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Currently, the catalysts performance for the oxygen reduction reaction (ORR) is limited by two major factors,
their price and the scaling relationship, i.e. constant offset, between the binding energy of reactants and reaction
intermediates. Here we show that both limitations may be eased by using nanoparticle catalysts composed of a
core of earth-abundant Mn and Pt shell of two atomic layers. The unusual atomic-structure of Mn core renders
the distribution of coordination numbers and related atomic-level stresses on the Pt shell very broad in com-
parison to pure Pt particles. This increases the chances of nearby sites on the shell to affect each other’s activity

such that the dissociative absorption of molecular oxygen is facilitated without correspondingly increasing the
binding strength of reaction intermediates, thereby promoting the ORR kinetics. Our findings introduce the
concept of structural flexibility of the 3d-metal core and 5d-Pt shell as a strategy for catalysis performance.

1. Introduction

The progress of fuel cell technologies depends critically on the im-
provement of catalysts for the sluggish chemical reactions driving cells’
operation, such as the oxygen reduction reaction (ORR). Despite the
sustained research effort to find ORR catalysts free of expensive Pt [1],
as of today, only Pt-based catalysts are found to approach the re-
quirements for high activity and durability imposed by practical ap-
plications [2-6]. This has prompted researchers to explore sophisticated
nanostructures, such as 3d-transition metal (TM) core and Pt shell
(TM@Pt) nanoparticles (NPs), as superior alternatives to pure Pt NPs in
terms of both affordability and activity. The current understanding is
that the improved activity arises from specific interactions between the
TM and Pt atoms, including charge transfer and optimization of atomic-
level stresses [7-17]. Among others, Co@Pt [18,19] and Ni@Pt [20,21]
NPs have emerged as particularly promising catalysts for ORR. More
recent studies though have shown that enhancement in ORR activity
and stability can also be achieved using other elements on the Periodic
Table [22].

While most of late 3d-TMs have been explored as substitutes for

face-centered-cubic (fcc) Pt, peculiarly, some middle and early 3d-TMs
possessing a non-fcc type structure, such as body-centered-cubic (bcc)
Mn and V, have been given little attention. As for Mn, there have been
only a few reports on Mn-Pt nanoalloys [8,23,24], but not a single study
has been reported on the synthesis of Mn@Pt NPs let alone the effect of
Mn on the catalysis performance of Pt. One of the reasons may be traced
back to the theoretical prediction of Stamenkovic et al. on the effects of
TMs on the electronic structure of Pt, which sparked the present interest
in Pt-TM catalysts. The prediction envisages a volcano-type dependence
of the ORR activity of Pt3TM alloys as a function of the atomic number
of TMs, showing a peak for Co. According to the prediction, Mn would
be one of the least effective TMs for producing cost-efficient and im-
proved Pt-based catalysts for ORR [25]. Another likely reason is the
difficult synthesis of small clusters of Mn® species, which are considered
to be the first step in producing Mn@Pt NPs. The difficulty stems from
the fact that, when compared with other 3d-TMs, Mn has a rather high
oxidation potential [26]

By employing a single step sonochemical reaction, here we syn-
thesize three samples of Mn@Pt NPs with a size of about 3 nm wherein
the diameter of Mn core is so adjusted that Pt shell is about 1, 1.5 and 2
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layers thick. Electrocatalytic measurements show that the activity of the
NPs for ORR is 14-16 times higher than that exhibited by corre-
sponding pure Pt NPs. The atomic-scale structure of Mn@Pt NPs is
determined by resonant high-energy x-ray diffraction (HE-XRD) cou-
pled to atomic pair distribution function (PDF) analysis and 3D com-
puter modeling. From the coordinates of atoms in the structure models,
the distribution of surface Pt-Pt bonding distances and coordination
numbers for the NPs are obtained and compared with the electro-
catalytic data side by side. The comparison shows that the coordination
environment of surface Pt sites and site-specific atomic level stresses are
highly diverse and, furthermore, evolve irregularly with the thickness
of Pt shell. Furthermore, the cores morph from a less densely packed
and relatively well-ordered to a more densely packed and less ordered
bce-type atomic configuration with the increase in the thickness of fcc
Pt shell. Concurrently, the shell becomes more strained, and uneven,
endowing the NPs with a superb catalytic activity for ORR. Thus, NPs
composed of a non-fcc TM core with a flexible atomic structure and thin
fcc-Pt shell appear to be very promising as catalysts for ORR. In line
with our prior studies [27], the findings presented here challenge the
conventional perceptions on the interaction between the core and shell
of TM@Pt NPs in determining their electrocatalytic activity. Hence,
they are likely to inspire further efforts to explore earth-abundant early
and middle 3d-TMs as a component of catalysts for ORR and other re-
actions of utmost technological importance.

2. Experimental
2.1. Materials

Platinum (II) acetylacetonate (Pt(acac),, 97 %), Manganese (II)
acetylacetonate (Mn(acac),, 97 %), perchloric acid (70 %), and Nafion
solution (5wt.%) were purchased from Aldrich. A commercial Pt/C
(37.7 %, average diameter 2.6 nm) electrocatalyst was obtained from
TKK. Ketjen Black, a type of porous carbon, was donated from Samsung
Advanced Institute of Technology. Ethylene glycol (EG, 99.9 %) and
ethanol (99.9 %) were purchased from Samchun Pure Chemical Co.
Filter papers were purchased from Whatman Int. Ltd. Ultrapure water
(Millipore, 18.2 MQ cm) was used throughout the work.

