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ABSTRACT

Oxygen electrocatalysis at transition metal oxides is one of the key challenges underpinning
electrochemical energy conversion systems, involving a delicate interplay of bulk electronic
structure and surface coordination of the active sites. In this work, we investigate for the first time
the structure-activity relationship of A.RuMnO7 (A = Dy*, Ho®*, Er®) nanoparticles,
demonstrating how orbital mixing of Ru, Mn, and O promotes high density of states (DOS) at the
appropriate energy range for oxygen electrocatalysis. The bulk and surface structure of these
multicomponent pyrochlores are investigated by high-resolution transmission electron
microscopy, X-ray diffraction, X-ray absorption (XAS), X-ray emission (XES) and X-ray
photoemission (XPS) spectroscopies. The materials exhibit high phase purity (cubic fcc with a
space group Fd3m), in which variations in M-O bonds length are less than 1% upon replacing the
A-site lanthanide. XES and XPS show that the mean oxidation state at the Mn-site as well as the
nanoparticle surface composition were slightly affected by the lanthanide. The pyrochlore
nanoparticles are significantly more active than the binary RuO2 and MnO: towards the 4-electron
oxygen reduction reaction (ORR) in alkaline solutions. Interestingly, normalization of Kinetic
parameters by the number density of electroactive sites concludes that Dy.RuMnOz shows twice
higher activity than benchmark materials such as LaMnOs. Analysis of the electrochemical profiles
supported by DFT calculations reveals that the origin of the enhanced catalytic activity is linked
to the mixing of Ru and Mn d-orbitals and O p-orbitals at the conduction band which strongly
overlap with the formal redox energy of O: in solution. The activity enhancement strongly
manifests in the case of Dy2RuMnO7 where Ru/Mn ratio is closer to 1 in comparison with the Ho*
and Er®* analogs. These electronic effects are discussed in the context of the Gerischer formalism

for electron transfer at the semiconductor/electrolyte junctions.
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INTRODUCTION

Oxygen electrocatalysis underpins key technologies for the decarbonization of energy
production and storage, including fuel cells, water and CO: electrolyzers, metal-air batteries and
artificial photosynthetic systems. Beyond Pt-based electrocatalysts, oxygen electrocatalysis has
been widely investigated at transition metal oxides, ranging from binary systems such as IrO2 and
RuO2 to more compositionally complex structures including perovskites,® spinels® and
pyrochlores.” Although a wealth of information has been gathered in this area, establishing
structural guiding principles that enable predicting electrocatalytic activity across this vast family

of compounds, with such diverse electronic structures, remains a formidable challenge.®

A variety of conceptually simple descriptors have been proposed to rationalize activity
trends across compounds such as perovskites (ABO3), including B-site orbital occupancy,® oxygen
vacancies,'® B-O covalency,* hydroxylation affinity,*? and oxide enthalpy of formation.!® These
parameters are essentially defined in terms of the bulk structure of the oxide and can often be
quantified by X-ray based techniques as well as first-principle electronic structure calculations. In
principle, these approaches can establish strategies for guiding de novo design of electrocatalysts
as well as high-throughput combinatorial methods.!* However, numerous experimental
observations have shown that these are only parts of a complex picture, in which surface structure
and composition as well as orbital occupancy under electrochemical control also play hugely
important roles.'®2° Indeed, electrode potential can introduce substantial changes in surface oxide
properties including metal coordination, composition and conductivity. In previous studies, we
have linked changes in the oxidation state at the B-site at potentials close to the formal oxygen
potential as a key descriptor towards the oxygen reduction reaction to OH™ under alkaline

conditions.?"?2 Based on the Gerischer electron transfer formalism,?324 this correlation implies



that strongly electron correlated materials require a sizeable density of states overlapping in the
energy scale with empty density of states of solvated oxygen molecules. This concept provides a
simple rationalization of the high electrocatalytic activity towards the ORR observed in several

