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Dielectric Engineering of Perovskite BaMnO; for the Rapid
Heterogeneous Nucleation of Pt Nanoparticles for Catalytic

Applications

Lucia Hughes,* Ahin Roy, Neelam Yadav, Clive Downing, Michelle P. Browne,

Jagdish K. Vij, and Valeria Nicolosi*

Microwave heating provides a rapid method for the heterogeneous nucleation
of noble metal particles on perovskite support materials for electrocatalytic
purposes. To succeed, dielectric tuning of perovskite materials becomes
fundamental. Herein, the dielectric engineering of the BaMnO; perovskite
system is carried out through the use of B-site doping to give BaTi, ;Mn, ;O;.
Using a combination of atomic-scale imaging and electron energy loss
spectroscopy (EELS), the preferential filling of the M1 and M3 B-sites with Mn
and Ti ions in the 12R-rhombohedral perovskite structure is established.
While the addition of Ti in the BaMnO; system has no detrimental effects on
the presence of the oxygen reduction reaction (ORR) active Mn3* states at the
surface, it does alter the dielectric constant and loss tangent, thus facilitating
the heterogeneous nucleation of Pt nanoparticles on BaTi, sMn, ;O; via rapid
microwave heating. Higher Pt loading regimes are found to increase the size

1. Introduction

Driven by the growing energy demand of
the Earth’s population and the concerns
about global warming, today’s scientists are
challenged with the development of renew-
able and efficient energy production and
storage technologies. One of the key pieces
in this puzzle is the discovery and design
of catalyst materials to improve the effi-
ciency of energy conversion devices, such
as fuel cells, electrolytic water-splitting de-
vices, and metal-air batteries.!'3] The oxy-
gen reduction reaction (ORR) is one of the
main processes at the heart of fuel cell
technologies, however, its slow kinetics also

and aggregation of the nucleated particles, thus reducing their ORR activity.
Therefore, lower Pt loading not only reduces costs but improves overall
activity. This work represents future possibilities for the dielectric engineering
of perovskite and similar support materials to aid in the quick and easy

formation of stable noble metal-support catalytic systems.

mean that it is considered the key bottle-
neck in their performance.[*’ As a result,
many efforts have been made in search of
desirable electrocatalysts that can compen-
sate for the loss of cell efficiency by over-
coming the slow kinetics of the ORR. This
would subsequently facilitate the practical
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and widespread use of fuel cell technologies, which include pro-
ton exchange membrane fuel cells and alkaline fuel cells.[®7]

So far, Pt and Pt-based catalysts have formed the benchmark
for ORR catalysis owing to their high electrocatalytic activity, ex-
cellent work function, and high exchange current density.[5-12]
However, the high expense, low availability, and low durability
associated with Pt limits its extensive commercialization. Cata-
lyst stability plays an additional critical factor in cell performance,
as Pt catalysts suffer from dissolution, aggregation, and sinter-
ing during use.l31* As a result, electrodes for fuel cell technolo-
gies are usually formed by depositing Pt on a support material
to prevent aggregation and the decrease in electro-active surface
area. Typically, carbon black is utilized as the support material
due to its high conductivity and porosity.'>) However, its stability
causes limitations, as carbon-based supports are subject to cor-
rosion in the extreme conditions associated with fuel cells.[1518]
Consequently, attention has turned to the development of robust
non-carbon support materials, of which metal oxides, includ-
ing perovskites, serve as suitable candidates due to their struc-
tural and compositional flexibility, tunable reactivity, and high
stability.19-23

Unlike carbon-based supports, perovskites can display their
catalytic activity.[>?426] Thus, the decoration of Pt nanoparticles
on their surfaces acts to add to their inherent activity, rather
than acting as the sole source of ORR activity. Further to this,
the synergistic co-catalytic effects between Pt and the metal
oxide support, often termed strong metal-support interactions
(SMSI), can further enhance the catalytic activity of the system
due to partial charge transfer or structural changes within the
Pt particles.2327-2] Mesokinetic studies on supported Pt catalysts
have shown that the microscopic geometric and electronic prop-
erties of the Pt active sites are key factors in determining the re-
sulting macroscopic catalytic properties.?3!] Consequently, the
combination of Pt nanoparticles on perovskite supports allows
for a large number of active sites and high intrinsic activity, both
of which are crucial for achieving high rates of oxygen turnover
at the cathode, ensuring high fuel cell power density. In saying
that, it is important to keep the cost and scarcity of Pt in mind,
meaning catalyst optimization must involve minimizing Pt load-
ing.

The nucleation of Pt nanoparticles on the surface of support
materials can be achieved at relatively low temperatures and short
heating times using microwave heating.*>3} Such methods are
highly dependent on the processes through which homogeneous
nucleation and heterogeneous nucleation occur, where the for-
mer results in the nucleation of particles in solution, and the
latter results in the nucleation of particles on the support ma-
terial. Heterogeneous nucleation is favored when the tempera-
ture of the support is higher than the temperature of the solution
(assuming the temperature exceeds that required for heteroge-
neous nucleation).3?) When radiated with microwave radiation,
the power absorbed per unit volume of a material is given by

P, =2xfeye tanSE” (1)

where fand E,,  are the frequency and root mean square elec-
tric field of the microwave radiation, ¢ is the permittivity of free
space, ¢’ is the real part of the material’s complex dielectric per-
mittivity, and tan § is its loss tangent.3*] Therefore, the power ab-
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sorbed by a material is highly dependent on its dielectric proper-
ties, and hence, the dielectric engineering of perovskite materials
proves vital in promoting the nucleation and dispersed loading of
Pt nanoparticles at their surfaces.

