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ABSTRACT: Nanocrystalline MnFe2O4 has shown promise as a catalyst for the
oxygen reduction reaction (ORR) in alkaline solutions, but the material has been
sparingly studied as highly ordered thin-film catalysts. To examine the role of surface
termination and Mn and Fe site occupancy, epitaxial MnFe2O4 and Fe3O4 spinel oxide
films were grown on (001)- and (111)-oriented Nb:SrTiO3 perovskite substrates
using molecular beam epitaxy and studied as electrocatalysts for the oxygen reduction
reaction (ORR). High-resolution X-ray diffraction (HRXRD) and X-ray photo-
electron spectroscopy (XPS) show the synthesis of pure phase materials, while
scanning transmission electron microscopy (STEM) and reflection high-energy
electron diffraction (RHEED) analysis demonstrate island-like growth of (111)
surface-terminated pyramids on both (001)- and (111)-oriented substrates, consistent
with the literature and attributed to the lattice mismatch between the spinel films and
the perovskite substrate. Cyclic voltammograms under a N2 atmosphere revealed
distinct redox features for Mn and Fe surface termination based on comparison of MnFe2O4 and Fe3O4. Under an O2 atmosphere,
electrocatalytic reduction of oxygen was observed at both Mn and Fe redox features; however, a diffusion-limited current was only
achieved at potentials consistent with Fe reduction. This result contrasts with that of nanocrystalline MnFe2O4 reported in the
literature where the diffusion-limited current is achieved with Mn-based catalysis. This difference is attributed to a low density of Mn
surface termination, as determined by the integration of current from CVs collected under N2, in addition to low conductivity
through the MnFe2O4 film due to the degree of inversion. Such low densities are attributed to the synthetic method and island-like
growth pattern and highlight challenges in studying ORR catalysis with single-crystal spinel materials.
KEYWORDS: ORR catalysis, spinel oxides, MnFe2O4, Fe3O4, molecular beam epitaxy

■ INTRODUCTION

The use of fuel cells in our changing energy economy relies
heavily on Pt as an oxygen reduction catalyst, which is costly
for the widespread use of this technology.1 The exploration of
new materials that are cheaper and more abundant is therefore
important for the use and expansion of fuel cells. The catalysis
of the oxygen reduction reaction (ORR) is complicated by its
sluggish kinetics, which results from the need for O2 to adsorb
to the surface of the catalyst, break the OO (498 kJ mol−1)
double bond, and then desorb from the surface, all of which
may involve several different peroxides or hydroxide
intermediates.2,3 There are two pathways for ORR in alkaline
conditions known as the 4-electron (eq 1) and 2 × 2-electron
pathways (eq 2). The 4-electron pathway is thermodynamically
more favorable due to the more efficient conversion of O2 and
the avoidance of peroxide side products produced by the 2 ×
2-electron pathway, which can be detrimental to other
components of fuels cells.4 The challenges of finding
alternative catalysts to Pt lie in materials that not only have
similar overpotentials but also have similar selectivity for the 4-
electron pathway.
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Spinel oxides have emerged as attractive alternative catalysts
for the ORR due to their versatility and tunability of their
reactivity depending on the chemical nature of their metal
cations. Spinel oxides are ternary materials with the chemical
formula AB2O4, where the A cation is typically in the 2+
oxidation state and the B cation is typically in the 3+ oxidation
state. Depending on the identity of the metal cations, A and B
cations may occupy tetrahedral or octahedral sites ranging
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from normal (AtetB2
octO4) to inverse (AoctBtetBoctO4) struc-

tures. Many elements can be incorporated into the spinel
structure, giving a large library of materials to explore.5

In terms of low cost and abundance, first-row transition
metals have been heavily explored as nanomaterials for the
ORR, and almost all of the first-row transition-metal spinels
show some propensity toward ORR, with some even
demonstrating onset potentials that are competitive with Pt.6

The ability of these materials to perform ORR lies in the
oxidation state promiscuity and the occupation of different
coordination sites within the spinel structure. Co, Fe, and Mn,
for example, all have at least two different thermodynamically
possible oxidation states that can be utilized when catalyzing
the ORR, which is important for charge balance and electron
transfer when performing catalysis.7 Studies of ORR catalysis
with spinels have also shown that the occupation of octahedral
or tetrahedral sites for different cations can change the
catalyst’s ability to perform the ORR.8,9 Several studies of
ferrite-based spinels (AFe2O4, where A is Co, Fe, Mn, Ni, or
Cu) have been performed with Co and Mn ferrite spinels
showing the best ORR activity.6,10−16 However, differences in
the synthetic method of nanocrystals and evaluation of ORR
make the determination of an outright champion difficult.
The exploration of almost all ORR spinel catalysts has

typically been done with nanocrystalline materials on a carbon
support. The carbon support is important because it enhances
the conductivity and stability of the metal oxide catalyst.5

