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Abstract

We study the catalytic activity properties of Pt doped and alloyed with 3d transition metal (Cr, Mn, and Fe). Using first-
principles calculations, we investigate energetically favored configurations of doped Pt, including dopant locations in the
Pt layers and distances between neighboring dopants. In a wide range of doping concentrations, our calculations on surface
d-band centers reveal that the catalytic activity of the doped Pt is not considerably affected by transition metal impurities. In
particular, Pt—Fe (1:1) alloys in an ordered face-centered tetragonal phase exhibit d-band centers aligned to the ideal value
for the oxygen reduction reaction, which contrasts with disordered alloys whose d-band centers significantly deviate from the
ideal one. This work suggests that doping and alloying Pt with transition metals is a promising route to design more affordable
materials with lower Pt loading, while maintaining comparable to or even improved catalytic activity compared to pristine Pt.
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1 Introduction

The oxygen reduction reaction (ORR) is a critical field of
investigation due to its vital role in the cathodic process of
proton exchange membrane fuel cells and metal—air batter-
ies [1-7]. While noble platinum-based materials have been
identified as highly efficient electro-catalysts for the ORR
[8—10], their high cost and limited availability pose signifi-
cant challenges to their practical application [1, 11]. The
growing demand for fuel cell technology raises concerns
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about the long-term sustainability of Pt as a catalyst, given
the limited reserves of this precious metal.

To address this issue, extensive research efforts have been
directed toward developing a catalyst with lower Pt loading
that exhibits similar or better ORR catalytic activity [12—15].
One effective approach is to enhance the surface area of Pt
catalyst by reducing its size to nanoscale through nanoparti-
cle dispersion [16]. In line with this strategy, investigations
have extensively focused on incorporating Pt nanoparticles
into carbon-based supports, such as carbon nanotubes or
graphene [17-20]. These promising systems demonstrate
the successful application of the nanoparticle dispersion
method, leading to improved dispersion, increased surface
area, and enhanced catalytic activity and durability [21].

Another promising approach is the alloying Pt with more
affordable materials like Fe, Ni, Co, and Ti [22-25]. The
utilization of composite catalysts with reduced Pt concentra-
tion has been found to exhibit even superior catalytic activity
and performance for the ORR process [26, 27]. Therefore,
it is imperative to understand the underlying mechanisms
through which the enhanced performance of Pt catalysts is
achieved when combined with nonprecious metals.

The d-band center of a catalyst is a widely accepted
approach for predicting its catalytic activity in complex sys-
tems [28-30]. The efficiency of the ORR is primarily deter-
mined by the oxygen chemisorption energy. Metals with
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stronger oxygen bonding experience limited ORR efficiency
due to the adsorbed O and OH species. Conversely, met-
als with weaker oxygen binding have their rate constrained
either by the dissociation of O, or by the transfer of electrons
and protons to adsorbed O, [31, 32]. The ORR activity is
significantly influenced by the average energy level of the
d-band states, as the positioning of d-band states in energy
determines the chemical bonding between the catalyst and
oxygen molecules. The close relationship between the cata-
lyst and its d-band center has been investigated using X-ray
photoelectron spectroscopy (XPS) and ultraviolet photo-
electron spectroscopy (UPS) techniques [33, 34]. The ideal
d-band center for the ORR reaction is estimated to be 0.2 eV
lower than that of pure Pt [12, 13, 23, 35], enabling the
search for materials with high catalytic activity using density
functional theory calculations. Despite extensive scientific
endeavors, pure Pt still exhibits the best catalytic efficiency
among non-alloyed materials. Therefore, the surface elec-
tronic structure of Pt still needs intensive exploration to
enhance the catalytic efficiency and design a practical cata-
lyst without complex synthetic processes.