Mn-based compounds in comparison with other transition metal oxides.?®

In this work, we shall illustrate the principle of enhancing active electrocatalytic sites by
increasing local density around the oxygen formal potential employing pyrochlore nanoparticles
with the general formula A2B207, in which the A-site is primarily occupied by Dy**, Er®* or Ho®",
while the B-site contains Ru and Mn. We employ X-ray diffraction (XRD), X-ray absorption
(XAS) as well as X-ray emission spectroscopy (XES) to develop a detailed picture of the structure
and oxidation state of metal cations in these complex oxides, which are yet to be investigated in
the context of electrocatalysis at the solid/electrolyte interface. X-ray photoelectron spectroscopy
(XPS) and electrochemical studies reveal a complex elemental distribution at the oxide surface,
which is critically important to rationalize the electrocatalytic activity towards the ORR. We also
correlate the electrochemical signatures of these small band gap semiconductors with their
electronic structure calculated by DFT+U in order to establish the position of the key orbitals

contributing to oxygen electrocatalysis with respect to the reversible hydrogen electrode (RHE).

RESULTS

Structure and surface composition of A;RuMnO7 nanoparticles. Pyrochlore
nanoparticles were synthesized by thermolysis of citrate-based precursors annealed at 900°C based
on the method described by Martinez-Coronado et al. (see Methods).?® Figure 1a contrasts the

powder XRD patterns of the various A2RuMnOy oxides (A = Dy®*, Ho®*, Er®*), which are assigned



to a cubic fcc with a space group Fd3m, according to ICSD Coll. Codes 169610 and 186272. No
secondary phases are observed in the range investigated. The nanocrystalline dimensions of theses
oxides are exemplified by high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image of Er.RuMnOz shown in figure 1b. Analysis of the TEM
images show a narrow size distribution around 60 nm for all pyrochlores (figure S1, supporting
information), which corresponds to specific surface areas of approximately 14 m? g (table S1).
Nitrogen adsorption-desorption isotherms measured at 77 K provided values of the specific surface
area of 45 m? g?, calculated using the Brunauer-Emmett-Teller (BET) equation. Both N
adsorption and TEM analysis clearly demonstrate that all three pyrochlore nanoparticles are non-
porous. Analysis of STEM-EDS mapping for Er-L (figure 1c), Ru-L (figure 1d), Mn-K (figure
le) and O-K (figure 1f) shells show a homogeneous elemental distribution at the individual
particle level, which is consistent with the high phase purity revealed by XRD. High-resolution
TEM images of Er.RuMnOz7 particles (figure S2a-b) further demonstrate the crystalline nature of
the nanoparticles, from which lattice fringes can be clearly observed associated with adjacent
{111} planes (figure S2c) and interatomic distances in the {222} plane (figure S2d). Dy.RuMnO~
and Ho2RuMnOy7 nanoparticles also exhibit a high degree of crystallinity, as shown in selected

HRTEM images in figure S3.
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Figure 1. Structure and composition of A2RuMnO7 (R = Er, Ho, Dy) pyrochlores
nanoparticles. (a) XRD patterns assigned to Fd3m showing no secondary phases; (b)
HAADF-STEM image of the Er.RuMnO~ nanoparticles; EDS elemental maps of (c)
Er-L,(d)Ru-L,(e) Mn-Kand (f) O - K.

Normalized Ru K-edge and Mn K-edge X-ray absorption spectra of the A2RuMnQOy7 oxide
nanoparticles are displayed in figure 2a and c, respectively. We shall first focus our attention on
the XANES region of the spectra, which contains information on the mean oxidation state of the
B-sites. In the case of the Ru K-edge, a calibration curve was obtained between the edge position
(i.e. the maximum of the first derivative of the spectrum) of suitable reference materials and their
corresponding oxidation states as displayed in figure 2b. The edge obtained for all three
pyrochlores provided values very close to +4, with Dy2RuMnO7 and Ho2RuMnOy> yielding 4.1 +
0.7, while Er.RuMnOg resulted in 3.9 =+ 0.7. The analysis of the Mn K-edge is significantly more
complex due to the wide pre-edge feature (see figure S4) and the influence of Mn coordination on
the main absorption edge. Although we have analyzed the pre-edge features of Mn perovskites in
previous studies,?®?! in this work, we employed X-ray emission spectroscopy (XES) to probe the
effective Mn oxidation state. Figure 2d compares the Mn K XES of the different A.RuMnO~

nanoparticles (a stacked version of this plot can be found on Figure S5), along with the MnO,