However, carbon support materials have also been shown to
perform ORR without a transition-metal catalyst, albeit less
efficiently.3,17,18 The complexities of carbon support/oxide
nanocrystal composites make it difficult to understand the
contribution of just the spinel metal oxide to the ORR and its
true catalytic activity. Understanding the intrinsic thermody-
namics and the kinetics of the ORR on spinel metal oxide
surfaces is important to understanding their catalytic
mechanism and realizing their full potential as alternative
catalysts to Pt.
To study the surface of a catalyst in greater detail, the use of

single-crystalline materials is beneficial. ORR catalysis using
single-crystal Pt, Pd, and Ag has all been achieved, which
allows for an understanding of catalysis at a specific surface
termination.19−21 These materials are also readily available as
substrates that configure well into electrodes for rotating disk
electrochemistry (RDE) experiments typically used to study
the ORR. Perovskite oxides, such as LaMO3 (where M = Fe,
Co, Mn, and Ni as a few examples), have also been grown
epitaxially and studied for the ORR; however, the electrode
configuration in most of these studies either prevented RDE
experiments from being performed22,23 or was more relevant to
solid oxide fuel cell devices.24,25 In terms of perovskite oxides,
only one study by Kan et al. used RDE to study
La0.66Sr0.33MnO3 grown on the conductive perovskite substrate
Nb:SrTiO3 and found that a diffusion-limited current could
not be achieved.26

A recent study by Yang et al. explored epitaxial thin-film
ferrite spinels in an RDE configuration for ORR electro-
catalysis. Fe3O4 and Co-doped Fe3O4 were grown on MgO
substrates and studied electrocatalytically in a configuration
where contact was made to the front of the films. While their
configuration showed valid RDE measurements with Pd thin
films, they were not able to reach the diffusion-limited current
with their spinel films and overall achieved low current
densities, most likely due to limitations of lateral charge

transport through the spinel thin film. To our knowledge, this
is the only other report in the literature that describes ORR
electrocatalysis at an epitaxial spinel oxide film.27

Herein, we describe our study of epitaxially grown MnFe2O4
and Fe3O4 for ORR electrocatalysis, which has been studied
significantly as nanocrystalline catalysts.6,11,14,28,29 The epitax-
ial films were prepared using molecular beam epitaxy (MBE).
MnFe2O4 has been grown epitaxially using MBE previously30

but not specifically for the study of ORR catalysis. Nb:SrTiO3
(Nb:STO) perovskite substrates were used for oxide growth
because of their high conductivity and the current unavail-
ability of conductive spinel substrates. Once grown, the films
were made into electrodes for RDE measurements, as shown in
Figure 1.

This is the first study to our knowledge of MnFe2O4 and
Fe3O4 grown on a perovskite substrate used for electrocatalysis
and provides insight into the specific mechanism through
which MnFe2O4 and Fe3O4 catalyze the ORR. In this study,
MnFe2O4 and Fe3O4 were grown on (001)- and (111)-
oriented Nb:STO to study the effect of surface termination on
the film growth and catalysis. Films of varying thicknesses were
also studied. We find that the diffusion-limited current
consistent with the 4-electron mechanism can be reached in
an O2-saturated electrolyte. Interestingly, the overpotential at
which this current is achieved (−0.1 V vs RHE, ηORR = 1.33 V)
is consistent with the reduction of Fe sites in the crystal
structure, while the catalytic current at Mn sites, occurring at
smaller overpotentials (0.65 V, ηORR = 0.58 V), was much
lower. This result runs counter to those observed for
nanocrystalline electrodes where the diffusion-limited current
is achieved through Mn site catalysis. We hypothesize that this
discrepancy is due to a combination of low Mn surface density
on the {111} island facets that form on the perovskite substrate
and low conductivity of MnFe2O4.

■ EXPERIMENTAL SECTION
Synthesis of MnFe2O4 and Fe3O4 Films. MnFe2O4 films

were grown on either (001)-oriented or (111)-oriented
niobium-doped SrTiO3, (Nb:STO, 0.7 wt %, MTI Crystal),
conductive perovskite substrates using molecular beam epitaxy
(MBE, Mantis Deposition). Substrates were sonicated in
acetone (ACS Grade, VWR) and isopropyl alcohol (ACS
Grade, VWR) for ∼5 min each before being loaded into the

Figure 1. Diagram of the electrode used to study ferrite spinel
epitaxial films for ORR catalysis.
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MBE chamber. Elemental Mn (99.95%, ACI Alloys) and Fe
(99.98%, Sigma-Aldrich) were deposited concurrently during
growth, while effusion cells were kept at a constant
temperature, with deposition rates calibrated using a quartz-
crystal microbalance (QCM) pre-growth. The sample stage
was heated to a constant temperature using an infrared ceramic
heating source and measured via a thermocouple on the stage,
which causes an overestimation of ∼50 to 100 °C relative to
the substrate surface temperature. Samples were grown at 525
°C setpoints and subsequently cooled to ambient temperatures
over ∼30 min. O2 gas was introduced into the chamber and
maintained at ∼7.0 × 10−6 Torr during the growth and cooling
of films. Fe3O4 was grown at the same conditions on (001)-
oriented Nb:STO, except that the O2 gas pressure was
maintained at ∼4.5 × 10−6 Torr.31

Characterization of MnFe2O4 and Fe3O4 Films.
Reflection high-energy electron diffraction (RHEED), a
technique sensitive to the first few atomic layers of a film
surface, was used to monitor the growth process. After growth,
samples were analyzed using X-ray photoelectron spectroscopy
(XPS, PHI 5400 refurbished by RBD Instruments). The XPS
system was connected to the MBE chamber by a vacuum
transfer line to prevent atmospheric contamination. A
monochromatic Al Kα X-ray source, an electron pass energy
of 35.75 eV, and a scanning step size of 0.05 eV were used for
all samples. The conductivity of the Nb:STO substrates
negated the need for an electron emission neutralizer for
sample charge compensation. All spectra were shifted
accordingly to place their Fe 2p3/2 peaks at a 711 eV binding
energy.32,33 Atomic force microscopy (AFM) was used to
acquire images of film topography and was acquired using a
Park XE7 AFM in a noncontact mode. Out-of-plane high-
resolution X-ray diffraction (HRXRD) and X-ray reflectivity
(XRR) were performed using a Rigaku SmartLab system (Cu
Kα source) with a hybrid pixel area detector in a 0D mode.

