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Abstract: Nanoparticles with low-Pt content core and a few-layer Pt skin are attractive catalysts
toward the oxygen reduction reaction (ORR) not only for its low cost, but also because its
activity can be enhanced by judiciously choosing the core alloy. Achieving optimal ORR
performance would require fine tuning of the core composition and structure. Previous work
studying the enhancement effects has primarily focused on core alloys with a cubic structure,
(i.e. disordered alloy or L1, ordered structure) which limits the tuning to composition alone. In
this work, using ab initio calculations, we have systemically investigated a new class of
PtosMos (M=V, Cr, Fe, Co, Ni and Cu) core alloy that has a face-centered tetragonal L1o
intermetallic structure. We have calculated the adsorption energies of O, OH, and OOH on
various Pt skins and the underlying tetragonal structured alloys, which allows us to not only
predict the optimal number of pure Pt skin layers but also tune the activity of the catalysts toward
the peak of the ORR volcano plot. More importantly, using adsorption energies on intermediate
structures, we are able to decompose the enhancement factor into ligand, normal and shear strain
effects, and reveal the significant contribution of the shear strain that is only possible with a
tetragonal core but not a cubic one. Our results point to a new direction in designing tetragonal
structured intermetallic core-shell nanoparticles for ORR applications.
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Introduction:

Manipulating nanostructures to obtain desired properties is one of the goals in materials
engineering. Take electrocatalysts in oxygen reduction reaction (ORR) as an example. In order to
reduce the cost of currently used catalyst Pt and improve the efficiency, lots of efforts have been
made to seek catalysts built from a core-shell architecture utilizing Pt-based bi- or multi-metallic
nanoparticles.’ In such structures, the shell is usually one or several atomic layers of Pt and the

core could be a pure transition metal M, Pt-M alloy 4 or multilayer alloy with one metal layers’.


mailto:mliu@bnl.gov

The activity of the core-shell nanoparticles is greatly influenced by the shell configuration as
well as the interaction between the shell and the core. To design the nanostructures at the
molecular scale, we need to first understand the structure-activity relationship.81° There are
typically three effects considered in designing the active surface!!: 1) the ensemble effect, where
the surface atoms are composed with two or more elements'?; 2) the ligand effect, where the
surface electronic structure is modified by subsurface atoms®®; 3) the geometric or strain effect,
where the distances between surface atoms are changed'*. Among them, the strain effect has
been utilized most to optimize the performance of the catalysts,'>% e.g. the compressive strain is
often used to shift the d-band center down so that the Pt/O* binding strength can be reduced,
resulting in the improvement of Pt ORR activity.?! Volcano plot has been built to depict the
correlation between the compressive strain and activity.'® In strain engineering, only under some
specialized conditions, other factors need to be taken into consideration, e.g. ligand effect when
the shell is too thin?? and relaxed strain if the shell is too thick8. Generally, designing the
structure to obtain certain strain is the major approach to tune the catalyst activity. The usual way
to engineer the strain is by exploiting the lattice mismatch through altering the type and ratio of
M in Pt-M core. The strain of Pt shell can be tailored continuously to reach the desired level,
effectively tuning the ORR activity.> ¥ However, such core configuration - Pt shell strain tuning
so far is mostly limited to the simple case, where the core and shell share the identical face-
centered cubic (fcc) structure. In that case, the compressive strain comes exclusively from
introducing atoms with smaller radii than Pt to form ordered or disordered alloy. In other
words, such engineering strategy limits to tune the core composition alone. A slightly more
complicated, yet much more interesting scenario, where the crystalline structure of the core
differs from the shell, remains seldom explored, e.g. the structural transition occurs from the fcc
core into the face-centered tetragonal (fct) intermetallic core 2426, For example, the nanocatalysts
composed with Pt-Fe L1o fct phase as the core has been achieved with both better durability and
superior activity than the disordered Pt-Fe L1 fcc phase.l® 24 272% The fct Pt-Co nanoparticles
have also been synthesized and revealed as the promising ORR catalysts recently. 2°3° The
intermetallic body-centered tetragonal structure of Pt-Fe-Cu as the electrocatalyst have been
reported with improved activity and stability for methanol oxidation. ®! It is thus of particular
importance to gain deeper understanding of the fct Pt-M alloy core — Pt shell structure for ORR

electrocatalysts.