2.2. Synthesis of Mn@Pt core-shell NPs

Mn@Pt NPs were prepared through one-step sonochemical reac-
tions. Measured amounts of Pt(acac),, Mn(acac),, and carbon support
(loading amounts are detailed in Table S1) were added to a three-
necked flask containing EG (30 mL), which had been bubbled with pure
Ar for 45 min prior to the addition to expel any dissolved reactive gases
such as oxygen. Ultrasound with a 30 % amplitude from a 500 kW ul-
trasound generator (Sonic and Materials, VC-500, 20 kHz with a 13 mm
solid probe) was applied for 3h under an Ar-ambient. The blackish
slurry was filtered, washed with ethanol, and then dried under vacuum
for 12h at room temperature.

2.3. Characterization techniques

X-ray diffraction (XRD) patterns of the samples were recorded with
a powder X-ray diffractometer (DC/Max 2000, Rigaku, Cu K,, (A =
1.54056 A)). The shape and size of the NPs were studied with a
transmission electron microscope (TEM, JEOL, JE-3011, 300 kV). A
very small amount of each sample was dispersed in ethanol with a so-
nicator. Then, several drops of the dispersed solution were deposited
onto a carbon-coated Cu-grid, followed by drying in air. An energy
dispersive X-ray spectroscopy (EDS) probe attached to a scanning TEM
(JEOL, JEM-ARM 200F Atomic Resolution Analytical Microscope) was
used to determine the compositions of the individual NPs in the sam-
ples. For the elemental distribution profiles, the microscope was oper-
ated at 300 kV in the high-angle dark field (HAADF) mode. The
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compositions are also confirmed by atomic emission spectroscopy. A
fixed amount of each sample was dissolved in an aqua regia at ~100 °C
for 4h and the resulting solutions were diluted with distilled water. The
carbon support was separated from the solution using a syringe filter.
Then, the solutions were analyzed by an inductively coupled plasma-
atomic emission spectroscopy (ICP-AES, OPTIMA 4300DV
PerkinElmer). Each sample was measured three times and the averaged
data are presented here. X-ray photoelectron spectroscopy (XPS, ESCA
2000, VG Microtech.) was conducted with a monochromatic Al Ka
source (1446.6 eV) to investigate the electronic state of Pt in the
samples. The reported binding energies (BEs) from XPS are calibrated
with respect to C 1s at 284.6 eV.

2.4. Resonant high-energy x-ray diffraction experiments

Resonant high-energy synchrotron XRD experiments were carried
out at the 1-ID beamline of the Advanced Photon Source, Argonne. Two
sets of HE-XRD patterns for each of Mn@xPt NPs were obtained using x-
rays of two different energies. One of the sets was obtained using x-rays
with energy of 78.370 keV, which is 25 eV below the K absorption edge
of Pt. The other set of patterns was obtained using x-rays with energy of
78.070 keV, which is 325 eV below the K absorption edge of Pt. The
patterns were processed as explained in the Supplementary Materials
(SM) and reduced to atomic PDFs. The PDFs are shown in Fig. 1.

2.5. Density functional theory calculations

The catalytic activity of the NPs for ORR was evaluated by density
functional theory (DFT) using the Vienna ab initio simulation package
(VASP). In the calculations, spin polarization was taken into account.
To describe the valence electrons, projector augmented wave potentials
were used. For the exchange-correlation functional, the generalized
gradient approximation of Perdue-Burke-Emzerhof was used [28].
Electronic wave functions were expanded into plane waves, and the
cutoff of the kinetic energy was set to 500 eV. In the Brillouin-zone
integration, the 4 X 4 x 1 I'-centered Monkhorst-Pack sampling was
employed. In the hexagonal unit cell, the cell parameters a and ¢ were
7.71 A and 20.00 10\, respectively. We considered the (111) surfaces for
Mn and Pt fce structures to mimic the Mn@Pt NPs, and computed the
adsorption energies of a hydrogen (or an oxygen) atom on 1 ML (or
2ML) platinum layers on top of a 4 atomic layers thick slab of Mn
atoms. For each case, three symmetric adsorption sites, ontop, hollow,
and bridge, were considered.

2.6. Electrochemical measurements

Electrochemical studies of Mn@Pt catalysts were performed on
electrodes fabricated on a rotating disc electrode (RDE, Autolab). A
commercial Pt/C was used as a reference. The glassy carbon (GC; d
=3.0 mm, area = 0.0707 cm?) electrode of RDE was polished with an
Al,O3 paste on a polishing cloth for ~10s, and then rinsed with dis-
tilled water. 5 mg of a sample was dispersed in 2.5 g of distilled water
by a sonicator until a dark homogeneous dispersion was produced. 5 pL
of the dispersion was dropped on the surface of GC using a calibrated
micropipette and let to dry out in air. In order to protect the electrode
material from disintegrating, 5L of a 0.05wt. % Nafion solution was
applied over its surface.