Cross sectional scanning transmission electron microscopy
(STEM) samples were prepared using an FEI Helios NanoLab
DualBeam Ga+ Focused Ion Beam (FIB) microscope with a
standard lift-out procedure. STEM high-angle annular dark-
field (STEM-HAADF) images were collected on a probe-
corrected JEOL GrandARM-300F microscope operating at
300 kV, with a convergence semiangle of 29.7 mrad and a
collection angle range of 75−515 mrad. STEM energy-
dispersive X-ray spectroscopy (STEM-EDS) maps were
acquired using a dual JEOL Centurio silicon drift detector
setup and were processed for the Fe K, Mn K, Sr L, and Pt M
peaks.

Electrocatalytic Studies of MnFe2O4 and Fe3O4 Films.
Electrodes were constructed from MnFe2O4 and Fe3O4 films
by mounting films on RDE tips with a glassy carbon (GC) disk
working electrode (Pine Research, 5 mm diameter) as the
contact material, as shown in Figure 1. The electrode was
constructed using Ga:In eutectic (99.99%, Sigma-Aldrich) and
silver paint (Ted Pella). A drop of Ga:In eutectic was placed in
the middle of the GC electrode to make the electrical contact
to the backside of the Nb:STO. Before the film was placed, a
ring of Ag paint was placed around the eutectic and was used
as a conductive adhesive, so the film would adhere to the glassy
carbon surface while keeping the eutectic in place. The film
was placed on the eutectic and paint and allowed to dry for 30
min. Once the film could not be moved with gentle pressure,
an inert epoxy (Loctite D-609) was used to cover the film,
making sure any exposed GC, eutectic, and Ag paint are
covered so they did not interfere with electrochemical
measurements. The epoxy was placed such that the edge of
the Nb:STO substrate was covered as well, leaving only the
exposed MnFe2O4 film. The epoxy was then left to dry at room
temperature for at least 24 h before the electrode was used for
electrocatalysis. The final area of the exposed film was
measured using ImageJ software, and all CVs and RDE

Figure 2. RHEED and AFM images of (a, c) 6 nm (001) MnFe2O4 and (b, d) 6 nm (111) MnFe2O4.
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measurements were normalized to the geometric area of the
exposed film measured from ImageJ.
All electrochemical measurements were performed in 0.1 M

KOH as the electrolyte. A Hg/HgO reference electrode was
used and checked against ferricyanide for every experiment for
accurate conversion to RHE, in which all potentials are
reported against. All cyclic voltammetry (CV) and RDE
experiments were performed using a WaveDriver 20
bipotentiostat (Pine Research) with an MSR rotator (Pine
Research). For noncatalysis electrochemistry, N2 (UHP
99.999%, Airgas) was purged into the solution for at least 30
min. For ORR measurements, O2 (UHP 99.999%, Airgas) was
purged into the solution for at least 30 min. To confirm that
our electrode design was applicable for rotation studies, a Pt
disk electrode with a similar epoxy coating to our MBE
electrodes was tested under ORR conditions.

■ RESULTS
MBE Synthesis and Characterization. MnFe2O4 and

Fe3O4 spinel films were grown on 10 mm × 10 mm Nb:STO
substrates and then subsequently diced into 5 mm × 5 mm
pieces so that different methods of characterization could be
performed. Experiments were performed on four different
spinel films: 6 nm MnFe2O4 grown on (001) Nb:STO, 16 nm
MnFe2O4 on (001), 6 nm MnFe2O4 on (111) Nb:STO, and
21 nm Fe3O4 on (001) Nb:STO. Initial assurance of successful
growth was observed with in situ RHEED analysis, which can
determine the crystallinity and surface morphology of the
material based on the scattering of electrons from the film
surface. Figure 2a,b shows RHEED analysis of 6 nm (001) and
6 nm (111) MnFe2O4 for a direct comparison of the impact of
substrate orientation. Films grown on (001)-oriented Nb:STO
revealed a (001)-oriented spinel structure with an island
decorated surface, while those grown on (111)-oriented
Nb:STO showed a (111)-oriented spinel structure with smaller
island features and a more planar surface quality. These results
are indicated by the spotted pattern for MnFe2O4 grown on
the (001) substrate, as opposed to the pattern with vertical
streaks combined with spots for the film grown on the (111)
substrate. The RHEED pattern for films grown on (001)
substrates was the same regardless of thickness, with the
RHEED for 16 nm MnFe2O4 and 21 nm Fe3O4 on (001)
Nb:STO, as shown in Figure S1. For all films used in this
study, the RHEED patterns obtained during growth showed
little change over time, indicating that the orientations were
uniform throughout the epitaxial films. The island growth
results are typical for spinel ferrites grown on Nb:STO, where
there is a significant lattice mismatch (∼7%) between the
MnFe2O4 film lattice parameter (a/2 ≈ 4.24 Å) and that of the
substrate (a = 3.905 Å).31 The {111}-type surfaces are also the
minimum energy surface for spinel films,34 which leads to
faceting into pyramid-type islands when grown on a (001)
substrate. This Volmer−Weber growth mode has been
observed previously for CoFe2O4 films grown on STO.35