For the Pt-perovskite catalyst system, there are several com-
plex factors at play when optimizing performance. Pt particle size
and surface area control, as well as perovskite e, orbital filling,
and defect chemistry tuning, are all crucial factors in govern-
ing the resulting electrocatalytic activity.*>3%] Qur previous report
on the perovskite material BaMnOj;, used scanning transmission
electron microscopy (STEM) imaging in combination with elec-
tron energy loss spectroscopy (EELS) to reveal the presence of
reduced Mn surface states in BaMnO,, which ultimately formed
the source of the material’s ORR activity.l*’”] While this study acts
as an extension of our past report, it explores a new electrocat-
alytic system by focusing on the nucleation of Pt nanoparticles on
the perovskite surface to form a stable hybrid ORR electrocatalyst,
and thus further optimize ORR performance of the perovskite
system. Leveraging the flexibility of the perovskite system, we in-
troduce B-site doping of BaMnO, using Ti, to tune the dielectric
properties of the material and promote the heterogeneous nu-
cleation and stabilization of Pt nanoparticles at its surface. As
is the case for any practical energy conversion technology, the
fundamental understanding and rational design of the electro-
catalyst material is essential. To fulfill this requirement, atomic-
resolution STEM imaging, EELS, and energy dispersive X-ray
spectroscopy (EDX) are used to investigate the surface structure
and composition of the BaTi,Mn, O, perovskite, as well as the
hybrid catalyst system. The findings in this study provide atomic-
scale evidence for the structure and B-site ordering of the per-
ovskite support material, as a result of the dielectric engineering
carried out to promote the nucleation of Pt nanoparticles at its
surface. As such, this work displays the importance of atomic-
scale structural and chemical analyses in understanding electro-
catalytic systems and provides insights into the possibilities of
dielectric engineering in performance optimization.

2. Results and Discussion

Ti-doping of the BaMnO; system to give BaTi, ;Mn, O, was car-
ried out using a hydroxide composite-mediated method, as de-
scribed in the Experimental Section.l’’] This process involves
mixing the two B-site metallic oxides with the A-site metallic salt
and heating them in a molten eutectic hydroxide mixture. This
approach does not rely on the use of high temperatures and pres-
sures, thus providing a simple, versatile, cost-effective, and more
environmentally friendly way of synthesizing mixed transition-
metal perovskites. In fact, the low temperature (200 °C) and pres-
sures (closed vessel at atmospheric pressure) associated with this
method are in stark contrast to the harsh synthesis conditions tra-
ditionally used during the solid-state synthesis of perovskite ma-
terials. The possible reaction mechanism of this synthesis, which
is carried out in NaOH and KOH, can be described as follows!*8!

BaCl, + 2NaOH — Ba(OH), + 2NaCl )
0.5MnO, + 0.5TiO, + 2NaOH — Na, (TiysMn,5) O; + H,0 (3)

Ba(OH), + Na, (TipsMny ;) O3 — Ba (TipsMnys) O; + 2NaOH (4)
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Figure 1. Structural analysis of BaMnO; and BaTigsMngsO;. a) Experimental XRD patterns of as-synthesized BaMnO; (lower panel) and
BaTiy sMng 5Oz (upper panel). The ticks below the experimental patterns represent the positions of the reference peaks from the 2H (red) and 12R
(blue) perovskite structures. The unit cells of 2H-BaMnO; and 12R-BaTij sMng ;O3 are shown in the insets with Ba, Ti, Mn, and O atoms in green, blue,
purple, and red, respectively. Structural model of b) BaMnO; and c) BaTiy s Mng 503, with the face-sharing, corner-sharing and face- and corner-sharing
BOg octahedra shown in purple, blue and pink, respectively. In c) the cubic and hexagonal layering of the BO; layers are denoted with the letters c and

h, respectively.

where NaOH can be replaced with KOH. From this, it is clear that
the choice of a eutectic mixture of NaOH and KOH as the molten
salt medium not only allows for a low reaction temperature (eu-
tectic point at 167 °C) but also facilitates the reaction mechanism
by acting as an active component and oxygen donor.***!l The
crystal structure of as-synthesized BaMnO, and BaTi,;Mn, O,
are characterized and compared in Figure 1a. The X-ray diffrac-
tion (XRD) pattern of BaMnO, reveals a high degree of phase pu-
rity with peaks well-indexed to the 2H-hexagonal perovskite crys-
tal structure (JCPDS no. 26-0168) with space group P6;/mmc
and lattice parameters a = b = 5.6991 and ¢ = 4.8148 A. Alterna-
tively, the XRD pattern of BaTi,;Mn, O, cannot be assigned to
a single phase. Considering the possible polymorphs exhibited
by different BaTi,Mn, O, material systems, a combination of
the 2H-hexagonal and 12R-rthombohedral perovskite structures
successfully matches all observed peaks. The 12R-rhombohedral
perovskite structure (JCPDS no.74-0646) with space group R3m
and lattice parameters a = b = 5.6914 and ¢ = 27.9186 A are con-
sistent with other reports of BaTi, ;Mn, ;O, despite the contrast-
ing synthesis routes.[”~* In BaMnO, the perovskite structure
is based solely on the hexagonal close-packing of the BaO, layers
with continuous chains of face-sharing MnO, octahedra along
the c-axis, as shown in Figure 1b. This leads to the formation of
a two-layer hexagonal cell denoted by 2H. Before proceeding fur-
ther, it is important to note that BaTiO;, the other end-group of
the BaTi,Mn, ,O, perovskite system, exhibits a structure consist-
ing of cubic close-packed arrays of BaO, layers, such that all TiO,
octahedra are corner-sharing. As a result, the BaTi Mn, O, per-
ovskite system can exhibit various structural polytypes that are
formed by the intergrowth of cubic and hexagonal BaO, layers.
Therefore, depending on the stacking sequence of these layers,
a variety of corner- and face-sharing BO, octahedral units exist
along the c-axis. In such polytypes, the unit cell is determined by
the number of AO, layers n with the symbols H and R used to
represent the symmetry. From this, the 12R perovskite structure
displayed by BaTi, ;Mn, ;O; consists of a total of 12 BaO, close-
packed layers with a (hhcc), stacking sequence, such that strings
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of three face-sharing BO, octahedra are connected by a corner-
sharing octahedron, as shown in Figure 1c. This is consistent
with an increase in the average B-site cation size due to the in-
corporation of Ti, resulting in a lower Goldschmidt tolerance fac-