In this work, we present our comprehensive study of the ORR catalytic activity of Pt-based 3d
transition metal alloys, PtosMos (M=V, Cr, Fe, Co, Ni, Cu), with fct crystalline core/Pt shell
structure. The phase diagrams of the alloys can be found in the supporting information. The
crystal structure of PtosVos is orthorhombic (B19). *2 The PtosCuos has a long-range order and
the stable structure is rhombohedral (L11). 33-* For Cr, Fe, Co and Ni, the stable structures with
PtosMos are tetragonal L1o. 338 Although the L1, is the metastable structure for PtosVos and
PtosCuos, depending on the crystal growth approach, that metastable structure might be
achieved such as using thin film deposition techniques . Therefore, we still include the V and
Cu in our systematical study on the structural factors of L1, Pt-alloy (marked V and Cu with *
denoting its metastable structure). Our investigation is based on thermodynamic factors, where
the binding energy of intermediate species determines the activity of the catalyst, and the
overpotential is originated from hindered proton and electron transfer to the stably adsorbed
oxygen on Pt.*% Under these approximations, the binding strength of intermediates can be
referred as the activity descriptor. We use first principles calculations based on density functional
theory (DFT) to probe their binding strengths. In the following, we first discuss the structural
difference between fct (111) and fcc (111) surface for PtosMos. A slab model of the fct Pt-M
alloy substrate with few layers of Pt on top is used to simulate the fct core/Pt shell catalysts in
ORR. Considering the associated mechanism where O does not dissociate before it is
hydrogenated, we then study the intermediates of O, OH and OOH adsorption on (111) surface
of Pt-M (M=V, Cr, Fe, Co, Ni and Cu) with Pt layers on top, where the number of Pt layers
varies from one to three. We compare the activity of these candidates using the criterion that the
peak performance is reached when the O* binding energy is shifted by around 0.2 eV in
reference to pure Pt (111).6 We further decompose the shift in binding energies and assign them
to different effects for insights. Our results clearly show that the key distinction between fcc and
fctis that in fct (111), there is not only in-plane normal strain, but also in-plane shear strain.
Besides the additional strain effect, the fct structure gives rise to a subtle ligand effect due to the
slight atomic position shift in stacking between layers. We have thus identified the key factors in
the fct alloy core to the promising Pt shell catalytic activity for ORR performance. The
enhancement factors are only possible with a tetragonal core but not a cubic one. More
importantly, such factors are completely structural, and thus we expect them to be applicable to
other fct alloys than Pt-M.



Method:

The DFT simulations are performed with Vienna ab initio simulation package (VASP).*! The
PBE functional is used to describe the electron exchange and correlation*? with projector
augmented wave (PAW) method.**** To obtain the fct alloy bulk lattice constant, series of total
energies of the unit cell with various volumes are fitted with a 3™ order polynomial to get the
optimized volume. Then the lattice was relaxed under constant volume to get the lattice
parameters. The alloy (111) surface is modeled by a slab with 3 close-packed layers and the Pt
skin of 1, 2, or 3 layers are added on top according to the substrate lattice structure. A (2x2)
supercell is used which contains four atoms in each layer, completed with a vacuum layer of at
least 15 A. Spin polarization is included. The kinetic energy cutoff is 450 eV in plane-wave
basis. The dipole correction is included in molecules adsorption calculations. The Brillouin zone

is sampled with a 5x5x1 Monkhorst-Pack k-point mesh. The atoms in bottom layer are fixed

while other atoms are relaxed until the force is less than 0.01 eV/ A. The binding energy Ej is
defined as
En(O*) = E(O*) - E(*) - E(H20) + E(H2);
En(OH*) = E(OH*) - E(*) - E(H20) + 1/2E(H>);
En(OOH*) = E(OOH*) - E(*) - 2E(H20) + 3/2E(H>);