Mn203 and MnO: reference systems. The pyrochlore spectra exhibit a main K13 peak at ~7492
eV and a low-intensity satellite KB’ line at ~6476 eV. The Kf1,3 peak lies close to that of Mn203
towards the high energy side, suggesting an effective oxidation state of Mn below the expected +4
value. Based on the method developed by Bordage et al. (see figure S6),2” we can estimate mean
Mn oxidation states of +3.5 + 0.1 (Dy2RuMnOy7), +3.8 + 0.6 (Ho2RuMnO7) and +3.3 + 0.1
(Er.RuMnOy7). The lower effective Mn oxidation state can be linked to partial Mn occupancy in
the A-site. Indeed, a neutron diffraction study on members of the A2RUMnNOy7 series®® showed a
partial occupancy of the A-sites by divalent Mn, since the larger ionic size of this Mn?* ion (0.96
A) is more adequate to occupy an eightfold oxygen-coordinated position. Neutron diffraction not
only unveiled the mixed occupancy of A sites by A3* and Mn?* ions, given their contrasting
scattering lengths, but also the lower occupancy of O sites with respect to the full stoichiometry.?
Therefore, the presence of these oxygen vacancies is linked to the formation of reduced Mn states

capable of occupying the A-site.

Quantitative analysis of the EXAFS region was performed simultaneously at both edges as
displayed in figure S7, using the Fd3m space group, and keeping fixed coordination numbers, but
excluding Mn migration to the A-site. The amplitude reduction factor (So?), bond lengths, Debye-
Waller factors (o) and the energy shift parameter (AEo) were all refined, with the results shown
in Figure S7 and Table S2. High-quality fits were achieved with less than 1% variation in the Mn-
O, Mn-Mnz, Mn-A and Mn-Ru bond lengths for all three pyrochlores. The small variation in bond
lengths is consistent with the quantitative refinement of powder neutron diffraction, in which the
increase in the A-site ionic radii from Er®* to Dy3* manifests itself by an approximate 1% increase

in the Mn-O distances and (Ru,Mn)-O-(Ru,Mn) bond angle.?®
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Figure 2. X-Ray Absorption (XAS) and Emission Spectroscopy (XES) of
Dy2RuMnOy7, HozRuMNnO~7 and Er.RuMnOr~ particles. (a) Normalized Ru K-edge XAS
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and (b) XANES edge position of standards Ru(lll)(acetylacetonate)s, RuOz,

SrRuO4-H20, and KRuO4 compounds showing linear correlation with the Ru oxidation

state, confirming an effective Ru oxidation state of +4 for all pyrochlores. (c)

Normalized Mn K-edge Mn Kf and (d) XES spectra for all three nanostructures (a

stacked version of this plot can be found on Figure S5). Quantitative analysis of the

XES data reveals a small fluctuation in the effective Mn oxidation states of +3.5 + 0.1

(Dy2RuMnOy7), +3.8 £ 0.6 (Ho2RuMnO7) and +3.3 = 0.1 (Er.RuMnO>).



Cy,RubdnO,

Dy, RuMnO,

Ho,RulnO,

Ho,Ruln oy

Intensity / a.u.

Er,RuMnC, \ Er,RUMAO,

T | T T | T | T | T | T T ‘ T TTT I TT T T I TTTT I TT T T I TTTT I TT T I TTTT I TTT
B0  BS5 GBS0 B45  B40 B35 490 485 430 475 470 4ES 48D
Bindling energy / eV Binding energy / eV