tor (t = ry+710)/ \/E(rB + 1)), and the formation of cubic layers
with corner-sharing octahedra.[**! Although BaTi,sMn, O, can
be indexed to the 12R and 2H phases, peak broadening is ob-
served in the XRD pattern, which is indicative of some type of
disorder within the crystal structure—a phenomenon that will
be explored locally using electron microscopy techniques.!*
Transmission electron microscopy (TEM) imaging was
performed to investigate the as-synthesized morphology of
BaTiysMn,sO, and to further confirm its crystallinity and
structure. From the low magnification TEM image in Figure
2a BaTiysMn,;O; exhibits a tapered rod-like morphology, in
which the diameter of the rod decreases toward its ends. While
the morphology of BaMnO; is also rod-like, the diameter of
the rods stays consistent throughout their lengths.[*’] Thus, the
addition of Ti into the BaMnO, system causes shortening and
tapering of the rods, which is consistent with previous reports of
BaMnO; and BaTi,sMn, O, synthesized via a similar hydroxide
composite-mediated method.?34¢1 Additionally, some rods taper
to multiple points at their ends, as shown by the representa-
tive TEM images in Figure S1 (Supporting Information). The
high-resolution transmission electron microscopy (HRTEM)
images and corresponding fast Fourier transforms (FFT) in
Figure 2b,c reveal the crystallinity and growth modality of the
tapered rods. Complementary to the XRD pattern in Figure 1,
the lattice fringes in the HRTEM image can be indexed to the
12R-rhombohedral perovskite structure of BaTi,;Mn,;0;. In
fact, imaging from the [0110] or [0110] zone axes means viewing
the structure parallel to the columns of BaO; close-packed layers,
such that the (hhcc), stacking sequence in the 12R perovskite
structure is evident, as marked on the inset of Figure 2b. The
presence of the 12R-thombohedral perovskite structure is fur-
ther confirmed by the selected area electron diffraction (SAED)
patterns in Figure S2 (Supporting Information). By indexing the
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Figure 2. Perovskite BaTiy;Mng ;O3 morphology and crystallography. a) Low magnification TEM image of BaTi; sMng 5O tapered rods. b) HRTEM
image of BaTigsMng 5O displaying the 12R-rhombohedral perovskite structure from the [0110] zone axis. The inset image is magnified to outline the
(hhcc); stacking sequence of the 12R structure, with hexagonal (h) and cubic (c) BaOj; layers marked in pink and yellow, respectively. ) TEM image and

corresponding FFTs for domains 1, 2, and 3.

planes identified in the HRTEM image, a growth direction of
[0001] along the length of the tapered rods can be determined,
which is as expected since there is an inherent crystallographic
anisotropy along the c-direction associated with the 12R per-
ovskite structure. While Figure 2b exemplifies the regular
12-layer stacking sequence characteristic of the 12R structure,
the HRTEM image and corresponding FFTs in Figure 2c explore
the extent of ordering and regularity of the stacking sequence in
BaTi, sMn, ;O,. By examining the corresponding FFTs, areas 1
and 3, which show characteristic spot patterns, are well indexed
with the 12R perovskite structure, and are associated with areas
of regular ordering and stacking. On the other hand, the FFT
corresponding to area 2 consists of diffuse streaks along the
[0001] direction, indicating disruption to the ordered layering
along the c-axis. This is a result of the presence of planar faults
due to the intergrowth of different polytypes and variation from
the (hhcc), stacking sequence.*#*] This disordered atomic
structure is consistent with the broader maxima observed in
the XRD pattern for BaTi,sMn, 503 in Figure 1 and will be
investigated further using atomic resolution STEM imaging.
Returning to areas 1 and 3, it is important to note that while area
1 is imaged from the [0110] zone axis, area 3 is imaged from the
[0110] zone axis meaning that the crystallographic domains are
tilted 180° to one another about the c-axis. In this case, the two
tilted domains are separated by a region of disordered atomic
structure. However, as evident from the SAED pattern in Figure
S2b (Supporting Information), two domains tilted at 180° to
one another about the c-axis can coexist without the presence
of any intermediate disordered layers, which is indicated by the
absence of diffuse streaks along the [0001] direction in the SAED.
This occurs when the stacking sequence is reflected about a
singular hexagonal layer, as displayed in Figure S2c¢ (Supporting
Information).*¥ This structural motif will be directly evidenced
using atomic resolution STEM imaging. In addition to the exhi-
bition of the 12R-rhombohedral perovskite structure, XRD also
shows the presence of the 2H-hexagonal perovskite structure
in BaTi,sMn,;0;. However, it is important to note that while
the 2H and 12R structures coexist within the same rods, not all
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rods display the 2H structure. When they do, typically the two
structures are joined together by a region of irregular stacking,
as confirmed by the HRTEM images and corresponding FFTs
in Figure S3 (Supporting Information). Generally, rods that
incorporate the 2H perovskite structure have extended regions
where the diameter of the rod does not change, thus the 12R
perovskite structure forms at the ends of the rod where the
diameter can decrease, causing the rod to taper.
Atomic-resolution high-angle annular dark field (HAADF)
STEM imaging was used to confirm the atomic structure of
BaTi, ;Mn, sO, tapered rods and to further investigate the irreg-
ularity of the crystallographic stacking sequence. HAADF STEM
imaging is often termed Z-contrast imaging as it leads to image
contrast that is highly dependent on the atomic number (Z2) of
the scattering element.[*’] Therefore, by examining the HAADF
STEM images in Figure 3, the positions of the Ba, Ti, and Mn
atoms within the planes can be deduced, with the Ba atoms ap-
pearing brighter due to their heavier atomic weight. Although the
O atoms are too light to be detected in such images, due to the
insensitivity of this imaging technique to light elements, the 12R
perovskite structure is still apparent by examining the atomic po-
sitions of the other elements.*¥] The larger field of view of the
atomic structure in Figure 3a allows for the structural variation
from the regular 12R stacking sequence to become clear, as out-
lined in Figure S4a (Supporting Information). While there are
extended regions of the 12R structure, disruptions to the regu-
lar stacking sequence in the c-direction are present in the form
of missing and extra BaO, hexagonal planes, as well as extended
regions of hexagonal stacking (like the 2H structure) which may
feature cubic BaO; planes at random. This irregularity is also de-
noted in Figure 3b, in which it is clear that a missing hexagonal
plane causes the 12R structure to reflect about a singular hexago-
nal plane and corresponds to a 180° tilt of the structure about the
c-axis. Alternatively, the presence of two extra hexagonal planes
does not cause the 12R structure to reflect, since the zig-zag ar-
rangement of the Ba atomic columns continues in the same di-
rection. It is important to note that although nearly all tapered
rods consist of some irregularity to the 12R structure, caused by
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Figure 3. Atomic resolution HAADF STEM images of BaTiysMn, sO; tapered rods from the [0110] zone axis. In b) the pink dashed lines represent
hexagonal BaOj; layers. Those marked with a diamond (#) represent single hexagonal layers about which the 12R structure reflects — this corresponds to
the removal of a hexagonal layer in the 12R stacking sequence or a 180° tilt of the structure about the c-axis. Those marked with an asterisk (*) represent
two extra hexagonal layers in the 12R stacking sequence. In c) some regions do not conform to the 12R or 2H perovskite structures.

the intergrowth of cubic and hexagonal BaO; layers, the size and
sequences of such regions are not consistent across rods. As a re-
sult, the irregularity can be considered random on a sample-wide
scale. Further to these more easily characterizable structural ir-
regularities, Figure 3c displays the presence of regions in which
the structure varies from the simple intergrowth of hexagonal
and cubic layers. However, these regions are considered a mi-
nority, and hence, will not be discussed further.