Where E(X*) is the electronic energy of molecule adsorbed structure, E(*) is the electronic
energy of substrate, E(H20) and E(H>) are the electronic energies of gas phase H.O and H>
molecules. We will compare the relative rather than absolute binding energy, therefore we have
ignored the zero-point vibration and entropy effects because they are expected to be almost the
same for different alloys in our calculations. We have verified this assumption by calculating the
free energy (AG=AEeie+AE.ib-TAS) of O* adsorption on 3 Pt layers on fct-PtFe, PtCu and PtV
structures; and found they differ from Ecie by less than 1%. While accurate prediction of the
ORR activity will require solvation effect to be considered explicitly -, we have chosen not to
include solvent here because our focus is on the subtle differences in materials properties, which

should not depend on solvents.

Results and discussion:



In core-shell structure, the core induces a surface strain to the shell based on the lattice
mismatch S=((asnen-art)/apt) X100%.%° If Pt-M forms chemically disordered fcc structure, the
lattice is the average of bulk Pt and M according to Vegard’s law. Alternatively, they can form
an ordered fct intermetallic structure. The fct structure is illustrated in figure 1a, where a=b=c.
The cubic to tetragonal lattice transition brings variation in corresponding surface structures. For
example, the (100) surface of Pt-M undergoes anisotropic strain; and the (111) surface undergoes
not only the normal strain, but also the shear strain compared with Pt (111). The unique shear
strain only appears in (111) surface. Moreover, in Pt-alloy core/shell catalysts, the (111) surface
is shown as the most active facet compared with (100). *® Thus, in our study, we analyze the

(111) facet first.
Figure 1b shows the unit cell of fct Pt-M (111) surface with two layers of Pt on top. In (111)
surface with a (2x2) supercell, the lattice [ = /(a? + ¢?) and y = 2 arcsin (zi—%) The area

of the cell is calculated as area= [? * sin(y). For fcc structure, c=a=b, so y=60°. When c#a=b, y
deviates from 60°, which means the Pt skin experiences both normal and shear strain from the fct
substrate. Additionally, projection of atoms from different layers perpendicular to ¢ axis no
longer overlaps in fct, i.e. next-layer atom used to be in the center of the hollow site is now
slightly off the center. This is due to different interlayer distances, i.e. stacking shifts, of Pt-M
and Pt-Pt. Meanwhile, the thin Pt skin on top of the Pt-M alloy yields to the combined effects of
in-plane strain and interlayer stacking shift of the substrate lattice. We have studied the fct
structure of different 3d transition metals in PtosMos, where M=V, Cr, Fe, Co Ni, and Cu. The
lattice constants of the Pt-M are listed in Table 1. The parameters for unit cell of (111) surface
are also listed. The normal strain in (111) is always compressive ([! (Pt-M)-1 (Pt)])/ I (Pt)<0), but
the shear strain is compressive for V and Cr (i.e., [y(Pt-M)-y(Pt)]/y(Pt)<0), and expansive for Fe,
Co, Ni and Cu ([y(Pt-M)-y(Pt)]/y(Pt)>0).



Normal ]
strain Shear strain

Figure 1. Schematics of a. the ordered fct unit cell structure. The navy atom represents the Pt
and magenta atom represents the M atom. In fct, a=b=c. b. top and side view of Pt-M (111)
surface with two layers of Pt on top. The dashed line represents the fcc (111) unit cell and the
solid line represents the surface with normal and shear strains.

Table 1. the fct PtosMos alloy unit cell parameters.