Figure 3. XPS analysis of the B-site cations: (a) Mn 2p featuring a broad Mn 2ps2
photoemission lines due to the contributions of Mn(l11) and Mn(1V) sites; (b) Ru 3p
revealing contributions from Ru(IV) as well as Ru(V) sites in the Ru 3pse

photoemission region

XPS spectra, recorded using a non-monochromatized Mg Ka source, of the Ru 3p and Mn
2p regions for the various pyrochlores are contrasted in figure 3. Data obtained in the Er 4d, Dy
4d, Ho 4d, Ru 3d and O 1s spectral regions are displayed in figure S8, confirming oxidation state
+3 for all lanthanide cations, while the Ru 3d lines are rather complex to rationalize due to their
strong overlap with the C 1s lines. Ru 3ps/2 peak (figure 3b) suggests that Ru is mainly present as
Ru** (binding energy, BE, 463.5 eV) as expected, but also a small amount of Ru®* (BE 465.8 eV)
is found at the surface.”® Table S3 shows that the ratio of Ru* to Ru®* varies from 75% in
Dy2RuMnO7 to 85% in Er.RuMnOy>. The Ru®* states are most probably confined to the surface of

pyrochlore nanostructures, therefore their contributions to the XANES spectra (figure 2) would
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be negligible. On the other hand, Mn 2p lines (Figure 3a) show very similar features in all
pyrochlores, indicating similar Mn speciation. In view of the overlap in BE of Mn** (642.2 eV),
Mn®* (BE 641.9 eV) and Mn?* (BE 641.7 eV) species in the region corresponding to the Mn 2ps2
peak, quantification of the effective Mn surface oxidation state is highly challenging. The presence
of Mn sites with oxidation states below +4 is consistent with the bulk picture elucidated from XES.
It should also be mentioned that the multiple surface oxidation states of Mn and Ru sites are highly
dynamic under electrochemical conditions and this behavior is strongly linked to the
electrocatalytic activity. The surface composition of the A2RuMnO7 samples was obtained from
the A 4d, Ru 3p and Mn 2p peak regions and the corresponding sensitivity factors. The A:Ru:Mn
surface atomic ratios are summarized in Table S4, showing a significant excess of the A-site in
the case of Er.RuMnO7 (Erz4sRuosMnog2), while Ho2RuMnO7 shows a Mn-rich surface
(Ho208Ru0sMn112). Dy2RuMnO7 shows the closest to the bulk stoichiometry ratio
(Dy2.28Ru0.92Mno.s) according to our analysis. As we describe below, whilst the surface
compositional variation across this group of pyrochlores may appear small in absolute terms, it

does play a key role in determining electrocatalytic activity.

Electrocatalytic activity. Cyclic voltammograms (CV) recorded for the three pyrochlores
supported on mesoporous carbon in an Ar-saturated 0.1 M KOH solutions at 0.10 V s are shown
in Figure 4a. As described in previous studies, the pseudo-capacitive responses reveal changes in
the oxidation state of redox-active sites at the oxide surface.*” 122 A previous study assigned these
electrochemical responses to OH- lattice intercalation;?® a process difficult to rationalize in terms
of the lattice structure of these oxides as well as direct correlation observed between the charge of
the pseudocapacitive responses and the Mn surface ratio.!” 2! From the solid-state point of view,

these redox responses allow mapping the density of states in strongly correlated electron systems
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such as these transition metal oxides. All the pyrochlores show two broad peaks between 0.2 and
1.4 V, although the peak potentials and peak current ratios are slightly different. The voltametric
responses are stable upon consecutive cycling up to potentials close to 1.7 V vs RHE, suggesting
that the surface composition remains unaffected over a wide potential range. However, it should
also be acknowledged that surface reconstructions can take place at oxide surfaces which cannot
be unambiguously assigned to voltametric features, as recently shown by Gurmelli et al.®® At
constant loading, Ho2RuMnO~ displays the largest current while the peaks in Dy2RuMnOy are
rather broad spreading up to approximately 1.2 V. The two pseudo-capacitive peaks are
qualitatively similar to the highly active LaMnOs although Ru sites are also expected to contribute

in this potential range.33?