As an extension of the structural analysis carried out via XRD,
HRTEM, SAED, and STEM, EELS spectrum imaging was used
to investigate the presence and positioning of Mn and Ti within
the 12R-rhombohedral structure and the other mixed polytypes
exhibited by the BaTi,;Mn,sO, system. As mentioned previ-
ously, the BO, octahedra, and hence the B-sites, are character-
ized depending on their extent of face-sharing or corner-sharing
with neighboring BO, octahedral units. As a result, there are
three unique B-sites; those that are purely face-sharing are de-
noted as M1; those that are purely corner-sharing are denoted as
M3; and finally, those that have both a face-sharing and corner-
sharing connection with neighboring BO, octahedra are de-
noted as M2. Since the two end-groups of the BaTi,sMn, O,
perovskite system exhibit structures that consist solely of face-
sharing (BaMnO;) or corner-sharing (BaTiO;) BO, octahedra, it
is hypothesized that Mn will preferentially occupy the M1 site,
and Ti the M3 site. Conversely, there is no expected preferen-
tial filling of the M2 site. From the elemental EELS map in
Figure 4b, there is a clear distinction between Mn-rich and Ti-rich
regions displayed in blue and green, respectively. These regions
are found to vary in thickness along the length of the rod, which
can ultimately be linked to the variation in the stacking sequences
of the BaO, layers, as shown in Figure 3 and Figure S4 (Support-
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ing Information). In fact, when an area exhibiting the regular
12R perovskite structure is probed using EELS, the Mn-rich and
Ti-rich regions display constant thickness across the structure,
as shown by the HAADF STEM image and corresponding ele-
mental map in Figure S5 (Supporting Information). This is con-
sistent with the (cchh), stacking sequence of the 12R perovskite
structure, which also results in the sequencing of the B-site type
such that it follows (M3, M2, M1, M2),. Alternatively, the thicker
Mn-rich regions featured in Figure 4b can be related to extended
regions of hexagonal stacking shown by the shaded regions in
Figure S4 (Supporting Information). This is consistent with the
fact that hexagonal stacking of the BaO, layers results in contin-
uous chains of face-sharing BO, octahedra along the c-direction,
and thus consists solely of the M1-type B-site. Further to this, rods
that are characterized by both the 2H and 12R structures, exhibit
extended Mn-rich regions corresponding to the 2H structure, as
shown in Figure S6 (Supporting Information). This is consistent
with the fact that the 2H-hexagonal perovskite structure is the
atomic structure exhibited by the BaMnO, end-group.l*’! As dis-
cussed during the structural analysis, generally the 2H and 12R
structures are joined together by a region of irregular stacking
caused by the intergrowth of hexagonal and cubic layers. This is
also seen during the elemental analysis in Figure S6 (Support-
ing Information). Moving from left to right across the elemental
map, the thickness of the Mn-rich and Ti-rich layers varies before
becoming more constant due to the irregular intergrowth of cu-
bic and hexagonal layers before forming the regular 12R (cchh),
stacking sequence. Taking the elemental analysis one step fur-
ther, higher magnification EELS spectrum imaging allows for the
direct mapping and identification of the M1, M2, and M3 sites, as
shown by the HAADF STEM images and EELS elemental maps
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Figure 4. Elemental and chemical analysis of BaTiy sMng sO3. a) HAADF STEM image and b) corresponding elemental map of the Mn L-edge (blue)
and Ti L-edge (green). c) Spatially resolved Ti L; ,-edge, O K-edge, and Mn L; ,-edge EELS spectra from Mn-rich (blue) Ti-rich (green) and surface
(pink) regions, as marked on the HAADF STEM image in a). All spectra are integrated over 180 pixels, and each spectrum is normalized within its given
elemental group (e.g., Ti L3 ,-edge spectra are normalized to the Ti-rich region spectrum, and Mn L; ,-edge spectra to the Mn-rich region spectrum). d)
Atomic-resolution HAADF STEM image of BaTiy sMn, sO3 from the [0110] zone axis. e) and f) show the corresponding elemental maps with the Mn
and Ti L-edges in blue and green, respectively, and the Ba M-edge in red. g) Structural model of the 12R-rhombohedral perovskite structure from the
[0710] zone axis with the M1, M2, and M3 B-site octahedra marked in purple, pink, and blue, respectively.

in Figure 4d—f. These maps are direct evidence of the preferen-
tial filling of the M1 and M3 B-sites with Mn and Ti ions, re-
spectively. Additionally, they show that in some cases the M2 site
is filled with Mn ions, whereas in other cases it is filled with Ti
ions. The B-site sequence displayed in Figure 4e is M2, M1, M2,
M3, M2, M1, M2 which corresponds with the following elemen-
tal sequencing Mn, Mn, Ti, Ti, Mn, Mn, Mn (see also Figure S7,
Supporting Information). This has previously been proposed via
neutron diffraction and valence bond sum calculations.[*>-4449]
However, since the latter is theoretical, and the refinement of the
former cannot identify the elemental occupancy of the B-sites due
to the similar neutron scattering lengths of Mn and Ti ions (Mn
= —3.73 fm, Ti = —3.438 fm), the atomic resolution EELS analy-
sis carried out here proves superior in providing direct evidence
for the B-site elemental ordering in 12R BaTi,sMn,O,.1}] B-
site ordering plays a crucial role in the interplay between charge,
spin, and lattice degrees of freedom in perovskite materials re-
sulting in the display of unique physical phenomena and promis-
ing functional properties that cannot be achieved in their cation-
disordered counterpart.’*>!l In fact, B-site ordered perovskite
materials show potential application in a wide range of devices
such as electrically tunable microwave devices, multiferroic solar
cells, magneto-optic devices, and spin-filter devices.[>>°! B-site
ordering in 12R BaTi,sMn, ;O causes the formation of mag-
netic dimers and trimers of Mn ions, coexisting with a population
of orphan spins.[“2*! As a result, BaTi, sMn, O, presents a rare
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case of an intrinsically disordered S = 3/2 spin-gap system with a
frustrated ground state.l*?] However, the magnetic and spin prop-
erties of BaTi, Mn,;O; are outside the scope of this work, and
hence will not be discussed further.