AFM analysis shown in Figure 2c,d further verified the
RHEED results, as the root mean square roughness for the 6
nm (001) MnFe2O4 film was greater at 3.2 ± 0.5 nm compared
to 1.0 ± 0.5 nm for the 6 nm (111) film. AFM for 16 nm (001)
MnFe2O4 and for 21 nm (001) Fe3O4 is shown in Figure S1.
The reduction in the surface roughness on (111) Nb:STO
reflects the smoother surface seen in RHEED and is also
expected given that surface faceting would be reduced since the
(111) surface is already the minimum energy surface for spinel

oxides. In all cases, residual film strain is fully relaxed to the
bulk value due to this island growth mode.
Out-of-plane HRXRD results for the films are shown in

Figure 3. MnFe2O4 (Fe3O4) grown on (001) substrates

showed a peak at 42.5° (43.3°) consistent with a (004) lattice
peak of the spinel film, close to the (002) Nb:STO substrate
peak at 46.4°. MnFe2O4 grown on (111) Nb:STO showed a
(222) film peak at 36.6°, close to the (111) substrate peak at
40.0°. C-lattice parameters of the MnFe2O4 (Fe3O4) film were
calculated to be 8.50(1) Å (8.35(1) Å) and the distance
between (111) planes of MnFe2O4 to be 4.91(1) Å. These
parameters are consistent with those found in the literature for
MnFe2O4 and Fe3O4 spinels.36,37 The film thickness for
MnFe2O4 grown on (111) Nb:STO was determined using an
XRR fit (Figure S2), but this could not be done for films grown
on (001) substrates due to their significantly higher surface
roughness. Thicknesses of (001)-oriented films were calculated
by comparing the composition, QCM calibration rates, and
growth time between samples, while using the thickness of
MnFe2O4 grown on (111) Nb:STO as a reference. Thicknesses
calculated using QCM data have an uncertainty of ±1 nm.
STEM analysis of the 6 nm (001) MnFe2O4 film was

performed before and after electrochemical experiments to
assess possible microstructural and composition changes, as
shown in Figure 4. Cross sectional STEM-HAADF images for
the film prior to electrochemical experiments revealed a
distinct island morphology with clear {111}-type faceting,
consistent with RHEED images, and a thin (<3 nm thick)
uniform bridging layer between islands on the substrate
surface. STEM-EDS maps of Fe, Mn, Sr, and Pt are shown in
Figure 4c, which reveal a sharp film−substrate interface and
uniform island composition. Figure 4i shows a high
magnification of the interface region and highlights the
crystallinity of the MnFe2O4 layer and surface faceting.

Figure 3. HRXRD diffractogram of 21 nm Fe3O4 grown on (001)-, 16
nm MnFe2O4 grown on (001)-, and 6 nm grown on (111)-oriented
Nb:STO substrates. Large peaks at 40.0 and 46.4° indicate the (111)
and (002) lattice planes of the Nb:STO substrate. Smaller peaks at
36.6, 42.5, and 43.3° are consistent with (222) MnFe2O4, (004)
MnFe2O4, and (004) Fe3O4 lattice planes. The vertical axis is on an
arbitrary log scale.
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STEM data collected post-catalysis is discussed after electro-
catalytic data are presented.
XPS analysis of the films was performed to characterize their

composition, including stoichiometry and metal oxidation
states. XPS data for the Mn 2p and Fe 2p regions are shown in
Figure 5 with stoichiometry results presented in Table 1. The

percentages shown in Table 1 are based on the total metal
content excluding oxygen. It should be noted that all spectra
were normalized, so the absolute peak intensity is unrelated to
stoichiometry. The Mn and Fe stoichiometry for samples still
under vacuum was determined by comparing areas of the Mn
2p and Fe 2p regions after implementing a Shirley background
subtraction and sensitivity factors of 2.42 and 2.686 for Mn
and Fe, respectively. Stoichiometry determination from XPS
for samples that were exposed to atmospheric conditions was
not considered since the 2p region backgrounds varied greatly

due to the effects of atmospheric contamination. The
stoichiometry of the films under vacuum varied from sample
to sample, with both 6 nm films showing a slight Mn excess
and the 16 nm film showing a slight Mn deficiency. A perfect
MnFe2O4 spinel composition should be 33.3% Mn and 66.7%
Fe. Values shown in Table 1 are close to the theoretical
estimate; however, reliable stoichiometry determination from
XPS is difficult without MnFe2O4 standards. Concentrations
determined from XPS using the background shown in Figure 5
should be considered as an upper bound for Mn and a lower
bound for Fe. EDS analysis was also performed on each film
after removal from vacuum to obtain comparative stoichiom-
etry. These data are presented in Table S1 and show similar
estimates to XPS but with slightly smaller Mn atom % and
larger Fe atom %. In terms of oxidation state, all MnFe2O4

samples under vacuum showed similar spectral features,
indicating that the oxidation states of the Mn and Fe were
consistent across the films. The Mn 2p3/2 peaks, located
around 640 eV, have satellite peaks around 645 eV, which
indicates a Mn2+ oxidation state.38 The Fe 2p1/2 peaks of
MnFe2O4, positioned around 725 eV, have a satellite peak
(∼720 eV), which indicates a Fe3+ oxidation state.39 The Fe 2p
spectrum of the Fe3O4 film shows mixed 2+ and 3+ oxidation

Figure 4. Cross sectional low-magnification (a) and high-magnification (b) STEM-HAADF images of a 6 nm (001)-oriented MnFe2O4 film along
with elemental (c−g) and composite (h) STEM-EDS maps collected before cycling. (i) High-resolution image of the Nb:STO/MnFe2O4 interface
showing crystallinity and surface faceting. White contrast regions indicate the Pt deposition overlayer.