The electrochemical properties were evaluated using a potentiostat
(Ivium Compactstat, Ivium Technology) and a standard three-electrode
electrochemical cell consisting of a Ag/AgCl (in 3M KCl) reference
electrode, a RDE working electrode, and a Pt-mesh counter electrode.
Prior to each measurement, N, gas was bubbled through the electrolyte
for 45 min in order to expel O,. Furthermore, to remove any organic
species, the working electrode was electrochemically cleaned in the
potential range from 0.3 to 1.1 V with a scan rate 500 mV s~ ! for 100
cycles. Cyclic voltammograms (CVs) were measured in a 0.1 M HCIO,4
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Fig. 1. (a) Experimental (symbols) and com-

1@ Bulk fcc Pt; a=3.921 A g 4 (b)A a ﬁ ﬂ Pure Pt puted (red line) total atomic PDFs for pure Pt

5] o and Mn@xPt NPs. The computed PDFs are

T8 Mn@2Pt based on an fcc-lattice type model. The refined

E 2 “fcc-lattice” parameters are show for each data

= - Mn@1.5Pt set. Arrows emphasize inconsistencies between

= 4 s the experimental and fcc-model computed
o ° \N\N“\N A p p

w a=3.902 A = Mn@1Pt data. (b) RMC fits (red lines) to the experi-

a 0 -bﬁ mental (symbols) total atomic PDFs for pure Pt

o 34 (<) =1 Mn@2Pt and Mn@xPt NPs. (¢) RMC fits (red lines) to

o 3 Mn@2Pt = = = Mn@1Pt the experimental (symbols) Mn-Mn partial

E e 8 E atomic PDFs for Mn@xPt NPs. Vertical arrows

2 2 a=3.909 A w 2- ' 32 emphasize the sharpening of PDF peaks, i.e.,

© (a] Mn@2Pt the increase in the crystallinity of Mn core with

E 1: Mn@1.5Pt & its size. The experimental Mn-Mn partial PDFs

(o] 8 for Mn@2Pt (blue symbols) and Mn@1Pt NPs

o1 a=3.924 A E 1. (black symbols) are given in the inset. The PDF

=3 Mn@1.5Pt for Mn@2Pt NPs extends to lower-r values in

s Mn@1 Pt g comparison to that for Mn@1Pt NPs. The ob-

04 c servation indicates that Mn-Mn atomic pair

a=3.911 A = 0. distances in Mn@xPt NPs shorten with the

¢ Mn@1Pt thickness of Pt shell. The shell shrinks accord-

g T T T v T g T T T ingly. The RMC fits in (b) and (c) reflect the 3D

1 5 10 15 2( 1 10 1 20 structures shown in Fig. 2. The quality factors

Radial distance r(A)

aqueous solution at a scan rate of 50 mV s~ ! under a Ny-ambient. The
electrocatalytic activity for ORR was investigated by linear sweep vol-
tammograms (LSVs) in an electrolyte of 0.1 M HClO,4, bubbled by O, for
30 min, with a scan rate of 5mV s~ ! and a rotation speed of 1600 rpm.
In order to test the durability of the samples in an electrochemical
environment, the ORR activity was measured after 5000 cycles of po-
tential sweeps between 0.3 and 1.1 V in an O,-saturated electrolyte.

All electrochemical measurements were performed at room tem-
perature. The reported potentials are referenced to the reversible hy-
drogen electrode (RHE), and the current densities are normalized with
respect to the geometric surface area of the GC electrode.

Calculations of electrochemical surface area and ORR activity

The electrochemical surface area (ECSA) of each electrocatalyst was
calculated from the amount of charge of the hydrogen-desorption peak
in the CV using the equation:

ECSA = Qu/(m X qg) (@]

where Qg is the charge for hydrogen desorption, m is the amount of
metal (Pt) in the sample, and qy is the literature value of charge re-
quired for the adsorption of a monolayer of hydrogen on a Pt surface
(210 pC em™2) [29].

For the ORR at an RDE, the Koutecky-Levich equation given below
was used:

1/i=1/i + 1/iq (2

where i is the experimentally measured current, iy is the diffusion-
limiting current, and i is the kinetic current. For each catalyst, the
kinetic current was normalized with respect to the amount of Pt and the
ECSA in order to obtain the mass activity (MA, jnass) and specific ac-
tivity (SA, ji) for ORR, respectively.

3. Results and discussion
3.1. Synthesis and basic characterization of Mn@Pt NPs

For brevity, the three samples of NPs studied here are referred to as
Mn@xPt (x = 1, 1.5, and 2), where x refers to the number of atomic

layers forming the Pt shell. As found by TEM (see Figure S1), the NPs
are with a size of about 3 nm as pre-desired. Accordingly, the size of Mn

5 5
Radial distance r(A)

R,,, for the fits are in the order of 8 ( = 2) %.
(For interpretation of the references to colour
in this figure legend, the reader is referred to
the web version of this article).

core decreases as the thickness of Pt shell increases. As described above,
the NPs were synthesized by one-step reactions under an ultrasound
irradiation for 3h. Although not fully understood, the formation of
Mn@xPt NPs can be explained by the acoustic cavitation mechanism of
sonication [30]. According to the mechanism, bubbles form, grow, and
implode locally, thus generating extremely high-energy pulses, which,
in turn, trigger the emergence of radicals that can reduce metal ions.
Because Mn(acac), is more volatile in comparison to Pt(acac), [31,32],
the former is preferentially evaporated into the bubbles and reacts with
the radicals forming Mn® nuclei. A subsequent Pt deposition through
galvanic replacement between Pt** and Mn® on the Mn nuclei results in
the formation of Mn@xPt NPs [33,34].

