibrational mode was calculated
explicitly with all atoms fixed except for the OER/ORR intermediates [36]. The entropy
values of the adsorbates under the reaction conditions were taken from the NIST Chemistry
WebBook [37]. We also included the solvation effect by the electrochemical double layer
(EDL). For OH* and OOH?*, constant bilayer correction was introduced to stabilize the Gibbs
free energy by 0.5 and 0.25 eV, respectively [35].

3. Results and Discussions
3.1. Structural Stability of Pt3M/Pt Catalysts

To elucidate the thermodynamic stability of bulk Pt3M alloy, we calculated the bulk
formation energy (AEp,k) of PtsM from pure Pt and M metals, as shown in Table 1. We
found that AEp values for all Pt3M were negative, indicating that Pt;M alloying from
Pt and 3d transition metals is a thermodynamically feasible process. We also found that
the lattice distance in bulk Pt;M is reduced from 3.87 A to 3.94 A compared to Pt (3.97 A),
while that of Pt3Sc is increased to 4.00 A. These values indicate that compared to pure
Pt(111) surfaces, the Pt3M alloy catalyst is subjected to compressive (—) and tensile (+)
strains from —2.44% to +0.73% in the direction parallel to the surface. Many theoretical and
experimental studies have revealed that compressive strain induces weak adsorption of
reaction intermediates, and tensile strain is the opposite [20,21,38]. Based on these results,
we could expect that relatively weak adsorption of the OER/ORR intermediates would
occur on the Pt3M /Pt catalysts, except for the Pt3Sc/Pt case.

Table 1. Calculated lattice parameters, bulk formation energy, and segregation energy with and
without oxygen species.

a (A) (e\A/fX:g;n) AEgeg (V) AEgeq o (eV)

Pt3Sc 4.00 —-1.05 1.05 —0.02
Pt3Ti 3.94 —0.84 1.20 —0.21
Pt;V 3.92 —0.43 0.96 —0.99
Pt3Cr 3.91 —0.25 0.86 —0.28
PtzMn 3.92 —0.39 0.89 0.15
Pt;Fe 3.91 —0.20 0.89 0.11
Pt;Co 3.88 —0.06 0.74 0.01
Pt3Ni 3.87 —0.07 0.74 0.04

Pt3Cu 3.89 —0.11 0.70 0.25
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Under OER/ORR conditions, 3d transition metals exposed to the surface may be
eluted into the acidic solution, and oxygen species such as O and OH in aqueous solu-
tion can affect the stability of the catalytic surface. To elucidate the surface stability of
the PtsM /Pty catalysts, we calculated the surface segregation energy (AEseg and AEseg o)
of M from the sub-surface (second layer from top) to the topmost surface with and without
oxygen species. As shown in Table 1, all AEsg values were calculated to be positive, indi-
cating that the segregation process of sub-surface M atoms to the topmost surfaces under
vacuum conditions is thermodynamically unstable. However, the surface segregation
energy (AEgeg o) is reduced in the presence of oxygen species. Moreover, Pt3Sc/Ptskin,
Pt3Ti/Ptskin, Pt3V/Ptskin, and Pt3Cr/Ptgn showed negative AEse o values, indicating
that these four catalysts are unstable because the 3d transition metals inside the sub-surface
can be eluted by surface oxygen species. Therefore, we excluded the above four catalysts
with a Pt skin-layer from further OER/ORR investigation.

3.2. OER/ORR Mechanism and Reaction Energetics

Several authors have suggested that oxygen reduction and evolution on Pt surfaces
follow four electron pathways (known as an associative mechanism) in acidic media, and
we also considered associative OER/ORR in this study [6,8,9,12,14]. The elementary steps
are as follows:

Figure 2 displays the OER/ORR Gibbs free energy diagram for the Pt(111) catalyst. In
OER on Pt(111), only the step from O* to OH* is endothermic, and the energy difference
between them is the overpotential (ogr). To minimize nogr, O* should be less stabilized,
and OH* should be more stabilized. In other words, the weaker the O adsorption and
the stronger the OH adsorption, the more active the OER. On the contrary, the OOH
adsorption is not directly related to OER activity.

*+ HyO <> OH* + (H" +e7)
OH* <+ O*+ (H* +e7)
O* + HyO ¢ OOH* + (H* + &)
OOH* <+ Oy + (H* +e7)

0.5 1
0.0 I
% E Noer = 1.38V Norr = 0.54 V
205 1
Q ]
3 ]
-1.0 |
:@ T
~1.5

H,0 OH* O* OOH* O,

Figure 2. OER/ORR Gibbs free energy diagram of Pt(111) catalyst at equilibrium potential
(U =1.23 V) under acidic conditions (pH = 0 and T = 298 K) An asterisk (*) denotes the adsorp-
tion state.