In this study, we investigate the variation in the d-band
center of surface Pt in the presence of nonprecious met-
als using first-principles calculations. We study the ener-
getically preferred configurations of 3d metal impurities in
thin Pt (111) layers and evaluate their impact on the surface
catalytic activity of Pt [36-38]. In addition, we calculate
the d-band center for a highly ordered phase characterized
by a high 3d metal concentration and compare it with that
of a disordered phase exhibiting a random distribution of
metal impurities. Our findings provide a practical guideline
for the design of more efficient ORR catalysts with lower Pt
content, thereby overcoming the limitations of traditional
Pt-based catalysts.

2 Methods

We utilized the Vienna ab initio simulation package (VASP)
[39] for our density functional theory (DFT) calculations
using the projected augmented plane-wave method. The Per-
dew—Burke—Ernzerhof generalized gradient approximation
was employed to account for the exchange—correlation func-
tional [40, 41]. Our plane wave basis set had an energy cutoff
of 400 eV, and we considered the self-consistent solution of
the Kohn—Sham equations to be converged when the energy
threshold reached below 107 eV. To sample the Brillouin
zone, we employed a dense 7x 7% 1 k-point mesh. A vac-
uum distance of 20 A perpendicular to the atomic plane
was introduced to prevent interactions between layers. To
ensure appropriate relaxation of the atomic structure and
lattice parameters, we used a fully relaxed approach until
the total energy was converged to below 10 eV. Our slab

D Springer KESYAEAY

models consisted of six atomic layers, with each layer con-
taining 4 X4 in-plane unit cells, resulting in a total of 96
atoms. The d-band centers (g,) were calculated using the
following formula:

_ | ED4(E - E;)dE
[ Dy(E-E)dE

€q

where D4(E) represents the density of states (DOS) for the
d-orbital and E; is the Fermi energy of the system. The inte-
gration ranges for all calculations were set from — 10 eV
to 5 eV. To estimate the surface d-band center, we calcu-
lated the average d-band center of the outermost Pt atoms,
excluding the 3d metal atoms due to their low reactivity with
oxygen molecules.

3 Results

We calculated the electronic structure of a six-layer Pt (111)
surface (Fig. 1a). To examine the variation in the d-band
center of Pt, we used a horizontally expanded (4 X 4) super-
cell. Figure 1b shows that the d-band center of Pt deviates
from the bulk value at the surface, owing to the band bend-
ing caused by the surface potential [30, 42, 43]. While the
surface layer has a higher d-band center with respect to the
bulk value, the band center of inner-layers approaches the
bulk value (indicated by the red horizontal line) as shown
in Fig. 1b, which is comparable to one previously predicted
[44]. The DOS of the outermost Pt layer is shifted slightly
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Fig. 1 a Top and side views of the atomic structure of a six-layer Pt
(111) surface. b Calculated d-band center of each Pt layer in the Pt
slab structure. The red horizontal line denotes the d-band center of
bulk Pt. ¢ Layer-resolved density of states (DOS) of the Pt surface.
The Fermi level is set at zero energy
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upward, while maintaining a similar overall shape. This sug-
gests that the catalytic activity of Pt is likely related to the
surface geometry-induced band.

We investigated the effect of 3d transition metal doping
on the d-band center of the Pt surface for three different
atoms (Cr, Mn, and Fe) in this study (Fig. 2a). For each
atom, we analyzed the correlation between the vertical posi-
tion of the impurity and the d-band center of the outermost
layer (Fig. 2b). For all 3d metal doping cases (Fig. 2c), the
outer layer dopant is energetically disfavored, indicating that
dopants are more likely to be dispersed inside the Pt. The
preference for the inner site is an important factor in utilizing
nonprecious alloy as a pragmatic approach to enhance the
economic feasibility of Pt catalyst [45]. When the 3d atoms
are introduced to the Pt thin film, the d-band center of the
outermost layer, a key determinant for catalytic reactions,
is not significantly altered by the presence of the dopants
(Fig. 2c¢), indicating the retention of the surface catalytic
reactivity [46—49]. In particular, when dopants are located
at the third layer, the d-band center of the surface layer is
close to the pristine value because the dopants are spatially
separated from the surface Pt. Therefore, the Pt alloying with
3d atoms provides a viable method to realize an economic
fuel cell device without compromising the catalytic activity.