When deposited on fine carbon powder, the NPs show a narrow size
distribution and good crystallinity (see TEM and HR-TEM images in
Figure S1). In house XRD patterns of the NPs are similar to the pattern
of reference fcc Pt/C NPs (see Figure S2). The elemental distribution
within an individual particle from each sample was probed by STEM-
EDS line profiles which show clearly that the surface of Mn@xPt NPs is
depleted of Mn atoms, indicative of a core-shell type structure (see
Figure S3). The thickness of the Mn-depleted surface region increases
systematically from ~0.3 to ~0.5nm as x increases from 1 to 2, evi-
dencing the increase of thickness of Pt shell from 1 to 2 Pt atomic layers.
The average chemical composition of Mn@xPt NPs was measured by
ICP-AES. The Mn/Pt atomic ratio in the samples was found to be 50/50,
33/67, and 26/74 for x = 1, 1.5, and 2, respectively, (see Table S1).
Values are consistent with the Mn@xPt core-shell structures to be de-
tailed below, which are, in turn consistent with HR-TEM and STEM-EDS
images showing NPs with an average size of 3 nm and shell thicknesses
of 1-2 atomic layers.

3.2. Synchrotron X-ray experiments and 3D structure modeling

In order to reveal the atomic-scale structure of Mn@xPt NPs in
better detail, we carried out resonant HE-XRD experiments at the K
edge of Pt atoms (78.395keV). The experiments involved measuring
two diffraction patterns close to but below the adsorption edge of Pt
(Figure S4), taking the difference between the two patterns, and Fourier
transforming it into the so-called Pt-differential PDF. The Mn-Mn par-
tial and total PDFs for Mn@xPt NPs were also obtained. Details are
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given in the SM and Refs. [35,36]. Exemplary HE-XRD patterns for
reference Pt and Mn@xPt NPs are shown in Figure S5. The respective
total and Mn-Mn partial PDFs are shown in Figs. 1(a,b) and 1(c), re-
spectively. Note that, as shown in Figure S6, the total PDFs are different
from those for Fe@Pt NPs studied previously [27]. Also, note that un-
like local-probe techniques such as extended x-ray absorption fine
structure spectroscopy, element-specific atomic PDFs obtained by re-
sonant HE-XRD can reveal interatomic correlations extending up to
distances equal to the diameter (size) of the studied NPs. As demon-
strated below, this greatly facilitates constructing realistic 3D models
for Mn@xPt NPs.

Total PDFs for pure Pt and Mn@xPt NPs were fit with models
constrained to the fce-type crystal structure of bulk Pt. Computational
details are given in the SI. Results of the computations are shown in
Fig. 1(a). As can be seen in the Figure, the experimental total PDF for
pure Pt NPs is reproduced reasonably well by the model. The experi-
mental total PDFs for Mn@xPt NPs, however, are not quite well re-
produced by it. Furthermore, the values for the refined fcc-lattice
parameter for the NPs appear scattered. The observations indicate that,
though exhibiting HE-XRD patterns similar to that of pure Pt NPs (see
Figures S2 and S5), Mn@xPt NPs are unlikely to be stacks of close
packed atomic layers known to occur with bulk fcc metals and alloys.

To obtain a better insight into the atomic arrangement in Mn@Pt
NPs, we constructed full-scale models for the NPs using Molecular
Dynamics (MD) and reverse Monte Carlo (RMC) computations. To be as
realistic as possible, the models reflected the average size (~3nm),
shape (polyhedra with round edges; see Figure S1), morphology (core-
shell) and overall chemical composition of the modeled NPs. A model
for pure Pt NPs was also constructed. Initially, the model atomic con-
figurations were relaxed in terms of energy, i.e. stabilized at atomic
level, by MD. The MD-relaxed models were refined against the re-
spective total and Mn-Mn partial PDFs by RMC. The refinement was
necessary because metallic NPs can exhibit specific atomic-level fea-
tures, such as considerable surface structural relaxation, which may not
be captured well by MD alone, i.e. without experimental input [37].
The thermal (Debye — Waller type) and static displacements, i.e. re-
laxation, of atoms in the refined models were treated separately. In
addidion, the energy of RMC refined models was minimized further
using pair-wise potentials taken from literature sources. Details of the
MD and RMC computations are given in the SI. The refined models are
shown in Fig. 2. The distribution of bond angles in the Mn core and Pt
shell of the models are shown in Figure S7(a) and S7(b), respectively.
As can be seen in the Figures, Pt atoms arrange in an fcc-type manner
while Mn atoms form more or less disordered bec-type configurations.

pure Pt

Mn@1Pt
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Data in Figure S7(a) also indicate that the degree of disorder in Mn
cores diminishes with their size, i.e. is inversely proportional to the
thickness of Pt shell (follow the strengthening of the sharp features in
the distributions marked with vertical solid arrows). The increasing
crystallinity of larger Mn cores is also seen as a sharpening of the peaks
in the respective Mn-Mn partial PDFs shown in Fig. 1(c) (follow the
vertical dotted arrows). Data in Figure S7(b) indicate that the opposite
is true for Pt shell, i.e. it becomes more disordered locally with its size
(follow the non-negligible broadening of the distributions marked with
a horizontal dotted arrow). Altogether, the models appear fully con-
sistent with the experimental i) HR-TEM data in terms of size and
shape, ii) STEM-EDS profiles in terms of a mutual distribution of Mn
and Pt atoms, iii) ICP-AES data in terms of overall chemical composi-
tion and iv) reproduce the experimental total and partial Mn-Mn PDFs
data in very good detail (see Figs. 1a and 1b). As such, within the limits
of experimental accuracy, the models can be considered as the most
likely, ensemble-averaged 3D atomic structures of pure Pt and Mn@xPt
NPs studied here, and so are fit for their purpose. That is, the structures
can be used as a rational basis for evaluating the unusual catalytic
properties of the NPs [27,37], which are discussed further below.