In the case of ORR, the potential determining step (PDS) was found to be the forma-
tion of O, from OOH*, and the weaker the OOH adsorption, the more active the ORR.
However, the PDS can be shifted as the adsorption energies of O, OH, and OOH change.
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In ORR catalysis, it is important to find a catalyst with moderate adsorption of these three
reaction intermediates.

Table 2 lists the OER and ORR overpotentials for each catalyst. All of the Pt;M/Pt
and Pt3M /Pty catalysts showed a reduced OER overpotential compared to the Pt(111)
catalyst, except in the Pt3Sc/Pt case. In the case of ORR activity, it was found that
the overpotentials of the modeled catalysts, except for Pt3Sc/Pt, Pt3Ti/Pt, Pt;Mn/Pt,
and Pt3Cu/Pt, were reduced compared to that of the Pt(111) catalyst. With the overpoten-
tial gap (AGgap), an indicator of the OER/ORR bifunctional activity obtained by the sum of
two overpotentials, it was also found that all catalysts showed a reduced overpotential gap
compared to Pt(111), except for Pt3Sc/Pt and Pt3Ti/Pt. Among all the cases, Pt3Ni/Ptgin
had the lowest overpotential gap and increased OER and ORR activity by 13.7% and
18.4%, respectively.

Table 2. Calculated overpotentials for OER and ORR in Pt(111), PtsM/Pt, and PtsM/Ptg,, catalysts.
AGgap is the sum of two overpotentials representing activity of OER/ORR bifunctional catalyst.

noer (V) noer (V) AGgap (eV)
Pt(111) 1.38 0.54 1.92
Pt3Sc/Pt 1.46 0.74 2.20
Pt3Ti/Pt 1.35 0.59 1.94
Pt3V/Pt 1.29 0.52 1.81
Pt3Cr/Pt 1.28 0.50 1.79
PtzMn/Pt 1.32 0.59 191
Pt3Fe/Pt 1.31 0.54 1.85
Pt3Co/Pt 1.24 0.50 1.74
Pt3Ni/Pt 1.21 0.53 1.73
Pt3Cu/Pt 1.26 0.58 1.84
Pt;Mn /Py, 123 0.46 1.68
PtsFe/Pty, 121 0.52 1.73
Pt3Co/Pt i 115 0.47 1.63
PtzNi/Pto, 112 0.47 1.59
Pt;Cu/Pto, 111 0.50 1.62

3.3. Origin of Enhanced OER/ORR Activity on Pt3M/Pt Catalysts

To better understand the relationship between the OER/ORR activity and adsorption
energy of the reaction intermediates, we display the adsorption energies of O and OH,
and the changes in OER/ORR overpotentials in Figure 3. As mentioned earlier, the OER
activity increased with weaker O adsorption and stronger OH adsorption. This is because
the PDS of OER is the OH* formation step from O¥, as is clearly revealed in Figure 3a.

(a) (b)
1.5 0.9
14 - ; 0.8
13 { KD $07 -
& ) g ]
S12 - 206 A R
1.1 4 0.5 4 Pt(l]])'/: L
1.0 — 0.4 —
48 -46 -44 -42 —40 28 -26 -24 =22 =20
AE4(0) (eV) AE,4(OH) (eV)

Figure 3. Relation between OER/ORR overpotential and adsorption energy of reaction intermediates
O (a) and OH (b). A smaller negative value on the x-axis (to the right) indicates weaker adsorption.
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Meanwhile, we found that the ORR overpotential decreased until AE 45 (OH) reached
—2.23 eV, and then it increased again as the adsorption weakened, as shown in Figure 3b.
This was due to the shift of PDS from [OOH* — O;] to [H,O — OH?*].

To clearly understand the reasons for the change in the adsorption energy of the
OER/ORR intermediates, the lattice strain and adsorption energy are shown in Figure 4. It
can be clearly seen that monoatomic O species adsorbed weaker with stronger compressive
strain, whereas OH adsorption had no clear relationship with strain change. Based on
these results, we confirmed that the enhanced OER activity of the Pt3M /Pt catalyst was
mainly due to weak O adsorption resulting from the compressive strain. We also found
that compressive strain did not significantly affect the OH adsorption energy. Therefore, it
is not directly related to the ORR activity.

4.2 2.2
OAE,4(0)

434 Q XAE\(OH) |-23 _
= 22 >
574.4 : X @@Q X F—2.4 o
= 1 [ (@]
245 | A B. L-25 %

4.6 Pe(111 >K F26 <!

-4.7 ; . — O 57

-3 -2 -1 0 1
Strain (%)

Figure 4. Changes in adsorption energy of OER/ORR intermediates due to the strain effect.