Beyond the identification of elemental entities, EELS is a pow-
erful spectroscopic tool with the capability of determining the lo-
cal electronic state and coordination environment of the atoms
or ions present within a material.l’”! Therefore, in support of
the structural-elemental correlation of BaTi, ;Mn, s O, carried out
above, EELS was also used to probe the chemical nature of Mn
and Ti further. Our previous report found the existence of an
amorphous layer at the surface of BaMnO; rods containing re-
duced Mn states in the form of Mn** ¥} With the addition of Ti
into the BaMnO; system, the amorphous layer remains present
and is ~#1 nmin thickness, as seen in Figure 4a. Consequently, the
amorphous surface layer can be considered an inherent result of
the hydroxide-mediated method used to synthesize both BaMnO,
and BaTi,;Mn,;O,. Figure 4c displays the spatially resolved Ti
L;,-edge, O K-edge, and Mn L; ,-edge EELS spectra from the ar-
eas marked in Figure 4a using the same colors. The L, ,-edges
consist of two peaks, L, and L,, on the lower and higher energy
loss sides, respectively. They correspond to the energy loss caused
by promoting electron transitions from the 2p;, and 2p, , states,
respectively, to unoccupied 3d bands, and hence reflect the lo-
cal environment and oxidation state of the transition metal ion
in question.®8l Additionally, the separation between the peaks
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reflects the spin-orbit splitting of the initial and final states in
the transition.l*] Besides the changes in energy loss associated
with the L;,-edge, the L;/L, intensity ratio can be related to the
transition metal ion oxidation state, as it is dependent upon the
spin-spin coupling and interactions between the initial and fi-
nal states of the electron transition.l®”) Further to the transition
metal L; ,-edge, the O K-edge and its corresponding energy loss
near edge structure (ELNES) prove themselves as useful indica-
tors of the chemical environment and atomic coordination of the
transition metal ion, especially when bonded in an octahedral
configuration.[®*%?] Touching first on the spatially resolved O K-
edge EELS spectra in Figure 4c, there is an evident distinction be-
tween the corresponding ELNES for the Mn-rich, Ti-rich, and sur-
face areas of the rods. For the Mn-rich area, the O K-edge ELNES
is composed of three major regions, which are labeled a to ¢ and
are present as a result of the hybridization of the O 2p orbitals
with the Mn 3d, Ba 5d, and Mn 4sp orbitals, respectively.[®2-64]
Similarly, the O K-edge ELNES for the Ti-rich area features five
major regions labeled a to e, with regions a to ¢ related to the
hybridization between the O 2p orbitals with the Ti 3d, Ba 5d,
and Ti 4sp orbitals, respectively.l®¢] In addition, regions d and
e can be related to the scattering at the nearest and outer-lying
O shells.l?”%8] While the ELNES for Mn-rich and Ti-rich regions
have similar origins, it is clear that the fine structures are dif-
ferent and there is a shift in the onset of the pre-edge feature
(labeled a) to lower energy for Mn-rich regions. The oscillation
of the O K-edge fine structure further clarifies the separation be-
tween Mn and Ti in BaTi, sMn, O, tapered rods, thus supporting
the preferential filling of the different B-site types. Furthermore,
the O K-edge corresponding to the surface layer does not exhibit
any obvious ELNES, which can ultimately be linked to the lack of
long-range order associated with the amorphous nature of this
layer.*”] Therefore, the incorporation of Ti in BaMnO, does not
significantly affect the amorphous Mn layer, which is the origin
of catalytic activity in the system.

By relating the spatially resolved Mn L; ,-egde EELS spectra in
Figure 4c to the HAADF STEM image of the mapped area dis-
played in Figure 4a, there is a clear chemical shift in the Mn L,
peak between the Mn-rich and Ti-rich regions, with the latter re-
sulting in lower energy loss. Moreover, there is a further shift to
lower energy loss when traversing to the amorphous layer at the
surface of the rods. Since the effective charge on the metal site
increases with oxidation state, a decrease in the energy loss of
the L; ,-edge can be related to a reduction in the oxidation state
of the corresponding metal. This is consistent with the change in
Mn L, /L, intensity ratio, which is found to increase with decreas-
ing oxidation state.l®) By comparison of the Mn L, and L, peak
positions with that of BaMnO, rods, as shown in Figure S8 (Sup-
porting Information), the Mn states within the Mn-rich regions
and the amorphous layer can be identified as Mn** and Mn3*,
respectively.’’] Since the Mn L; and L, peak positions associated
with the Ti-rich region are intermediate between that of Mn*+ and
Mn?* states, the average oxidation state of the Mn ions within this
region must fall somewhere between +4 and +3. However, peak
positions, and hence average Mn oxidation state, do not seem to
be consistent across all Ti-rich regions, as shown in Figure S8
(Supporting Information). In BaTi,;Mn, ;O,, the Mn ions are in
an octahedral environment for which the crystal field splitting
results in the formation of t,, and e, states. Although not com-
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pletely resolved in this case, the change in the shape of the L, peak
between that of the Mn-rich and Ti-rich regions may be related
to a change in the relative electron occupancy of the t,, and e,
states, since the e, side of L; peak is more prominent in the Mn-
rich region and the converse is true for the Ti-rich region. When
a similar analysis is carried out on the Ti L, ,-edge, it is clear that
although there is a slight chemical shift in the L; (0.3 eV) and
L, (0.2 eV) peaks, the magnitude is not large enough to account
for the transfer of an electron to the Ti ions which would cause
a decrease in the oxidation state.’”! Therefore, despite the varia-
tion in the oxidation state of the Mn ions between the Mn-rich,
Ti-rich, and surface regions, the Ti oxidation state does not vary
from the Ti** state, identified using the position of the L, and
L, peaks.[’%] Instead, the observed shift may reflect differences in
core-level energies caused by defects, and/or changes in the over-
all electronic structure of unoccupied states.!”!] In addition to the
peak position analysis, Ti L, ,-edge EELS spectra recorded from
the bulk of BaTi, Mn, O, tapered rods display a satellite peak
in the ELNES on the higher energy side of the L, peak, as high-
lighted in Figure S9 (Supporting Information). Related to plural
scattering, the satellite peaks can be attributed to the backscat-
tering from neighboring atoms, with charge transfer processes
dominating the satellite structures.[®® Since the peaks can be ex-
plained by charge transfer, their intensities are often increased in
oxides due to the transfer of electrons from the transition metal
atoms toward the oxygen atoms, thereby increasing the number
of empty states at the metal atoms.l”273] Therefore, the absence
of such satellite peaks from the surface Ti L;,-edge spectrum
indicates the lack of charge transfer processes between Ti and
O atoms, which is consistent with the absence of fine structure
from the O K-edge, and hence the amorphous nature, and lack
of long-range order in the surface layer. Furthermore, it is im-
portant to note that while the surface layer consists of reduced
Mn states, it also contains Ti, O, and Ba as indicated by the EELS
spectra and maps in Figure S6 (Supporting Information).