As summarized in Table S5, integration of the pseudo-capacitive responses provides
information on the number density of active redox surface sites (Isites) normalized by the oxide
loading and specific surface area.'® 2! Figure S9 graphically illustrates the approach used for
baseline correction in order to calculate the charges associated with the anodic and cathodic
features. The baseline position was systematically varied in each voltammogram to compute the
impact on the calculation of the areas of the cathodic and anodic peaks, generating a range of
values which are reflected in the standard deviation reported in Table S5. A key observation
arising from this analysis is the increasing value of ites with decreasing surface A:B composition
ratio extracted from XPS analysis (table S4). Indeed, A-site surface segregation follows a trend Er
> Dy > Ho, which is the opposite of the current density trend in figure 4a. Table S5 also includes
the Iies obtained for highly active LaMnOs nanoparticles,?® which is at least three times larger

than the pyrochlores reported herein due to the higher specific surface area of LaMnOs.
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Figure 4. Pseudocapacitive responses and electrochemical activity of pyrochlores: (a)
Cyclic voltammograms of Ho2RuMnOy7, Dy2RuMnOyz, and Er.RuMnOy7 nanoparticles
supported on mesoporous carbon electrodes (250 ug cm) in Ar-saturated 0.1 M KOH
solution at 0.10 V s. The voltametric features correspond to the population and
depopulation of Ru and Mn d-orbitals across the potential range. (b) Rotating ring-disc
electrode (RRDE) studies of the carbon-supported pyrochlores at 1600 rpm in O2-
saturated 0.1 M KOH at 0.010 V s*. The Pt ring was held at a constant potential of
1.10 V. The oxide loading in each electrode was 250 ug cm™. (c) Kinetically limiting
current at 0.80 V vs RHE normalized by the oxide mass at the electrode and
benchmarking with some of the most active oxide reported LaMnosCuosOs,®
Lao.77Teo.23Mn03,'® CaMnO3/C,** Sm2Ru207 and Pb2RuOs 5,% LaMnOs-r,1” a-MnO2/C
and y-MnO2/C,* LaMn7012 and CaMn7012,*" Lao2SrosMn03,*® Ca2Ru207,*°
Lao.sCaonaMnOs,?t LaMnOsz-c,?t LaMnOa+3.° (d) Kinetically limited current at 0.80 V
vs RHE the electrode normalized by the number of active sites estimated from the

pseudocapacitive charge in the absence of oxygen.
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Characteristic current responses recorded on a rotating ring (Pt) - disk (pyrochlore
supported on mesoporous carbon) electrode at a rotation rate of 1600 rpm and 0.010 V s in Oz-
saturated 0.1 M KOH are shown in figure 4b. Data obtained for commercial MnO2 and RuO:
oxides under the same conditions are also shown for comparison. The ORR onset potential at the
disk electrode is at 0.86 V, which is over 150 mV more positive than for the monometallic oxides.
Larger ring currents are also seen in the case of RuO2 and MnOz2, suggesting an important
contribution of the 2-electron reduction to hydrogen peroxide. Indeed, the hydrogen peroxide yield
(Figure S10) observed in the case of Dy2RuMnO7 and Ho2RuMnOy is below 20% at potentials
more negative than 0.6 V. Figure S11 contrasts the RRDE profiles of the Vulcan support with
those obtained in the presence of the pyrochlores. Interestingly, the onset potential of hydrogen
peroxide formation is about 100 mV more positive in the presence of the pyrochlore
nanostructures. Er.RuMnOz displays a higher hydrogen peroxide yield, which further suggests a

lower activity towards the 4-electron ORR.

Figure 4c contrasts the kinetically limited (i) current, estimated from Koutecky-Levich
plots (see figure S12), obtained for the three pyrochlores with the performance reported for some
on the most active oxides in the literature. Considering the kinetically limited current at 0.80 V vs
RHE normalized by mass, we can see the trend Dy.RuMnO7 > Ho2RuMnOy7 > Er.RuMnOQOyz, which
agrees well with our previous observation on the A:B site ratio as a function of the lanthanide
cation. It is also seen that the three pyrochlores benchmark positively with respect to some of the
most active ORR metal oxide electrocatalysts, including LaMnOs,?* LaMnosNios0s,® and a-
MnO2/C* electrodes.?® However, this comparison ignores key experimental parameters such as
specific surface area and surface composition. Figure 4d illustrates a more accurate comparison

based on the number of active sites calculated from pseudocapacitive responses (see table S6). It
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should be noted that all the data shown in figure 4d were analyzed and collected using the same
methodology as described in this work, which provides a more self-consistent analysis. Based on
this approach, which is equivalent to calculating the turn over frequency,* it can be seen that
Er.RuMnO7 and Ho2RuMnO~ show similar activity as some of the most active LaMnOsz oxide,!