3.3. Electrochemical characterization of Mn@xPt NPs

The electrochemical properties of carbon supported Mn@xPt NPs as
catalysts for ORR were studied by CV and LSV. CV curves for Mn@xPt
and reference Pt/C NPs are shown in Fig. 3(a). The curves show two
pairs of redox peaks, which are characteristic to Pt-based catalysts. The
first pair is associated with hydrogen adsorption and desorption (0.0 -
0.3V), and the second pair oxide formation and decomposition (0.6 -
0.9V). Also, the curves appear stable for up to 100 cycles, indicating
that Mn atoms in the core of Mn@xPt NPs are well protected from di-
rect (electro)chemical reactions.

ECSAs of the NPs were estimated by integrating the peaks at 0.0 -
0.3V region in the anodic sweep for the hydrogen desorption from the
Pt surface (Hypp), using the reference value of 210 uC cm ™2 for an
annealed Pt surface [29]. The normalized ECSAs per unit Pt mass are in
the order of Mn@2Pt > Mn@1.5Pt > Mn@Pt > Pt (see Fig. 3(d)).
The fact that Mn@xPt NPs have larger ECSAs than corresponding Pt
NPs is understandable because Pt species in the former are ‘diluted’ in
comparison to the latter. Surprisingly, however, within the series of
Mn@xPt NPs, ECSA increases as x increases. This trend is counter-
intuitive because the x =1 composition is the most Pt-dilute and,
hence, is expected to have the largest ECSA. The slight decrease of the
average particle size from 2.9 to 2.7 and then to 2.6nm with x

Mn@1.5Pt Mn@2Pt

Fig. 2. (first row) 3D model structures for pure fcc Pt and bec-like Mn@fcc-like Pt NPs determined as described in the text. (second row) Cross sections of the

respective structures. Pt atoms are in gray and Mn atoms are in light brown.
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Fig. 3. (left) Electrochemical data for Mn@1Pt, Mn@1.5 Pt, and Mn@2Pt NPs deposited on carbon support: (a) Cyclic Voltammograms (Inset is CV of Pt/C), (b)
Linear Sweep Voltammograms (Inset is a magnified view for the potential range of 0.80-1.05 V), and (c) Tafel plots. (right) Comparison of the electrochemical data
of Mn@1Pt, Mn@1.5 Pt, and Mn@2Pt NPs deposited on carbon support and a reference Pt/C. Data for fresh and cycled (5,000 potential cycles) are given. (d)
Electrochemically active surface areas and (e) Specific activity and (f) Mass activity taken at 0.9 V.

increasing from 1 to 1.5 and then to 2, respectively, may contribute to
this trend. However, it cannot account for the trend completely because
the fraction of Pt species unused for Hypp increases very fast when x
increases. DFT calculations of the binding energy of H atoms to a sur-
face comprising one or two (111) Pt layers positioned on top of a Mn
layer (Table S4) show that the two-layer surface binds H stronger than
the one-layer one. The result indicates that the ECSA of Mn@1Pt NPs
may be underestimated in comparison to Mn@xPt NPs with x = 1.5 or
2. The largely different facets of Mn@xPt NPs, indicated by the re-
spective 3D models shown in Fig. 2, may also affect the strength with
which H atoms bind to their surfaces. In particular, the peaks at 0.12V
and 0.24V in the H-desorption curve are attributed to desorption of H
from Pt(110) and Pt (100) facets, respectively. The H desorption from
Pt(111) is reported to give a peak between these two. The CVs of pure
Pt and Mn@1Pt NPs show prominent peaks related to H desorption
from Pt(100) and Pt(110) facets. As the thickness of the Pt shell in-
creases, the two peaks smear out and nearly overlap completely. Such a
trend is observed with pure Pt NPs whose size decreases and, hence,
surface becomes less regular [38]. The CVs also show the reduction
peaks of surface oxides on the NPs at ~0.7V. All of the Mn@xPt
samples show lower reduction potentials than Pt/C. Typically, a lower
peak potential is considered as a sign of increased stability of surface
oxides [39]. Therefore, per the CV data, Mn cores seem to increase the
affinity of Pt shells to oxygen atoms. Furthermore, contrary to common

knowledge, the stability of oxides on the surface of Mn@xPt NPs ap-
parently increases with the Pt content increases. These observations
will be discussed later.