We also examined the effect of increasing 3d transition
metal doping concentration on the variation of the d-band
center of the surface Pt (Fig. 3a, b). Based on our finding
of Fig. 2, the most energetically stable configuration with
a dopant in the innermost layer, we conducted calculations
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Fig.2 a Top and b side views of the atomic structures of six-layer
Pt (111) surfaces with a 3d transition metal impurity. The yellow and
green spheres represent Pt and 3d transition metal (M) atoms, respec-
tively. ¢ The variation of the total energy of the Pt surface with a
metal impurity (black lines) and the corresponding d-band center of
the outermost Pt layer (red lines). The vertical position of the sub-
stituted atom is labeled as nth layer. The red horizontal dashed line
represents the pristine d-band center value of the outermost Pt layer.
The total energy is normalized to zero for the case where the dopant
is located at the outermost layer
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Fig.3 a Top and b side views of the atomic structures of six-layer Pt
(111) surfaces with 34 transition metal impurities on the same plane.
The yellow and green spheres represent Pt and 3d transition metal
(M) atoms, respectively. ¢ The variation in the total energy (AE) of
the Pt surface with 3d dopants upon the horizontal distance between
the dopants on the third layer. AE is computed relative to the total
energy for the case of the nearest neighboring dopant (n=1), repre-
sented by the solid dashed line. d Calculated d-band center of the out-
ermost Pt layer depending on the doping concentration on the third
layer. e AE of the Pt surface with 3d dopants upon the horizontal
distance between the dopants on the first layer. f Calculated d-band
center of the outermost Pt layer depending on the doping concentra-
tion on the first layer

to determine whether the dopants exhibit a preference for
uniform dispersion or aggregation with neighboring dopants
(Fig. 3c). The total energies of the Pt thin film are found to
be the lowest when the transition metal atoms are adjacent to
each other on the third layer, indicating that 3d dopants pre-
fer to form clusters rather than disperse uniformly. Although
the substituted metal atoms are not directly linked to the sur-
face Pt layer, the d-band center of the outermost Pt is some-
what affected, indicating the importance of the core atomic/
electronic structure of nano-sized Pt catalyst. The Pt d-band
center monotonically decreases with the 3d metal concentra-
tion for Cr, Mn, and Fe dopants as shown in Fig. 3d.

Since surface doping affects the d-band center of the sur-
face Pt layer most compared with the inner layer doping, we
also investigated the dopant dispersion and the shift of the
Pt d-band center by the surface 3d metals. As observed in
the third layer doping, the 3d metals on the surface exhibit a
similar propensity for clustering (Fig. 3e). Interestingly, for
all cases considered, the d-band centers exhibit an upturn
in the range of 6-15%, and the d-band centers of Fe-doped
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Fig.4 Top and side views of Pt-metal (1:1) alloys in a an ordered
face-centered tetragonal structure and ¢ a disordered face-centered
cubic one. Calculated d-band centers of the surface Pt layer for Pt—
Mn, Pt—Cr, and Pt-Fe alloys in b ordered and d disordered phases.

Pt even recover the pristine value of Pt at higher doping
concentrations (see Fig. 3f). As the doping concentration
increases, there is a transformative shift in how the dopants
and Pt interact. For doping concentrations up to 12%, the 3d
atoms appear to mainly modulate the Pt matrix as isolated
dopants, introducing slight modifications to the electronic
structure of the Pt surface such as electron transfer. However,
when we go beyond this threshold, the escalating presence of
3d dopants promotes the formation of metal clusters on the
Pt surface. These emergent clusters are likely to have differ-
ent interaction dynamics with the Pt substrate compared to
their isolated counterparts, leading to the notable non-linear
deviations seen in the d-band center.