In our previous study, BaMnO, rods exhibited activity for the
ORR due to the presence of Mn®* states at their surface.’’] As
a result, BaMnO; can be categorized as a useful candidate to
support Pt nanoparticles, thus promoting the activity of the per-
ovskite system while keeping costs lower when compared with
the benchmark Pt/C catalyst. In saying that, the heterogenous
nucleation of Pt nanoparticles at the surface of BaMnO, rods
proved unsuccessful via microwave heating, as shown in Figure
S10 (Supporting Information). For this reason, Ti was introduced
into the BaMnO, perovskite system to tune its dielectric prop-
erties, and ultimately promote the heterogeneous nucleation of
Pt nanoparticles at its surface, whilst maintaining the presence
of Mn3* surface states. The dielectric properties of a material
can be characterized by the frequency-dependent dielectric per-
mittivity (¢) of the material, which is measured relative to the
permittivity of vacuum (g,). In general, the dielectric permittiv-
ity of materials is complex, such that ¢ =¢' — ie”, where ¢’
is the real part of the dielectric permittivity (referred to plainly
as the dielectric permittivity in this case) and ¢’ is the imagi-
nary part, also known as the loss or dissipation factor. As the
names suggest, the dielectric permittivity is a measure of the
amount of energy that can be stored in a material in the form
of electric fields, whereas the dielectric loss factor is a direct
measure of how much energy a material can dissipate in the
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Figure 5. Pt nanoparticle nucleation on BaTiy sMng s O3 support material. a) Frequency-dependent real part of the dielectric permittivity and b) loss tan-
gent measurements of BaMnO; and BaTiy sMng s O; at various temperatures between 30 and 150 °C. The inset in a) shows the crossover of the dielectric
permittivity between BaMnO; and BaTigsMng sO; in the frequency range of 1to 10 MHz. The inset in b) displays the loss tangent of BaTiy sMng 5O3
from 100 kHz to 10 MHz. The legend corresponding to the graphs in a) and b) is displayed on the right-hand side. ¢) TEM image, d) HAADF-STEM
image, and e) corresponding EDX elemental map of Pt-loaded BaTiy sMn 5O, with Mn, Ti, and Pt mapped in blue, green, and red, respectively. f) LSV
measurements of pristine BaTiy ;Mng O3, as well as BaTiy sMng ;O3 loaded with 1 and 2% Pt. g) Size distribution of Pt nanoparticles nucleated on
BaTig s Mng s O3 via microwave heating with weight loading regimes of 1 and 2%.

form of heat. Although related to the loss factor, the loss tangent
(tan §) is typically recorded instead and is given by tan 6 =¢'’/¢’.
Figure 5a,b show the frequency dependence of the dielectric per-
mittivity and loss tangent of BaMnO; and BaTi, ;Mn, ;O at dif-
ferent temperatures. By comparing the two materials, there is an
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obvious distinction between their dielectric properties. The di-
electric permittivity of BaMnO, exhibits a strong frequency de-
pendence such that it decreases with increasing frequency, and
when compared with BaTi,sMn,;0O; it shows a larger temper-
ature dispersion at any selected frequency. In both senses, the
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converse is true for BaTi,sMn, ;O — it displays very little depen-
dence on frequency for the range measured, as well as very little
variation with temperature. At low frequencies, BaMnOj, exhibits
a larger and more dispersed dielectric permittivity, thus illustrat-
ing the greater ability of its dipoles (electronic, ionic, or other-
wise) to align with the external electric field. As the frequency
increases, the dipoles start to lag behind the field as different po-
larization mechanisms fail, causing the dielectric permittivity to
decrease and become less dispersed.*7%] At higher frequencies
there is a crossover in the magnitude of the dielectric permittiv-
ity between BaMnO; and BaTi;Mn,;0;, as shown in the inset
of Figure 5a, such that the dipoles of BaTi,sMn,;O; can more
easily align with the external electric field compared to BaMnO,
within the higher frequency range. This may be related to the size
of the dipoles present within the materials, since large, medium,
and small-sized electrical dipoles contribute to the dielectric re-
sponse at low, medium, and high frequencies, respectively.l’”]
The overall low dielectric permittivity of BaTi,sMn,50; (¢’ <
10) may be attributed to the presence of disorder in the mi-
crostructure in the form of stacking faults and the intergrowth
of cubic and hexagonal layers, as revealed by HRTEM and STEM
images.[*¥ In addition to the dielectric permittivity, a comparison
between the loss tangent of BaMnO; and BaTi,;Mn, O, sheds
light on a very important distinction between the materials. The
loss tangent of BaMnO, shows a decrease with increasing fre-
quency, with no evidence of relaxation mechanisms. Conversely,
there is clear proof of the presence of relaxation mechanisms in
BaTi, sMn, s O, at high frequencies due to the presence of three
peaks above 100 kHz. The maxima of these peaks do not shift
with temperature, indicating a non-thermally activated behavior.
Generally, the dielectric loss of perovskite materials includes in-
trinsic and extrinsic losses, where the former refers to the vibra-
tion anharmonicity of the perfect lattice and the latter arises from
factors including porosity, phase, defects, and site order.[78-80]
The intrinsic losses are strongly influenced by the symmetry of
the crystal system, such that crystals belonging to different sym-
metry groups have very different temperature and frequency de-
pendencies associated with the loss tangent.882] A similar loss
tangent dependence is seen for different defect types.[®?] There-
fore, since BaMnO, and BaTi,;Mn, O, exhibit hexagonal and
rhombohedral crystal symmetries, respectively, with the pres-
ence of planar faults in the latter, such crystallographic differ-
ences may account for the variation in the loss response be-
tween the two materials. For BaTi,;Mn, ;O;, extrinsic losses are
likely to play an additional factor since the dielectric loss is highly
sensitive to B-site ordering.’%"] As a final consideration, par-
tially filled d orbitals can contribute to relaxation mechanisms
due to electronic conductivity.”?! As a result, the larger variation
in the d orbital filling of BaTi,;Mn,;0, compared to BaMnO,
may also account for the differences in the dielectric loss
response.