LSV curves obtained in an oxygen-saturated 0.1 M HClO,4 solution
are summarized in Fig. 3b. As can be seen in the Figure, the onset
potential of Mn@xPt NPs (~1.05V vs. RHE) is higher than that of re-
ference Pt/C (0.99 V vs. RHE) by ~60 mV. The steeper slopes of Mn@
xPt in the 0.8-1.0 V region of the LSV curves and the Tafel plots shown
in Fig. 3(c) indicate that the kinetics of ORR is significantly faster with
Mn@xPt NPs in comparison to reference Pt/C. The specific and mass
activities of reference Pt and Mn@xPt NPs, normalized with respect to
ECSAs and the amounts of used Pt, are shown in Figs. 3(e) and (f),
respectively. Data in the Figures show that Mn@xPt NPs outperform
pure Pt NPs as ORR catalysts by a factor of 5-6.5 for SA and by 14-16
for MA. Among the Mn@xPt catalysts, Mn@1.5 Pt shows the highest SA
and MA. The SA of Mn@1Pt NPs is higher than that of Mn@2Pt NPs
whereas the order is reversed when MA of the NPs is compared. Here is
to be noted that among the series of TM@Pt NPs synthesized by the
sonochemical reaction method, where TM is Mn, Fe, Co, and Ni
[33,34,40,41], the Mn@xPt NPs system studied here stands out not
only for its higher electrocatalytic activity but also for the trends it
shows. These peculiarities of Mn@xPt NPs will be discussed later.

Catalytic stability is an important factor to consider when devel-
oping advanced ORR catalysts for fuel cells related applications. LSV
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curves for Mn@xPt NPs undergone 5000 cycles in the potential range of
0.3-1.1V in O,-saturated 0.1 M HCIO,4 solution at room temperature
and for the respective not-cycled NPs are shown in Figure S8. The
calculated values of ECSAs, SA, and MA from the CVs and LSVs before
and after the potential cycling are summarized in Table S2. While cy-
cled reference Pt/C suffers 27.1 % loss in activity, the ORR activity of
cycled Mn@xPt NPs drops by only 5-22%. Here, the ORR stability of
Mn@2Pt NPs (4.9 % loss after 5,000 cycles) is particularly remarkable.
The TEM image of this sample shows that the NPs are almost intact after
the cycling (see Figure S9).

3.4. Structure-ORR activity relationship for Mn@xPt NPs

The electrochemistry data show that the core in Mn@xPt NPs
greatly enhances the catalytic activity of Pt shell for ORR. Studies have
shown that the reaction proceeds via a number of steps including,
among others, the cleavage of strong O=O0 bond in molecular oxygen
adsorbed on the catalyst surface, and removal of reaction intermediates
such as *OH and *OOH groups leading to the formation of water. Here
“*” denotes an active surface site capable of binding ORR reactants and
reaction intermediates. The present understanding is that an efficient
ORR catalyst would bind oxygen molecules with ample strength to
allow the cleavage of O=0 bonds and formation of *O but weakly
enough to liberate the reaction intermediates and products when the
reaction is complete. In addition, it is considered that the binding en-
ergy of *OH, *OOH, O, and atomic oxygen *O are strongly correlated
and so the binding energy of the latter can serve as an indicator for
catalytic activity for the ORR [42-44]. In addition, it is considered that
a moderate decrease in the binding energy of atomic oxygen to Pt
surfaces would increase their activity for ORR [12]

DFT calculations on the adsorption properties of atomic oxygen on
model slabs composed of 1 and 2ML Pt formed on Mn slabs were
performed. Jennings et al. showed that the adsorption properties of
oxygen species on the slab model show the same tendency as those on
the terraces of NP models [45]. Therefore, the slab model calculations
will be sufficient to account for the electronic effects of Pt-Mn inter-
action in explaining the observed electrocatalytic trends in Fig. 3e and
3f. The results show that both atomic oxygen and hydrogen bind more
strongly to the surface of 2 ML Pt than 1 ML Pt (see Table S4 and S5). In
the ORR process, an oxygen molecule is decomposed to two oxygen
atoms, and they form water molecules with hydrogen atoms. If oxygen
atoms are adsorbed too strongly, excessively large adsorption energy of
oxygen atoms hinders the ORR reaction [46,47]. Therefore, the DFT
results suggest that Mn@1Pt will show higher SA than Mn@2Pt, which
agrees with the observation. However, the DFT results cannot explain
some of the observed data such as the opposite trend of MA and the
highest SA and MA of Mn@1.5 Pt. Hence, we considered other possible
explanations using experimental and not assumed structural char-
acteristics of Mn@xPt NPs.

Generally, the reactivity of Pt surfaces toward oxygen and oxyge-
nated species (*OH/*OOH) is largely determined by the width, wy, and
energy position, &g, of the d-band of surface Pt atoms, degree of hy-
bridization of their valence 6(s,p) and 5d electrons, and the resulting
electron density of d-states (d-DOS) near the Fermi energy. According to
electronic structure theory of metals, wy, €4 and d-DOS depend strongly
on the local coordination of metal atoms, in particular on their first
coordination number and radii. Therefore, we used the so-called ef-
fective surface coordination numbers (CNgg) and distances between
surface Pt atoms in pure Pt and Mn@xPt NPs to directly assess their
catalytic activity for ORR. The CN.g and Pt-Pt distances computed from
the positions of atoms in the respective 3D models are shown in
Fig. 4(a—d) and Fig. 5(a—d), respectively. Details of the computations
are given in the SI. Here is to be noted that the approach of using CN
instead of the traditional counting of near neighbors is similar to the
embedded-atom method, where the valence electron density at an
atomic site is approximated by a superposition of the valence electron
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in this figure legend, the reader is referred to the web version of this article).
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density of the nearby atoms which, in turn, is a superposition of the
valence electron density of the first neighbors for those atoms [48].