while Dy2RuMnOz7 particles effectively double the ORR activity per site.
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Figure 5. Electronic structure calculations: (a) 120 atoms supercell optimized
employing DFT+U formalism using PBE (GGA) functionals, considering 5%
occupancy of Mn in the A-site; (b) partial density of states calculations near the Fermi
energy for the three pyrochlores. The potential scale is estimated from the onset
potential for populating Ru and Mn d-orbitals obtained from voltametric profiles (see
figure 4). In all cases, Ru and Mn d-orbitals overlap at the conduction band edge which

is close to the standard ORR redox energy.

15



DISCUSSION

Activity as a function of the electronic structure — orbital mixing. We rationalize the
high site activity of these pyrochlores in terms of the building up of density states at energies
relevant to the ORR, which can be demonstrated by electronic structure calculations obtained by
the DFT+U formalism using PBE (GGA) functionals as shown in figure 5. The structure of
supercells containing 120 atoms was optimized (figure 5a) considering 5% Mn occupancy at the
A-site, achieving a difference below 1.2% with respect to the experimental lattice parameters.*?
Figure 5b reveals a small bandgap below 0.5 eV for all three pyrochlores, which is consistent with
the electrical measurements reported by Martinez-Coronado et al.,** taking into account
temperature corrections. Focusing our attention into the conduction band region, which is relevant
to the ORR, we can see the overall line shape exhibits two maxima containing contributions from
Mn and Ru d-orbitals as well as O p-orbitals, suggesting a high degree of covalency. Partial DOS
calculated over a wide range of energies are displayed in figure S13. The lanthanide orbitals are

highly localized and far away from the energy range relevant for oxygen electrocatalysis.

The two broad features arising from the convolution of orbitals in the conduction band
(approximately between 0.4 and 1.5 eV vs Ef) can be related to the voltammetric responses
observed for the various pyrochlores in Ar-saturated solutions (figure 4a), i.e. the reduction
current peaks observed as the potential is swept negatively correspond to filling up the DOS at the
conduction band. This allows constructing an electrochemical potential scale, wherein the
conduction band minimum (CBM) located around 1.2-1.3 V vs RHE strongly overlaps with the
standard potential for the ORR to OH". This is the key observation underpinning the high site
activity of the A.RuMnOy pyrochlores. Not only do the d-orbitals of the B-sites overlap creating a

large DOS but also the DOS is located at the thermodynamic energy required for the ORR,
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fulfilling the boundary conditions established by the Gerischer model.Z-?* 43 This is clearly seen
in the case of Dy2RuMnOz, which exhibits a 1:1 surface ratio of Mn and Ru from the XPS analysis.
On the other hand, Ho2RuMnO7 and Er.RuMnO~7 show Mn and Er surface excess, respectively,

which slightly dampens the B-site activity enhancement.

On the basis of this analysis, we also anticipate a higher activity towards the oxygen
evolution reaction (OER) in the case of Dy:RuMnOz, which exhibits a higher Ru surface ratio.
Indeed, the DOS at the valence band maximum (VBM) is further enhanced by the presence of Ru
d-orbitals, as shown in figure 5b. Current-voltage curves recorded under identical conditions
reveal that the overpotential for achieving 10 mA cmuide follows the trend Dy2RuMnO7 <
Ho2RuMnO7 < Er.RuMnO~ (see figure S15), which exactly follows the trend in terms of Ru
surface composition. Furthermore, the onset potential for OER is at 1.5 V vs RHE, which also
coincides with the VBM position from our DFT calculations. It should be considered that in
addition to the intrinsic errors associated with band gap estimations by DFT, these values
effectively correspond to 0 K conditions. Furthermore, there is a component associated with the
charging energy of the system upon populating/depopulating the CBM and VBM, respectively,
which is implicitly considered in our approximation. However, despite the limitations of our
analysis, correlation between bulk electronic structure from supercell DFT calculations and
electrochemical responses enables identifying the nature of the key orbitals involved in the ORR
and the OER. In order to formulate a more comprehensive mechanistic model, slab DFT
calculations should be implemented (validated by surface structure analysis) incorporating water

as a continuum®* or explicitly,* which is a formidable challenge for such complex oxide structures.