Differing responses by elements such as Fe, as compared
to Mn and Cr, might be attributed to their individual tenden-
cies to cluster and their inherent electronic interactions with
Pt. The significant atomic size difference between Pt and Cr
leads to an additional strain effect, a well-known factor for
controlling the d-band center [50]. Another important point
is that Fe shares a similarity with Pt in terms of the number
of valence electrons, resulting in a smaller difference in their
Fermi levels. In contrast, when there’s a larger disparity in
the number of valence electrons, as seen between Pt and
other elements, there tends to be a more substantial elec-
tron transfer in the d-orbitals. Therefore, an optimum dop-
ing concentration can be determined in Pt—Fe nanoparticles,
minimizing the damages of the catalytic activity. The fact
that the ideal d-band center for the ORR is~0.2 eV lower
than that of pure Pt [12, 13, 23, 35] provides a foundation for
expecting improved reaction efficiency within the optimal
alloying range.

Pt metal alloys can undergo a structural transition
from a disordered face-centered cubic (FCC) phase to
an ordered face-centered tetragonal (FCT) phase at high
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Black dotted lines denote the surface d-band center of pristine Pt. e
Calculated density of states (DOS) of the outermost Pt layer for the
Pt—Mn, Pt—Cr, and Pt-Fe alloys. The Fermi level is set at zero energy

metal concentrations [51]. We investigated the effect of
this phase transition on the catalytic activity of Pt alloys
by calculating their d-band center. In the FCT phase, 3d
transition metal atoms and Pt atoms are ordered in a line
shape, as shown in Fig. 4a, resulting in a significant shift
of the d-band center of the surface Pt layer, as illustrated
in Fig. 4b. Fe alloying reduces the d-band center of the
surface Pt by 0.3 eV, suggesting the FCT Pt—Fe alloy holds
promise as a catalyst for the ORR. On the contrary, in
the disordered FCC phase (Fig. 4c), the d-band center of
the surface Pt in all the cases investigated in our calcula-
tions exhibits a substantial deviation from the ideal range
for the ORR (Fig. 4d). Based on the result of the d-band
adjustment achieved through 3d metal alloying, it can be
concluded that the ordered structure is preferable for the
ORR process compared to the disordered structure with a
random distribution of 3d atoms.

We conducted an analysis on the DOS of the surface
Pt layer to identify the noticeable change in the d-band
center for the disordered phase, as shown in Fig. 4e. The
primary disparity in the DOS between the ordered and dis-
ordered phases is that the DOS is comparatively smoother,
accompanied by a prominent peak below —4 eV, for the
disordered structure. For example, in the Pt—Mn alloy, the
peaks near the Fermi level are considerably reduced in the
disordered phase. Similarly, the large peak near — 3.8 eV
observed in the ordered Pt—Fe alloy disappears in the ran-
dom phase. The broader shape of the DOS with reduced
peak intensity indicates strong hybridization of the surface
Pt atoms with their neighbors, leading to the splitting of
the d bands into binding and antibonding states. This vari-
ation in the electronic structure of the surface Pt facilitates
the shift of the d-band center toward lower energy levels.
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4 Conclusion

We employed first-principles calculations to investigate
the effect of nonprecious metal impurities on the d-band
center of surface Pt. We analyzed the energetically pre-
ferred configurations of 3d metal impurities in thin Pt
(111) layers by varying its vertical position and concen-
tration. We demonstrated that 3d metal doping does not
significantly impair the catalytic activity of the surface
Pt layer. We also revealed that the ordered phase of Pt—Fe
alloy, with an idea d-band center, is a more favorable can-
didate for the ORR compared to the random FCT phase.
The strong binding induced by the random distribution
of metal dopants is adverse to the manipulation of the
d-band center of the surface Pt. Our results offer a funda-
mental understanding of how the d-band center of Pt can
be controlled through the process of alloying it with more
affordable metals.
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