M in a=b c l [l (Pt-M)- 1 [y(Pt-M)- [area(Pt-M)-
PeM | A [ A A YO | eopiey @) | yeovey @) | areaPy)areaPt) )
v | 383 | 391|547 5931 2.71 1.14 6.00

Cr | 378 | 3.85 | 5.40 | 59.44 4,07 0.93 8.49

Fe | 3.86 | 3.77 | 5.40 | 60.77 -3.98 1.28 741

Co | 382 | 3735336080 5.16 1.33 9.34

Ni | 3.85 | 3.63 | 5.30 | 61.94 5.85 3.23 9.68

Cu' | 394 | 3615346285 511 4.75 7.49

Pt | 398 | 398 |562| 60 0 0 0

The binding energies of Ex(O*), Ex(OH*) and E»(OOH¥*) are investigated since they are
important intermediate adsorbates in associative and dissociative mechanism. For each layer,
binding structures of O, OH and OOH on different adsorption sites are optimized and the one
with the lowest energy is used to calculate the binding energy. (Coordinates of all structures can
be found in Supporting Information.)

We first examine the binding structures. Like in pure Pt, O* prefers to adsorb on the hollow-
fcc site 5. For one and two Pt layers on top of Pt-M alloy, the energetically favorable hollow-fcc
site for O* is above Pt and M atom in the third layer, respectively. The most stable adsorption
configuration for OH* is oxygen on top of Pt and the O-H bond has an angle to the surface. This
is different from pure Pt, where OH* prefers the bridge site to top site, consistent with previous



reports for OH* on Pt (111) in vacuum,*® 2% although it also has been shown that when H,0O
layers are considered, OH* prefers the top site *® 5", The OOH* binds to the surface with
oxygen on top of Pt, O-O bond on bridge site with O-H away from the surface; which agrees
with that on pure Pt 516,

Next we compare binding energies. As the Pt skin thickness increases from one to three layers,
the binding strengths of all adsorbates approach their corresponding values on pure Pt, as
expected. As shown in Figure 2a, binding strengths of O*, OH* and OOH* follow the scaling
relationship with the fit of E,(O*) =1.88E,(OH*) - 0.15 and Ex(OOH*) = 0.94E,(OH*) + 3.10. It
agrees with previous reports, where the OH* vs OOH* line has a slope around 1 and O* vs OH*
has a slope close to 2 for metal-center porphyrin-like graphene, metal oxide and transition metal
surface®®!, Because of this scaling relationship, the knowledge of either O* OH* or OOH*
adsorption energy is enough for the estimation of the surface activity 5 23 40.62-64 Recent studies
have shown that OH* binding energy as a descriptor gives maximal prediction efficiency for the
ORR overpotential %€, In this work, we still choose O* binding to investigate the structure-
activity relationship. This is mostly for computational efficiency because we have a large number
of intermediate binding structures to calculate in the following decomposition analysis. The
binding structure of O* is simple, while OH binding may require us to explore different O-H
bond orientations on surface. Considering the scaling relationships shown above, we believe our
choice of O* is a reasonable one.

Figure 2b shows AE,(O*) from one layer to three layers of Pt on various Pt-M substrates. The
optimal AEx(O*) is proposed to be ~0.2 eV weaker than the O* binding energy at Pt (111),
En(O*@Pt), as reference,® while any value between 0 and 0.4 eV can be potentially better than
pure Pt. Although the binding is too weak for the one-layer Pt skin, it becomes stronger as the
number of Pt skin layer increases. For three layers of Pt on Pt-V', Pt-Fe and Pt-Cu’, the O*

bonding is already very close to the target value 0.2 eV.



a. . ' ' ' ' — 1 Pt layer
4 4 — 2 Pt layer

— 3 Ptlayer

OOH -_—
. 0.6

0.4-

E, (eV)
AE,(0*) (8V)

0.9 10 11 12 v or  Fe  Co N cu
E,(OH") (eV)

Figure 2. a. the scaling relationship of Ex(O*), Eb(OH*) and Ex(OOH*). The dashed lines are
fitted linearly with E»(O*) = 1.88En(OH*) -0.15437 and Ep(OOH*) = 0.94E,(OH*) +3.10; The
solid lines are fitted with fixed slope Ex(O*) = 2 Ex(OH*)-0.27 and Ep(OOH¥*) = E,(OH*)+3.04

in accordance with bond-order conservation principles. b. the AEx(O*) of Pt skin on Pt-M with

different Pt-M (M=V", Cr, Fe, Co Ni and Cu") alloy and number of Pt skin layers (1-3 Pt layers).