As can be seen in Fig. 4, the relative percentage of top surface atoms
in pure Pt, Mn@1Pt, Mn@1.5 Pt and Mn@2Pt NPs with CNgg > 5 is 26,
50, 66, and 70 %, respectively. The percentages make sense at least
because the fraction of atoms on the densely packed (111). facets of Pt
NPs with a cubooctahedral shape and size of 2—3 nm is known to be in
the range of 20 % to 30 % (e.g. see Fig. 5 in Ref. [11]]. According to the
d-band center theory, bond order conservation arguments and experi-
mental observations, higher coordinated Pt atoms on flat surfaces, such
as (111)¢-type terraces, would show enhanced catalytic activity for
ORR in comparison to lower coordinated Pt atoms [12,48,49]. The
larger number of surface Pt atoms with Cyegr > 5 in Mn@xPt NPs in
comparison to pure Pt NPs, and the relative increase of that number
with the thickness of Pt shell correlate well with the observed trend of
ECSA for the NPs (compare data in Figs. 3d and 4e). Also, the near
bimodal distribution of CNg in Mn@1Pt NPs on one hand (i.e. well-
defined facets), and the much broader distribution of CNeg in Mn@
1.5 Pt and Mn@2Pt NPs on the other (i.e. uneven facets), correlate well
with the observed trend in the shape of the H-desorption curves for the
NPs in the 0.1 - 0.3V region (see data in Fig. 3a).

Comparison between the data in Figs. 4 and 5 shows that the ob-
served increase in CN¢ may be associated with the significant increase
in the compressive strain, i.e., shortening of Pt-Pt bonding distances in
Mn@xPt NPs. The shortening would increase the overlap of 5d orbitals
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surface strain is seen to correspond to an increased specific activity for ORR.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

and so the energy of 5d electrons of nearby surface Pt atoms in Mn@xPt
in comparison to those in pure Pt. The significantly decreased CNg in
Mn@xPt NPs in comparison to the bulk value of 12 would diminish the
degree of delocalization of the valence 5d electrons of the surface Pt
atoms in the NPs and so narrow the surface wy. This would increase the
energy of 5d electrons of surface Pt atoms further due to increased
Coulomb repulsion. Then, it may be conjectured that some 5d electrons
of surface Pt atoms in Mn@xPt NPs would be promoted to higher en-
ergy 6sp bands through 5d — 6sp charge redistribution (sp-d hy-
bridization) leading to a net decrease of the d-DOS of the atoms. A
somewhat decreased occupation of surface Pt 5d-band, i.e. an increased
number of the so-called 5d-vacancies, would lead to an increase in the
core-level binding energy for Pt atoms in Mn@xPt NPs, as documented
by XPS (see data in Figure S10 and Table S3). Furthermore, it would
increase the oxophilicity of Mn@xPt NPs, eventually leading to the
formation of Pt-Ox oxide-like surface sites. The magnitude of the latter
though would depend on the particular number of 5d vacancies, per-
centage and type of active Pt surface sites and so may be expected to
vary with the thickness of Pt shell as observed by the electrochemical
experiments (Fig. 3a) and predicted by DFT calculations (see Tables S5)
done here. As discussed in Refs. [7,8,17,50], a moderately increased
absorption energy of oxygenated species may indeed have a net positive
effect on the ORR activity of Pt surfaces. That is because it may weaken:
i) O=0 bonds and so facilitate the dissociative absorption of oxygen
molecules, thereby generating more *O species available to interact
with other nearby species and ii) the adsorption energy of reaction
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intermediates such as *OH, thereby reducing their ‘poisoning’ effect/
negative impact on the ORR kinetics. The latter may be rationalized in
terms of increased lateral repulsive interactions between nearby *OH
species, forcing them occupy less favored surface sites. Ultimately, the
kinetics of ORR over the surface of Mn@xPt NPs would improve in
comparison to pure Pt NPs.

An inspection of data in Figs. 4(e) indicates that, due to the 2- to 3-
fold increase in the percentage of surface sites with CNg > 5, the im-
provement would be at least by a factor of two or three. When the
differences in the percentage of Pt species in pure Pt NPs and Mn@xPt
NPs are taken into account, the improvement factor would be even
higher, as indeed observed here.