Figure 5. XPS of the (a) Mn 2p region and (b) Fe 2p region for 6 nm (001), 6 nm (111), and 16 nm (001) MnFe2O4. Also includes 21 nm (001)
Fe3O4.

Table 1. Stoichiometry from XPS

MnFe2O4 film Mn atom % Fe atom % Mn/Fe

6 nm (001) vacuum 38 62 0.61
6 nm (111) vacuum 34 66 0.52
16 nm (001) vacuum 31 69 0.45
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states, as the Fe3+ satellite is less pronounced, consistent with
previous reports.40

ORR Electrocatalysis. Great care was taken in the
conversion of MnFe2O4 and Fe3O4 films into functional
electrodes. Nb:STO substrates with MnFe2O4 films were
mounted on a glassy carbon rotating disk electrode (GC-RDE)
using a combination of Ga:In eutectic and Ag paint to make an
electrical contact between the GC surface and the backside of
the Nb:STO substrate. The entire RDE surface was then sealed
with epoxy such that only the spinel oxide surface was exposed.
Epoxy coverage was found to be important to the stability of
the films. Exposure of the Nb:STO edge resulted in rapid
degradation of electrochemical features present in the cyclic
voltammogram (Figure S3) and revealed new XPS peaks in the
C 1s region consistent with the presence of Sr and Ti atoms
(Figure S4). Comparative experiments where the Nb:STO
edge was completely covered showed neither electrochemical
degradation nor the presence of Sr and Ti peaks from XPS.
This result indicates that the MBE films are susceptible to
etching at the junction of the film and the substrate, thus
covering that the Nb:STO edge, which was found to be critical
for film stability during electrochemical experiments.
The CVs of MnFe2O4 films were first measured under a N2

atmosphere to understand their basic electrochemical features.
These experiments were performed on the exact films, which
were characterized and discussed in the previous section.
Figure 6a shows CVs of MnFe2O4 for the 6 nm (001), 6 nm
(111), and 16 nm (001) films. Despite their different surface
roughnesses and thicknesses, the CVs exhibit similar features
with two quasi-reversible redox waves at E1/2 = 0.96 and 0.62 V
vs RHE. Similar features have been observed in CVs of
MnFe2O4 nanocrystals embedded within carbon black and
were assigned to redox chemistry at Mn sites.11,15 The larger
feature at more negative potentials (∼0 V vs RHE) has been
assigned to redox chemistry at Fe sites.11,22,41 This is consistent
with CV data collected here for the 21 nm (001) Fe3O4 film,
which showed no evidence for Mn redox waves and only
showed the more negative feature (Figure 6b). Scan rate-
dependent studies under a N2 atmosphere revealed surface-
bound redox behavior of both Mn waves (Figure S5). The
exact assignment of these redox waves is unknown; however,
literature evidence suggests several possibilities, including
assignment of a MnIV/III wave at 0.92 V and MnIII/II wave at
0.65 V,42 although it has been shown to be difficult to oxidize
MnIII → MnIV in the spinel structure.29 These oxidation states
are most likely stabilized by the formation of M-OH or M-

O(OH) species at the surface of the MnFe2O4 film.43 The
second wave (0.65 V) has also been proposed as a MnII/0 wave,
which we find unlikely.11 Studies on bare Nb:STO (Figure S6)
also indicated that there was no contribution from the
substrate on the electrochemical features observed in Figure 6.
Comparing the 6 nm MnFe2O4 films, the (001) film was

observed to pass more current than the (111) film, even after
the CVs were normalized for the geometric surface area (Ageo).
We believe that this is consistent with the larger surface
roughness observed by AFM for the (001) film compared with
the (111) film such that the electrochemically active surface
area (ECSA) of the (001) films was likely larger than the (111)
film. Although the exact ECSA is unknown for each film, it was
expected to be in the range of 1−1.73 times larger than Ageo
based on the square pyramidal surface faceting observed by
STEM in Figure 4. Using the non-faradaic current observed in
Figure 6 and assuming ECSA = 1.73 × Ageo as an upper limit
resulted in estimates of the specific surface capacitance for
MnFe2O4 of 90−120 μF cm−2 (Supporting Information),
consistent with other estimates from the literature.29