The heterogeneous nucleation of Pt nanoparticles on the sur-
face of BaTi;sMn, ;O; was carried out via the microwave heating
of the support material in the presence of a Pt salt (H,PtCl;) at
120 °C. Ethylene glycol was chosen as the reaction medium due
to its high boiling point, high dielectric loss, and its ability to play
the role of solvent, as well as a stabilizer and reducing agent in
the reduction of noble metal salts (e.g., Pt** — Pt?).328384] The
TEM image, HAADF STEM image, and corresponding EDX el-
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emental map in Figure Sc—e, respectively, provide evidence for
the successful nucleation of Pt nanoparticles at the surface of
BaTi,sMn, O, tapered rods. As evidenced by the HRTEM im-
age in Figure S11 (Supporting Information), the Pt nanoparticles
are crystalline in nature, displaying a face-centered cubic crystal
structure with space group Fm3m and lattice parameters a = b
= c =3.9237 A. Therefore, given the correct dielectric properties
of the support material, microwave heating provides the ability
to heterogeneously nucleate crystalline Pt nanoparticles on the
surface of metal oxide support materials within minutes. The
ORR performance of pristine and Pt-loaded BaTi, ;Mn, ;O sam-
ples was evaluated by linear sweep voltammetry (LSV) measure-
ments, as shown in Figure 5f. Corresponding LSVs recorded in
nitrogen-degassed electrolytes are included in Figure S13 (Sup-
porting Information), to confirm that the measured activity is
due to the reduction of oxygen and not any other reaction. Fur-
thermore, the performance of pristine BaTi, ;Mn, ;O; was com-
pared to that of BaMnO;, Figure S14 (Supporting Information),
to confirm that the addition of Ti in the perovskite system does
not significantly deteriorate the ORR performance. This coin-
cides well with the STEM-EELS analysis carried out above, which
revealed the presence of the desired Mn?* states at the surface
of BaTi,sMn, ;O, tapered rods. Upon examination of Figure 5f,
there is no surprise that the ORR onset potential of Pt-loaded
BaTi,sMn, O, is superior to that of pristine BaTi,;Mn,;0;,
which has a half potential of 0.647 V versus RHE (reversible hy-
drogen electrode, against which all potentials in this manuscript
are reported). That being said, it may be surprising that the onset
potential of samples loaded with 2% Pt is inferior to those loaded
with 1% Pt, with half-wave potentials of 0.778 and 0.790 V ver-
sus RHE, respectively. Additionally, the samples can be compared
using their potential at a standard current density of —0.1 mA
cm~2. The same trend prevails with potentials equal to 0.712,
0.810, and 0.794 V versus RHE for pristine, 1% Pt-loaded, and
2% Pt-loaded BaTi;sMn,;O;, respectively. Following the com-
parison of the nanoparticle size distributions for the 1 and 2%
weight-loaded samples in Figure 5g, it becomes clear why the
ORR onset potential and activity of the former prove superior
despite the lower weight-loading percentage. For BaTi, ;Mn, O,
loaded with 1% Pt, the nanoparticles display a smaller mean di-
ameter and lower spread in overall size when compared with that
of the higher weight loading regime. This results in a higher elec-
trochemical active surface area associated with the Pt nanopar-
ticles, and hence accounts for the better ORR performance. A
comparison of the TEM images in Figure S12 (Supporting In-
formation), shows that in addition to their larger size, the Pt
nanoparticles in the 2% weight loading regime often aggregate
to form clumps, thus further reducing the active surface area
and supporting the higher activity of BaTi,sMn, O, with 1% Pt.
Therefore, increasing the Pt salt concentration during the nu-
cleation process proves undesirable, since it not only increases
the weight loading (higher cost), but also causes the nanoparticle
size to increase, and enhances the likelihood of particle aggre-
gation. Consequently, reducing the Pt salt concentration allows
for a cost reduction, as well as the nucleation of well-dispersed
fine Pt nanoparticles on the metal oxide support. Furthermore,
the discrepancy between the current produced by pristine and
Pt-loaded BaTi,sMn, O, is discussed in the Supporting Infor-
mation, where post-mortem TEM studies are also carried out
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to investigate the stability of Pt nanoparticles on BaTi,;Mn, O,
surfaces.

3. Conclusion

The dielectric engineering of the BaMnO; perovskite system
was carried out using Ti-doping. Crystalline tapered nanorods of
BaTi,sMn, ;O; were synthesized via a simple, cost-effective, and
environmentally friendly method. The pristine perovskite rods
displayed the 12R-rhombohedral structure with signatures of the
2H-hexagonal structure, as well as disordered iterations of the
12R structure resulting from the intergrowth of cubic and hexag-
onal BaO, layers. STEM-EELS analysis directly revealed the pref-
erential occupancy of the face-sharing M1 and corner-sharing M3
B-sites with Mn and Ti, respectively. Dielectric measurements
identified differences between the dielectric constant and loss
tangent of BaMnO; and BaTi,Mn,;O;, thus accounting for the
ability to heterogeneously nucleate Pt on the latter and not the for-
mer via microwave heating. A lower weight loading regime of 1%
Pt on BaTi;sMn, O, displayed a more advantageous ORR per-
formance due to the smaller size and better dispersion of the Pt
nanoparticles, and thus a higher electrochemically active surface
area.