It is important to clarify the contribution of Mn core in Mn@xPt NPs
to their superb catalytic activity for ORR. Among all transition metals,
Mn has the most complex atomic-scale structure. The room temperature
phase of Mn (a-Mn), has a body-centered cubic cell occupied by 58
atoms with CNs varying from 12 to 16. The Mn-Mn bonding distances
vary from 2.24A to 2.91 A. Beta Mn (B-Mn), appearing in the tem-
perature range from 1000K to 1368 K, has a simple cubic unit cell
populated with 20 Mn atoms, each having a CN of 12. Mn-Mn bonding
distances vary from 2.36 A to 2.67 A. The fcc y-phase of Mn (y-Mn) is
stable in the temperature range from 1368K to 1406 K. At higher
temperatures up to the melting point of 1517 K, the bcc §-phase of Mn
(-Mn) appears. The average atomic volume of Mn atoms in -Mn, -Mn,
-Mn and §-Mn) appears. The average atomic volume of Mn atoms in a-
Mn, 3-Mn, y-Mn and §-Mn, also known as the Wigner-Seitz volume of
Mn, is approximately 12.1, 12.5, 14.6 and 14.9 A3, respectively. That is,
due to the strong rms vibrations of the constituent atoms at high tem-
peratures, §-Mn appears both less ordered and less densely packed at
atomic level in comparison to the other phases of Mn. In addition, the
bulk modulus, B, of §-Mn is about 12 % smaller than that of a-Mn
(~120 GPa), which, in turn, is smaller than those of bcc Fe (170 GPa),
bee Cr (160 GPa), fcc Co (210 GPa) and fee Ni (200 GPa) [51-53]. Thus,
bce §-Mn also appears rather soft mechanically as compared to the
other phases of Mn. Experimental Mn-Mn partial PDFs for Mn@xPt NPs
and PDFs computed from the four crystalline modifications of bulk Mn
are compared in Figure S11. Data in the Figure show that the ar-
rangement of nearby Mn atoms in Mn@xPt NPs resembles that in §-Mn
and, furthermore, does not change its type with the core’s size. Fur-
thermore, analysis of both the distribution of bond angles in Mn cores
(Figure S7(a)) and the evolution of peaks in the experimental Mn-Mn
partial PDFs (follow the vertical dotted arrows in Fig. 1¢) indicate that,
as their size increases, the cores gradually become more crystalline, i.e.
more ordered, in nature. On the other hand, as the distribution of Pt-Pt-
Pt bond angles in Figure S7(b) shows, the Pt shells of Mn@Pt NPs are
fce-like ordered and become more distorted (follow the horizontal red
arrow) with their thickness. Altogether, it appears that, as synthesized,
Mn cores of Mn@xPt NPs adopt the structure type of the less ordered,
low density and soft §-Mn form of bulk Mn. When kept relatively small
in size (~ 150 atoms) and covered with two layers of densely packed fcc
Pt (~450 atoms), which is the case of Mn@2Pt NPs, the cores both
remain disordered at atomic level and densify. In turn, Pt layers become
uneven and considerably compressed (~1.5 %; see Fig. 5b), i.e. ex-
hibiting a broad distribution of surface sites involving closely packed Pt
atoms (Fig. 4b). When let to double in size (~300 atoms) and then
covered with a monolayer of Pt (~300 atoms) alone, the cores appear
somewhat both more crystalline (i.e. ordered) in nature and resilient to
external pressure. Hence, the cores keep their atomic packing density,
or at least do not densify as much as observed with Mn@2Pt NPs
(compare the shape and position of the first peak in Mn-Mn PDFs shown
the inset in Fig. 1c). In turn, the Pt monolayer appears moderately
compressed (~ 0.7 %; see Fig. 5d) and relatively uniform, i.e. exhibiting
a relatively narrow distribution of surface sites involving closely packed
Pt atoms (see data in Fig. 4d). The structural characteristics of Mn@
1.5 Pt NPs range between those of Mn@1Pt and Mn@2Pt NPs.

We argue that, due to its intrinsically open structure and softness,
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Mn endows Pt shell in Mn@Pt NPs with superb catalytic activity for
ORR. In particular, depending on both their size and thickness of Pt
shell that covers them, Mn cores appear with a different degree of
structural disorder and atomic packing density. In turn, depending on
both the size of pre-made Mn cores and its thickness, the Pt shell de-
posited on the cores appears compressed and uneven to a different
extent. Furthermore, within a particular range of Mn to Pt ratios in the
NPs, the thickness of Pt shell, its compression and disorder can evolve
in inverse proportions. That is, the surface atomic structure of Mn@xPt
NPs, in particular the coordination environment of surface Pt atoms and
related atomic-level stresses, may be more diverse in comparison to
TM@Pt NPs studied so far, where TM cores are inherently dense packed
at atomic level (e.g. fcc Ni, Cu and fcc/hep Co) and/or mechanically
rigid (e.g. bcc Fe). Therefore, nearby surface Pt sites in the former are
likely to exhibit significantly different ORR activity in comparison to
those in the latter, at least because 5d-orbitals at the sites would overlap
and/or orient in 3D space differently. The effect may be such that the
scaling relationship between the binding energy of oxygenated species
changes in a way promoting the kinetic of ORR over Mn@Pt NPs be-
yond the level observed with TM@Pt NPs. In particular, the binding
energy of O, is increased and so the breaking of O=0 bond is facilitated
without correspondingly increasing the binding strength of OH and
OOH species [43,44,48]. All this puts the inherently structurally diverse
Mn on the forefront of the effort to develop more efficient and afford-
able core-shell catalyst for ORR and other reaction driving energy re-
lated applications.

4. Conclusions

A large fraction of mankind’s energy consumption is used for
transportation. Fuel cell technologies offer big promise for replacing the
huge use of fossil fuels with clean renewable resources at a fraction of
the cost. Strategies for improving the performance of Pt-based catalysts
for fuel cell applications are based on the understanding that pure Pt
binds ORR reaction intermediates too strongly for the reaction to pro-
ceed at a high rate. Moderate compression weakens the reactivity of Pt,
rendering 3d-metal atoms suitable substitutes for the larger size 5d Pt
atoms. Catalysts composed of a Mn core and thin Pt shell are particu-
larly promising because i) Mn atoms are prone to change their packing
density under external stimuli and ii) Pt atoms are prone to pack den-
sely in an fcc manner. This makes it possible to tune the core and shell
components of Mn@Pt NPs relative to one another, endowing the re-
sulting particles with superb activity for ORR.
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