In activity volcano, the AE,(O*) from 0 to 0.4 eV using E»(O*@Pt) as reference are considered
potential candidates possessing better activity than Pt, and 0.2 eV corresponds to the volcano
peak® which are highlighted with the light blue gradient in b.

Encouraged by these results, we next seek a better understanding of the structural factors that
lead to the optimal AE,(O*). Ignoring the ensemble effect, which only applies to alloy surface,
we focus on the ligand and the strain effects. In this system, the ligand effect originates from the
vertical electronic structure modification by the alloy underneath, while the strain effect from the
in-plane modification due to the lattice deformation. Compared with the near surface alloy
(NSA) model used in simulation, where the ligand effect originates from the sublayer with a
whole layer of solute metal > 7, in intermetallic fct structure the ligand effect arises from the
ordered Pt-M alloy surface, as well as the interlayer stacking shift, e.g. the atoms in the third
layer are deviated from the center of fcc site (difference in structure is illustrated in figure 3b and
c). The interlayer shifting can be recognized as the shear strain between layers. The relative
position of atoms shifts in the in-plane direction. The strain effect here includes both the normal
strain (changing [) and the shear strain (changing y). To quantify these effects, we propose to
decompose the binding energy change, AE,(O)=Ep(O*@fct-Pt-M)-E»(O*@fcc-Pt), in the

following way:



AEp(O) = AEp(ligand)+ AE(strain)
= [En(Pt-M@fct) - En(Pt@fccy)] + [En(Pt@fccy)- En(Pt@fcc)].

Only O binding is considered and we have used the composition and structure of the core (linked
by @) to indicate different systems. Therefore, Ex(Pt@fccy) is the O binding energy in Pt that
has the fcc interlay stacking (released interlayer shear strain) but with both in-plane shear and
normal strain applied to the lattice (i.e., both [ and y are changed to fct Pt-M lattice parameter).
In the above decomposition, the first term represents the ligand effect and it contains two
consecutive transformations as illustrated in Figure 3. Starting from ordered Pt-M, the first step
is to replace all M atoms with Pt atoms to construct a ‘pure Pt’ structure with Pt atoms fixed at
the fct Pt-M coordinates (figure 3a to b). The second step is to release the interlayer shear strain
where the stacking is identical to fcc structures (figure 3b to c). We attribute these two steps to
pure ligand effect because there is no change to the position of the atoms in the surface layer. In
the next two steps, we first release the in-plane shear strain, and then release the normal strain by
restoring the lattice parameters to the pure Pt. We can then divide the strain effect into the shear
(figure 3c to d) strain and normal (figure 3d to e) strain. Compared with fcc core, the terms

arising from fct are the interlayer and in-plane shearing.

Pt@fcc

‘ (with normal strain) @,

”””T”f“ ligand effect | strain effect ”t@f“‘

Figure 3. the intermediate structures used in energy decomposition. From Pt-M@fct, the first
intermediate structure Pt@fct is derived by replacing all M with Pt without changing atoms’
position. The next intermediate structure Pt@fcc, is derived by releasing the interlayer shear

strain with recovering the atoms stacking as that in fcc, preserving the in-plane normal and shear



strain. The Pt@fcc indicates Pt (111) with normal strain applied exclusively, where y=60°. The
red marks in b, ¢, and d highlight the modeled structural change due to the interlayer and in-

plane shearing.