Finally, we note that scanning the voltage window to more
negative potentials resulted in the degradation of the films after
repeated cycling. Initial voltammetry studies on the films were
restricted to a window less than −0.2 V, as this potential range
allowed for stable and reproducible CVs prior to performing
electrocatalysis. If scanned more negative than −0.5 V before
the introduction of O2, film degradation occurred, which we
believe was due to proton reduction.
Figure 7 shows CVs of the 16 nm (001) MnFe2O4 and 21

nm (001) Fe3O4 film saturated with O2, overlaid with the CV
under a N2 atmosphere. Under an O2 atmosphere, the film
shows a significant increase in current with the second Mn
feature at 0.62 V, although a true peak for O2 reduction is not
observed until 0.03 V vs RHE. Similar data was also observed
for 6 nm (001) and (111) films (Figure S7). The Fe3O4 film
also shows an increase in the current upon introduction of O2.
There is no early onset in the current increase as seen with
MnFe2O4, but a similar onset for the O2 reduction peak is
observed. The total current passing at the O2 reduction peak
for Fe3O4 is notably greater than that observed for the
MnFe2O4 samples.
For a true understanding of the catalytic abilities of

MnFe2O4 films, RDE experiments were performed. All films
were studied at varying rotation rates to perform a Koutecky−
Levich analysis (Figure 8). To have comparable numbers to
other literature reports of MnFe2O4 ORR catalysis, a 20 mV

Figure 6. (a) CVs comparing MnFe2O4 films grown on (001) and (111) substrates. (b) CV comparisons of 16 nm (001) MnFeO4 and 21 nm
(001) Fe3O4 under a N2 atmosphere before RDE experiments.
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s−1 scan rate was used for all rotations. For MnFe2O4 and
Fe3O4 at all rotation rates, it is apparent that the diffusion-
limited current is being achieved, as evidenced by the plateau
in current density at potentials <0 V. From the polarization
curves at 1600 rpm (Figure 8d), the maximum current
densities (normalized to Ageo) observed for 6 nm (001), 6 nm
(111), and 16 nm (001) MnFe2O4 films were −5.2, −5.3, and
−5.3 mA cm−2, respectively, showing that all films pass the
same current at the same rotation rate. The E1/2 of the main
reduction wave, defined as the potential where half the
maximum current is achieved for the 1600 rpm condition, was

−0.02 V for 6 nm (001), 0 V for 6 nm (111), and 0.04 V for 16
nm (001) MnFe2O4. Correction of the RDE data for the upper
limit ECSA discussed above resulted in minimal shifts of the
E1/2 values (Figure S8). The onset potential (Eonset) for any
chemical process must be defined at a specific amount of
current passed. Typically, the ORR literature has defined this
current as 10 μA cm−2, which would result in Eonset = 0.74,
0.68, and 0.77 V for 6 nm (001), 6 nm (111), and 16 nm
(001) films, respectively. Notably, this onset is inconsistent
with the large increase in current observed at potentials <0.25
V. The onset of the large wave was measured for 500 μA cm−2

to yield Eonset = 0.12 V for 6 nm (001), 0.15 V for 6 nm (111),
and 0.22 V for 16 nm (001).
The Fe3O4 film showed similar ORR activity in the Fe

region (<0.25 V) and virtually no catalysis in the Mn region
(>0.25 V). Specifically, at 1600 rpm, the maximum current
value reached was 5.5 mA cm−2 with Eonset values of 0.49 V (10
μA cm−2) and 0.18 V (500 μA cm−2). These results clearly
differentiate ORR catalysis based on Fe and Mn metal centers
with Fe-based catalysis making a much larger contribution.
Complete rotation data for Fe3O4 21 nm (001) is shown in
Figure S9.
The insets in Figure 8 show Koutecky−Levich plots

generated from RDE data at −0.25 V. At large overpotentials,
the kinetic limitations of the system are minimized, and linear
trends are observed according to the Koutecky−Levich
equation (eq 3). Here, n is the number of electrons transferred
at the electrode surface, F is Faraday’s constant (96,485 C
mol−1), C0 is the saturation concentration of O2 in 0.1 M KOH
at 1 atm of O2 pressure (1.26 × 10−6 mol cm−3), D0 is the
diffusion coefficient of O2 in 0.1 M KOH (1.93 × 10−5 cm2

s−1), ν is the kinematic viscosity of the 0.1 M KOH electrolyte

Figure 7. Comparison of MnFe2O4 16 nm (001) and Fe3O4 21 nm
(001) under N2 and O2 atmospheres during cyclic voltammograms.

Figure 8. Polarization curves at different rotation rates for (a) 16 nm (001), (b) 6 nm (001), and (c) 6 nm (111) MnFe2O4 in 0.1 M KOH
saturated with O2. K−L plots are the inset for each film. (d) Overlay of the polarization curve at 1600 RPM for each MnFe2O4 with Fe3O4.
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(1.09 × 10−2 cm2 s−1), and ω is the rotation rate in rad s−1.44

Slopes were measured at −0.25 V vs RHE to be 2068, 2228,
and 2338 A−1 cm2 s1/2 rad−1/2 for 6 nm (001), 6 nm (111), and
16 nm (001) MnFe2O4, respectively. Using the literature
values for C0, D0, and ν, the electron transfer number was
calculated from the slope to yield n = 4.2 for 6 nm (001), 3.9
for 6 nm (111), and 3.71 for 16 nm (001). These electron
transfer numbers strongly indicate a preference for the direct 4-
electron reduction pathway of O2 as opposed to the 2 × 2-
electron pathway that produces H2O2 as a byproduct. This is
also true for the Fe3O4 film, which had an electron transfer
value of 3.91. Complete K−L plots from −0.25−0 V are shown
in Figure S10.