4. Experimental Section

BaMnO; and BaTiysMny ;O3 Synthesis:  BaMnOj; rods were synthe-
sized via a low-temperature, low-pressure, hydroxide composite-mediated
method as previously reported.}”] This synthesis method, which was
based on a reaction between the precursor metallic salt and metallic oxides
in a molten hydroxide solution, was altered to produce BaTiysMng ;O3
tapered nanorods. The reaction time was increased incrementally dur-
ing the optimization process starting with 24 h, (the reaction time re-
quired to synthesize BaMnOj3;) and ending with a final reaction time of
99 h. All other reaction conditions remained the same during the opti-
mization process, and the final synthesis method can be described as fol-
lows: A 20 g mixture of NaOH and KOH, with a molar ratio 51.5:48.5,
was placed in a Teflon vessel. Stoichiometric amounts of TiO,, MnO,,
and BaCl, were added to the vessel which was covered and shaken to
ensure uniform mixing of the reactants. The reaction was carried out
in a furnace at 200 °C for 99 h. Once completed, the vessel and its
contents were allowed to cool to room temperature inside the furnace.
Hot deionized water was used to dissolve the solid hydroxide mixture
and release the solid product, which was subsequently washed with hot
and room-temperature deionized water via centrifugation until a neu-
tral pH was reached. The washed product was dried in air at 75 °C for
6 h.

Heterogeneous Nucleation of Pt Nanoparticles on BaTiysMn,sO5: Pt
nanoparticles were heterogeneously nucleated on BaTig s Mn, 5O tapered
rods via a rapid microwave-based method to give weight loadings of 1
and 2%. This method is based on the reduction of a metallic salt using
microwave radiation, which allows for the fast and uniform heating of
the reaction medium and nanorod support. All nucleation experiments
in this study were carried out in 10 mL sealed reaction vials using a CEM
Discover-SP microwave system operated at a frequency of 2.54 GHz, a
maximum power of 200 W, and fitted with a fiber optic probe to measure
temperature. For BaTig s Mng s O3 with 1% Pt, 20 mg of the as-synthesized
BaTiy sMng ;O3 powder and 0.42 mg of H,PtClg (0.2 mg Pt) were dis-
persed in 5 mL ethylene glycol by ultrasonication. The solution was heated
to 120 °C in the microwave system and held at this temperature for 5 min.
Once completed, the vial and its contents were cooled to 50 °C within the
microwave chamber by flowing nitrogen gas over the outer walls of the vial.
The vial was allowed to cool to room temperature outside of the microwave
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chamber before the product was sequentially washed with isopropyl alco-
hol and deionized water and dried at 50 °C for 4 h. The same procedure
was carried out for BaTigsMngysO3 with 2% Pt, but instead, 0.84 mg of
H,PtClg (0.4 mg Pt) was used.

Characterization: Crystalline phase identification was carried out by
powder X-ray diffraction (XRD) using a Bruker D8 Discover diffractome-
ter with a Cu Ka radiation source, Goeble mirror, and Ge double bounce
monochromator. For electron microscopy, the samples were added to
deionized water and ultrasonically dispersed. A drop of the resulting dis-
persion was deposited on a lacey carbon-coated Cu grid. Morphological
and structural analysis was carried out using transmission electron mi-
croscopy (TEM) imaging, selected-area electron diffraction (SAED), and
high-resolution transmission electron microscopy (HRTEM) on an FEI Ti-
tan 80-300 dual TEM/STEM operated at 300 kV. Atomic-scale scanning
transmission electron microscopy (STEM) imaging and electron energy
loss spectroscopy (EELS) experiments were performed on a Nion Ultra-
STEM operated at 200 kV and equipped with a Gatan Enfinium EELS
spectrometer. The spectra were acquired and processed using Gatan Dig-
ital Micrograph with a dispersion of 0.25 eV ch™', a collection angle
f = 40 mrad, and an exposure time of 20 ms px~'. STEM images and
corresponding energy dispersive X-ray spectroscopy (EDX) analysis were
carried out on an FEI Titan 80-300 dual TEM/STEM operated at 300 kV
and equipped with a Bruker QUANTAX XFlash 6T-30 30 mm? EDX detec-
tor. The spectra were acquired and analyzed using Bruker ESPIRIT soft-
ware with a 3.91 A pixel size, and an exposure time of 15 ms px~' and two
spectra recorded at each pixel.

Dielectric Measurements: Complex dielectric permittivity measure-
ments were carried out using a Novocontrol Technologies GmbH & Co.
broadband Alpha high-resolution dielectric analyzer in the frequency range
100 Hz to 10 MHz. Small pellets of BaMnO; and BaTiy s Mng O3 powders
were sandwiched between brass electrodes with a diameter of 10 mm. The
temperature of the sample was varied in steps of 1 °C under the applica-
tion of a weak probe voltage of 0.1 V. The dielectric spectra were recorded
at each temperature, which was stabilized within the limit of 0.02 °C. The
WINFIT software was utilized to fit the spectra to the Havriliak-Negami
equation and obtain the required dielectric.

Electrochemical Measurements:  Electrochemical measurements for
the as-synthesized and Pt-loaded BaTigsMnysO; samples were con-
ducted in a typical three-electrode system on a Gamry workstation at
room temperature. A carbon rod and Hg/HgO electrode were used as
the counter and reference electrodes, respectively, with 1 m NaOH as
the electrolyte. To prepare the working electrode 10 mg of the relevant
BaTiy sMng 5Oz powder was ultrasonically dispersed in a solution con-
taining 450 uL of deionized water, 450 uL of isopropyl alcohol, and 4 L
of Nafion 117 solution. 4 uL of the resulting dispersion was dropcasted
on a pre-polished glassy carbon rotating disk electrode with a diameter of
3 mm, and dried in air at 40 °C. Once dry, the electrode was connected to
an ALS Co. rotating disk electrode set-up. For each of the active materials,
a linear sweep voltammogram (LSV) was recorded without degassing the
electrolyte, followed by an LSV recorded in an electrolyte degassed with
N, for 15 min. All LSVs were recorded at a scan rate of 10 mV s~', and all
potentials were reported against the reversible hydrogen electrode (RHE)
using V versus RHE =V versus Hg/HgO + 0.926 V.
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