We further investigated how the ligand effect affects OER/ORR activity by comparing
the O and OH adsorption energies of the PtsM/Pt and PtsM/Pty, catalysts. For all
Pt3sM/Pt (M: Mn, Fe, Co, Ni, and Cu), the AE 45 (O) values shifted less negatively from
[—4.44 eV (Mn), —4.41 eV (Fe), —4.33 eV (Co), —4.29 eV (Ni), and —4.34 eV (Cu)] to
[—4.30 eV (Mn), —4.22 eV (Fe), —4.21 eV (Co), —4.22 eV (Ni), and —4.25 eV (Cu)] as
the ligand effect was added, and this trend was also found in OH adsorption. This indicates
that the ligand effect alters the surface electronic structure to be less active and, in turn,
enhances the OER/ORR activity.

To better understand the origin of the enhanced activity, we calculated the surface
electronic structure. In Figure 5a, we plot the partial density of states (PDOS) of surface
Pt. The PDOS shapes of the catalytic surfaces of Pt3Ni/Pt and Pt3Ni/Ptg, are similar to
that of Pt(111). However, near the Fermi level (E — Eg =~ 0 eV), we found that the PDOS on
the Pt3Ni/Pt surface was slightly reduced compared to the Pt(111) catalysts, and the PDOS
level of Pt3Ni/ Pty was clearly reduced compared to the Pt(111) and Pt3Ni/Pt catalysts.

0.6
7 (Pt(111)) = 0.089
i o 04| ()
i 7 (PLNi/PY) = 0.084
% (Pt;Ni/Ptygy) = 0.061 0.2

Density of state (A.U.)

Py(111)

PY(111)

—--PGNi/Pt 1.0 4 — PN
—PUNi/Plyg, —PGNi/PLy,
T T T T T T -1.2
A 6 4 2 0 ) 4 6 H,0  OH* O*  OOH* O,

E-E; (eV)

Figure 5. (a) PDOS of the surface Pt atoms, and (b) OER/ORR Gibbs free energy diagram at
equilibrium potential for Pt(111), Pt3Ni/Pt, and Pt3Ni/Ptg;, catalysts. An asterisk (*) denotes
the adsorption state.
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According to the d-band theory, the lower the electron density on the surface of
the catalyst near the Fermi level, the weaker the adsorption with the adsorbate. This
is due to the fact that electrons near the Fermi level migrate to the adsorbate during
bond formation [39-41]. Our calculation results revealed that the d-band occupancy near
the Fermi level (xr) is reduced by strain and ligand effects and, in particular, the ligand
effect significantly reduces the electron density near the Fermi level [xp(Pt(111) = 0.089
— Xp(PtsNi/Pt) = 0.084 — xp(Pt3Ni/Ptgyn) = 0.061)]. In contrast, the total surface charge
density (o) calculated by Bader charge analysis was almost the same for all three catalysts
[o(Pt(111) = 10.05, o(Pt3Ni/Pt) = 10.04, o(Pt3Ni/Ptg, = 10.08]. This indicates that some of
the active electrons near the Fermi energy level participating in the bond shift to the inactive
state, while the total electron density on the catalytic surface barely changed. As a result,
in the Ptz3Ni/ Pty catalyst with a Pt skin-layer, the adsorption energies of the OER/ORR
intermediates were adjusted to an appropriate level due to the change in surface electron
density by compressive strain and ligand effects, which was revealed as a 17% reduced
OER/ORR overpotential gap compared to the Pt(111) catalyst as shown in Figure 5b.

4. Conclusions

In this study, using first-principles computation based on spin-polarized DFT, we
investigated electrochemical OER and ORR on Pt-based Pt;M alloy catalysts, and we decou-
pled the strain and ligand effects by comparing Pt(111), PtzM/Pt, and
Pt3M /Ptgy;, models.

First, we examined the structural stability of Pt3M/Pt and PtsM /Pty catalysts by cal-
culating bulk formation energy and surface segregation energy, showing that the formation
of all Pt3M alloys is thermodynamically feasible. However, Pt skin-layered Pt3Sc/Ptgyin,
Pt3Ti/ Ptgyin, Pt3V/Ptgyin, and Pt3Cr/Ptg;, are unstable in reaction conditions.

Second, compared to the Pt(111) catalyst, our DFT calculations predicted reduced OER
and ORR overpotentials for most PtsM /Pt and PtsM /Py, catalysts due to the weaker O
adsorption and moderate OH adsorption.

Finally, by electronic structure calculations, we found that the origin of the change
in adsorption energy of OER/ORR intermediates is the reduced electron density near
the Fermi level caused by compressive strain and ligand effects. Among all the catalysts,
Pt3Ni/Ptgyin, showed the lowest overpotential gap, which was reduced by 17% compared
to Pt(111).

Our theoretical study identified that Pt-based alloy catalyst can show improved perfor-
mance even in the reverse reaction of OER, and it provides a fundamental understanding
of electrochemical OER and ORR catalysis for researchers developing bifunctional oxygen
electrodes, especially regarding the interplay of strain and ligand effects on the alloy cata-
lysts, and it will help advance a clean and sustainable future. However, this study focused
on the origins of enhanced OER/ORR activity due to strain and ligand effects and did not
address catalytic durability. This will be further explored in the next study.
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