J J J nFkC nFC D
1 1 1 1 1

0.62 ( )k L 0 0 0
2/3 1/6 1/2ν ω

= + = + −

(3)

A Koutecky−Levich analysis was also performed with a Pt disk
electrode in the same electrode configuration that was used for
the spinel films (i.e., with added epoxy) to validate our
electrode construction, as well as have comparison K−L slopes.
The data for these studies are shown in Figure S11. The
calculated electron transfer number calculated for the Pt disk is
4.0.
Following ORR electrocatalysis experiments, the electrolyte

was repurged with N2 to remove O2 from the system, and CVs
were collected over a wider potential range to investigate the
stability of MnFe2O4 films. For all films, two new redox
features in the range that O2 reduction appeared were
concomitant with an increase in the non-faradaic current
(Figure S12). These features are most likely related to
oxidation and reduction of Fe sites in the MnFe2O4 structure.
Either the exposure to the alkaline conditions of the electrolyte
or the process of performing ORR changed the film surface. In
particular, the CV for 16 nm (001) looked significantly
different than that collected under a N2 atmosphere prior to
electrocatalysis, as a sharp peak arises that is present both
under N2 and O2 atmospheres. After completion of these
experiments, the 16 nm (001) film was removed from the
solution for repeat electrochemical analysis. As shown in
Figure S13, the film was significantly less catalytic in the
second electrochemical experiment than it was upon initial
electrocatalysis.
XPS, XRD, and STEM characterization studies of the films

were performed after catalysis to explore how catalysis was
affecting the film structure. Due to significant changes in Fe
and Mn 2p spectra shapes after exposure to air, the
stoichiometry of the post-catalysis samples could not reliably
be determined. However, from XPS, we observed no significant
change in the Mn or Fe valence, indicating that the spinel
structure of the film remained intact (Figure S14). This is
further verified by XRD on the films after catalysis, which
shows no apparent changes in out-of-plane lattice parameters
(Figure S15). STEM data showed that after catalysis
experiments, some changes in the sample morphology are
evident, particularly an increase in bridging between islands
(Figure S16). However, no obvious changes in composition or
intermixing occurred.

■ DISCUSSION

The active site for metal oxide ORR catalysis depends
significantly on the coordination environment of the metal

cation, its oxidation state, and exposure of that active site at the
film surface. In several studies of the ORR on spinel oxide
nanocrystals, an investigation of faceting has been performed
to understand which crystal faces are best for catalysis.44−48

For a spinel structure, the surface could consist of two different
metals, in two different oxidation states, in two different
coordination sites. This can be further complicated if the spinel
structure is inverted, so the determination of the active cation
and coordination is useful for catalyst design. It has been found
that the {111} facet of spinels is more active than that of
{001},46 and we expected this to be reflected in our studies of
MBE films by choosing (001) and (111) Nb:STO substrates to
dictate surface termination of the spinel. However, due to the
lattice mismatch between the spinel films and Nb:STO
substrate as well as the lower surface energy of the spinel
{111} facets,49 we observe the growth of {111} faceted islands
on MnFe2O4 and Fe3O4 films as evidenced by RHEED and
STEM. The island growth pattern observed for MnFe2O4 and
Fe3O4 spinels is also consistent with what has been observed
for Fe3O4 and CoFe2O4 growth on a perovskite sub-
strate.27,35,50 Interestingly, the growth of MnFe2O4 on (111)-
oriented Nb:STO substrates also displayed an island growth
pattern according to RHEED images but with lower surface
roughness than films grown on (001) Nb:STO. Such island
growth is likely due to lattice mismatch between the (111)
planes of Nb:STO and MnFe2O4, given that surface energetics
no longer drive the formation of faceted pyramids along this
orientation. The bridges between the islands on the (001)
films are (001) faceted, whereas only (111) facets are exposed
on the (111) grown MnFe2O4.
The choice of Nb:STO substrates in this work was

important, as it allowed for electrical contact to be made
with MnFe2O4 across the entire film area through a backside
contact with Nb:STO and the underlying GC electrode. With a
nonconductive substrate material such as MgAl2O4 or MgO,
uniform planar growth of MnFe2O4 (i.e., nonisland growth)
would be expected; however, electrical contact would need to
be made to the front face of the MnFe2O4 film. This strategy
was recently reported for a series of CoxFe3−xO4 spinels grown
by MBE and studied as the ORR catalyst; however, the
diffusion-limited current was not observed.27 This strategy
requires the MBE film to be conductive across the lateral face
to transport charge from the contact point at the edge of the
film to the exposed face in the center. The method of backside
contact employed here shows a clear diffusion-limited current
for all electrodes. This suggests that this electrode architecture
may be important in the study of MBE spinel catalysts for the
ORR and emphasizes the need for conductive substrates with
better lattice matching to spinel oxides to achieve planar
growth of specific surface facets.
From our ORR study of MnFe2O4 and Fe3O4 MBE films,

high selectivity for the 4e− reduction of O2 to OH− was
determined based on electron transfer numbers (n = 3.7−4.2)
obtained from Koutecky−Levich analyses. The 4e− reduction
process has been reported for MnFe2O4 nanocrystals by Zhu et
al. and Zhou et al.;11,15 however, Yang et al. have reported an
electron transfer value of only 2.6,6 indicating lower selectivity
and more H2O2 production. Differences in electron transfer
numbers notwithstanding, the significant difference between
our study and those of nanocrystalline MnFe2O4 lies is the
large overpotential required to achieve the diffusion-limited
current, which when measured at the E1/2 for the diffusion-
limited wave is 0.8−1.0 V more negative than what has
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previously been reported for MnFe2O4 nanocrystals. These
studies have routinely observed E1/2 and Eonset values at
potentials coincident with the Mn-based redox events, as
measured under a N2 atmosphere. Indeed, we did observe a
small amount of ORR catalysis at the Mn waves; however, a
significant catalytic current was not passed until the Fe-based
redox feature was accessible.
We believe the large difference in overpotential between the