The decomposed binding energy variations are shown in figure 4. As the number of Pt layers
increases from one to three, the ligand effect decreases significantly while the strain effect only
fluctuates within a narrow range (figure 4a-c). This is understandable because the
surface/sublayer ligands quantum interaction should decay exponentially on their distance; on
the other hand, surface strains can remain even at 5 layers above the core.®® For the three-layer
shell structures where the optimal Ey, is found, it is apparent that strain is the dominant effect. If
we use the surface area change of the unit cell to describe both the normal and shear strain, we
find the strain effect is proportional to the surface area change, as shown in Figure 4d. The
further decomposition of shear and normal strain is shown in figure S4. The normal strain is still
the dominate effect while the expansive shear strain ([y(Pt-M)-y (Pt)]/y(Pt)>0) for Fe, Co Ni and
Cu tune the O* binding energy in an opposite way. Although the shear strain effect is less
dominated, it tunes the binding energy and move the activity closer to the optimal value. For
instance, in the PtFe/Pt fct alloy, which was reported to have higher activity than fcc PtFe/Pt
alloy*®, even though our calculated shear strain effect only accounts for 0.03+0.01 eV of the
binding energy shift, it can explain all the difference between fcc and fct Pt-Fe.

With the decomposition of the binding energy variation, we can rationalize why the Pt-Cu fct
alloy core-shell structure potentially has the best ORR activity. Cu atom is the smallest among
these metals, and it makes the Pt lattice compressive normal strain reach 5% ([ (Pt-M)- L (Pt)]/
(Pt) in Table 1), exceeding the optimal value of 2% °. The shear strain on the other hand largely
relieves the over-compressive normal strain by changing the unit cell shape. Pt-Cu has the largest
shear strain effect of 0.11+0.06 eV, which is critical in making the Pt-Cu fct potentially better
than Pt-Fe fct. The ligand effect only plays a small role in countering the over-compression so as
to make the binding energy optimal.

10
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Figure 4. a-c the energy decomposed to ligand and strain effect for 1,2 and 3 Pt layers on fct-
Pt-M; d. the strain effect for different Pt layers as a function of the (111) supercell surface area

change as shown in e.

We have thus shown that the superior ORR activity of core-shell Pt nanoparticles with an
ordered fct Pt-M alloy core comes mostly from the strain effect. Importantly, the fct core brings a
shear strain to the (111) surface in addition to the normal strain that is commonly studied in fcc
cores. The extra flexibility in tuning the Pt shell structure provided by the fct core can be
potentially used to look for other intermetallic fct cores without Pt to further reduce Pt
consumption. Indeed, the L1, tetragonal crystallographic structure is a flexible platform which
offers versatile options of element combinations and ratios. The non-Pt alloy such as bulk Fe-Pd
forms a L1, tetragonal structure with c/a =0.963 5°7°, The fcc and fct transition happens for most
In-alloy ">, Moreover, the L1, tetragonal structure may be obtained not necessarily from the
alloy with 1:1 component ratio. For example, Fe grown on Cu (100) at room temperature could
form fct structure at certain condition.” "> Those structures own different lattice parameters
which could provide various normal and shear strain. Together with Pt skin, those fct structures

could be of great interests to be utilized as the intermetallic core in core/shell structure.
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Conclusion:

In conclusion, we carried out a detailed first-principles study on (111) surface of Pt-based
alloy with ordered L1o fct intermetallic structure in core-shell architecture as the electrocatalyst
for ORR. The oxygen binding energy has been used as a descriptor to determine the catalyst
activity. To fully understand the fct structures, different facets, solvation effects, the transition
states and other factors have to be considered to represent the whole catalysts reactivity picture.
29.48,76 The layer thickness and component M in Pt-M alloy are as two variables to tune the
surface towards the peak of ORR activity volcano. The structural factors have also been explored
with the decomposition of strain and ligand effects in the fct core. The strain here not only
contains the normal strain but also shear strain, which brings one more variable to control the
structure-activity diagram. The ligand effect becomes trivial when there are more than three shell
layers. It indicates that the fct core mainly provides the constrain geometrically. Therefore, the
core can be chosen with other non-Pt fct intermetallic structure rather than Pt-based alloy to
further reduce the usage of Pt. More importantly, the enhancement factor towards ORR activity
works exclusively with a tetragonal core but not a cubic one. Our results reveal a new direction
in designing core-shell nanoparticles with tetragonal structure and could facilitate further study

of ordered intermetallic fct structure in ORR applications.
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