CONCLUSIONS
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Pyrochlores with the general formula A2RuMnOy7, where A = Dy**, Ho®*" and Er** show
enhanced electrocatalytic activity in alkaline electrolyte due to a strong overlap of Ru and Mn d-
orbitals as well as O p-orbitals in the energy range relevant to oxygen electrochemistry. Our
detailed analysis based on XAS and XES concluded that the various lanthanides introduce rather
subtle variations in M-O bonding distances (below 1%), and slight changes in the effective bulk
oxidation state of Mn-sites. On the other hand, XPS and electrochemical analysis do show a
stronger dependence of the surface composition with the A-site cation, which has a direct impact
on the effective electrocatalytic activity. From the three pyrochlores, Dy2RuMnO7 exhibits a
Ru/Mn surface ratio closer to 1, which we consider as optimal for activity site enhancement
towards oxygen electrocatalysis via orbital mixing. Electrochemical studies supported by
electronic structure calculations based on DFT calculations conclude that not only do the CBM
and VBM exhibit strong overlap of Ru, Mn and O orbitals (high-degree of covalency), but also
their DOS are located close the formal oxygen redox energy, which leads to the highest

electrocatalytic activity per surface redox site reported.

METHODS

Pyrochlores preparation. A2MnRuO~ (A = Dy, Ho, Er) oxides were prepared by a wet
chemistry procedure inspired by the work of Martinez-Coronado et al.?® Briefly, stoichiometric
amounts of A203, MnCO3 and RuO:2 were dissolved in citric acid (10%) and some drops of nitric
acid. The solution was then slowly evaporated, leading an organic resin. The formed resins were
dried at 120 °C and decomposed at 600 °C for 12 h and 800 °C for 2 h in order to eliminate the
organic materials and the nitrates. This treatment gave rise to finely divided and homogeneous
precursor materials that finally were heated in air at 900 °C for 12 h to obtain the pure pyrochlore

oxide phase.
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X-ray Diffraction. X-ray diffraction (XRD) patterns were recorded using a Bruker AXS
D8 Advance diffractometer with a 6-0 configuration, using Cu Ka radiation (A = 0.154 nm).
Experiments were run between 20 and 90 degrees, using a step size of 0.02 degrees.

Transmission Electron Microscopy. Transmission electron microscopy (TEM) and high
resolution TEM analysis were obtained using a JEOL JEM-1400Plus and a JEOL JEM 2010,
respectively. Samples for TEM were produced by placing 1 mL drops of the oxide particles
dissolved in ethanol on a 3 mm diameter carbon-coated copper grid. Mean particle diameters were
estimated from at least 100 nanoparticles per sample.

X-Ray photoemission spectroscopy. Photoemission data was obtained in a custom
designed UHV system equipped with an EA 125 Omicron electron analyzer with five
channeltrons, working at a base pressure of 10°° mbar. Core level photoemission spectra (Er 4d,
Dy 4d, Ho 4d, Ru 3d/C 1s, Ru 3p, O 1s and Mn 2p) were collected in normal emission at room
temperature with a non-monochromatized Mg K« X-ray source (1253.6 eV) and using 0.1 eV steps,
0.5 s collection time and 20 eV pass energy. Gaussian/Lorentzian lines are used to deconvolute
XPS spectra with Shirley background correction. The sensitivity factors were calculated from the
corresponding cross section, asymmetry and inelastic mean free path for each of the region
associated with these specific materials.

Extended X-ray absorption fine structure (EXAFS) and X-ray emission spectroscopy
(XES). EXAFS spectra were recorded in transmission mode at the Mn K edge (6539 eV) and Ru
K edge (22117 eV), on beamline B18 at the Diamond Light Source operating with a ring energy 3
GeV and at a current of 300 mA. The monochromator comprises a Si(111)/Si(311) crystals
operating in Quick EXAFS mode. Calibration of the monochromator was carried out using a Mn

and Ru foils. The samples were prepared as pellets (1.32 cm? area pellet) by mixing the ground
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sample with cellulose (~80 mg) to form a homogenous mixture, and then compressed (~5 Ton)
using a pellet press. A total of three spectra were averaged for each sample. The data was analysed
using the Athena and Arthemis programs.*® The spectra were aligned using the Mn foil response.

X-ray emission spectroscopy (XES) measurements were conducted at Beamline 120-
scanning, of Diamond Light Source.*’-*¢ The beamline is equipped with an in-house designed four-
bounce scanning Si(111) monochromator, and the harmonic rejection was achieved by using two
Rh-coated mirrors. An X-ray emission spectrometer based on a 1 m diameter Rowland circle
operating in the Johann configuration in the vertical plane with 3 Ge(440) crystals used to collect
the emission signal was used for the experiment. The XES spectra have been normalized with
respect to their total area using the range 6465-6497 eV.

Electrocatalytic studies. Electrochemical measurements were conducted in a three
electrode cell using a rotating ring-disk electrode (RRDE) fitted to an ALS rotation controller and
connected to a CompactStat bipotentiostat (Ivium). The RRDE electrode consisted of a 4 mm
glassy carbon disk surrounded by a Pt ring. The collection efficiency was experimentally
determined to be 0.4. Hg/HgO (in 1 M NaOH, IJ Cambria) was used as the reference electrode.
The potentials in this work have been converted in reference to a RHE. Measurements were carried
out in 0.1 M KOH saturated with either purified Ar or Oz (BOC). A thin-film catalyst layer was
deposited on the glassy carbon electrode using a two-step drop-casting method with two different
inks, as previously described.?! The final loading in the catalyst layer for each electrode was
controlled at 250 pgoxioe cm?2, 50 pgvurcan cm? and 50 pgnarion cm? (per geometric surface
area of the electrode).

The peroxide yield, Xy, can be calculated as from:
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where ipisk is the current at the disk, iring is the current at the ring, and N is the collection

coefficient.

The Kouteckly-Levich relationship describes the dependence of the disk current (ipisk) on the

angular rotation rate (w):

L 121y - )

iDISK ix i, ix 0.62nAFcD2/3v=1/6¢1/2

where ik and i. are the kinetically and mass-transport limiting current, n is the number of transferred
electrons, D is the oxygen diffusion coefficient (D = 1.9- 10° cm? s?), ¢ is the bulk oxygen
concentration (¢ =1.2:10° mol cm™), and v is the kinematic viscosity (v = 0.01 cm? s). Other

parameters in equation (2) are the disk geometric area (A) and the Faraday constant (F).

Computational methods. Structure optimisation of three pyrochlores was performed
under DFT+U formalism as defined in CASTEP code.***° A 120-atom supercell is used with 1:1
Mn, and Ru substituted B-site while the lanthanide A-site is substituted with 5% Mn, to mimic the
experimental structure reported.*> A GGA-PBE functional with a Monkhorst-Pack k-point grid of
spacing <0.025 A* and Norm-conserving pseudopotentials is implemented with energy cut-off of
1000 eV. Tight convergence criteria are enforced including 1 meV/A for forces and 1 x 108 eV
for energy. The Hubbard parameters Ueffective (U — J) used for Ru and Mn d-orbitals are 2.4 eV and
3.0 eV based on previous works.*52 While the Uefrective for all three lanthanides is taken as 6.5 eV
based on the work of Huang.*® The optimised structure belong to cubic-lattice (space-group: Fd-
3m), showing the following lattice parameters (experimental values in parenthesis from

reference?®): Dy:RuMnO7 = 10.1194 A (10.0816 A); Er.RuMnO7 = 9.9165 A (10.0224 A);
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HozRuMnO~ = 10.1688 A (10.0491 A). Thus, optimised structures have an excellent agreement
with the structural parameters derived from the neutron diffraction of synthesised powders. The
density of states (DOS) are calculated using the same input calculation parameters as used for
structural optimisation. Similar to geometry results, the estimated bandgaps are in close agreement

with activation energies for the electrical conductivity.
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