present study of MBE films and nanocrystalline materials is
due to a combination of a low density of Mn at the electrode
surface and poor conductivity through the film. Further
investigation of the CV data collected under a N2 atmosphere
provides support for this argument. Integration of both Mn
redox waves yields total charge densities of 21.7, 9.0, and 24.3
μC cm−2 for the 6 nm (001), 6 nm (111), and 16 nm (001)
films, respectively. The assignment of the two Mn redox waves
is unclear from the literature of MnFe2O4; however, we believe
that they are most likely 1e− processes (e.g., MnIII → MnII)
corresponding to distinct atomic environments at the electrode
surface. Zhou et al. showed that increasing the Mn content
from x = 0.5 to 2.5 for MnxFe3−xO4 nanocrystals resulted in a
decrease in current at the 0.65 V wave and an increase in
current at the 0.92 V wave.15 This behavior suggests two
environments of Mn for each redox event as opposed to
sequential reduction of the same Mn atom. Therefore, the total
charge density can be taken to represent the total Mn density
at the surface, assuming 1e− processes. We interpret the greater
charge densities measured for films grown on (001) vs (111)
substrates as a reflection of the larger surface roughness
measured by AFM, 3.2 ± 0.5 vs 1.0 ± 0.5 nm, respectively.
A calculation of the total surface atomic density (Mn + Fe

sites) for the (111) facet of MnFe2O4 yields a charge density of
154 μC cm−2 (Figure S17, Table S3). Comparison of this value
with the measured charge densities of MnFe2O4 films shows
the percent coverage of Mn sites to be 14.1, 5.8, and 15.8% for
6 nm (001), 6 nm (111), and 16 nm (001) films, respectively.
An ideal (111) surface should be 67% Mn for a normal
structure or 33% for an inverse structure, indicating that the
MBE films studied here are deficient in available Mn sites
needed to catalyze the ORR at lower overpotentials.
The question that remains is: why are these films deficient in

Mn at the surface? XPS data showed Mn/Fe ratios close to 0.5,
as would be expected for MnFe2O4. Therefore, large Mn
deficiency throughout the crystal structure should not be the
cause. One simple reason could be that the electrode surface is
not entirely {111} terminated. STEM results clearly showed
{111}-faceted islands separated by regions of (001) bridges.
For the STEM sample that was analyzed, islands were as much
as 20 nm apart from one another, reducing the exposed
MnFe2O4 surface area by 50−75%. Islands are also known to
truncate to (001) surfaces to reduce the overall surface area,
which could further reduce the area of {111} facets.51 This was
not directly observed in STEM data for our sample; however,
we were only able to observe a limited number of islands.
As alluded to above, the degree of inversion could also be a

factor in determining the Mn site density as this affects
tetrahedral vs octahedral site occupation. In a previous study of
MnFe2O4 grown via MBE, inversion was found to be 20%,30 in
agreement with bulk measurements.52 Although we did not
measure the extent of inversion here, based on a value of 20%,
we would expect the (111) surface to contain 60% Mn
distributed over both tetrahedral and octahedral sites. The
measured values reported above are much less than this ideal

scenario, suggesting that inversion may result in Mn
occupation of octahedral sites, which are below the surface.
This would yield a {111} surface predominately Fe in
character, consistent with the observed electrocatalysis.
However, based on the low resolution of the STEM-EDS
data along the {111} surface, it is difficult to make a hard
conclusion on this claim.
Inversion is also strongly linked to conductivity in spinel

ferrites.52 Yang et al. chose Fe3O4 to examine spinel MBE ORR
electrocatalysis as it is a highly conductive metal oxide due to
its inverse structure having a mixture of FeII and FeIII in
octahedral sites, which allows for efficient charge hopping
through edge-shared octahedra.31,52 However, the introduction
of a small amount of CoII into the spinel structure decreased
the conductivity of the films significantly, making meaningful
elucidation of catalytic properties difficult.27 The mechanism
commonly understood in the literature involves a decrease in
the percent inversion such that octahedral sites have a decrease
in the mixture of oxidation states (i.e., more FeIII), which
promotes charge hopping.
The CV data collected under an O2 atmosphere without

stirring clearly shows that Fe3O4 passed more current than
MnFe2O4, suggesting that Fe3O4 is more conductive than
MnFe2O4. Assuming 20% inversion for MnFe2O4, 90% of
octahedral sites would be FeIII, resulting in lower conductivity
than Fe3O4 (50% FeIII). Interestingly, we note that the
overpotential for ORR catalysis and the diffusion-limited
current observed during rotating experiments was very similar
between MnFe2O4 and Fe3O4, which suggests that communi-
cation between surface Fe and the bulk is sufficient to perform
catalysis even with Mn in the structure. It is hypothesized that
charge hopping in mixed spinels is more likely to occur
between cations of the same identity (i.e., FeIII → FeII or MnIII

→ MnII),31 which supports the consistently high activity of Fe-
based catalysis between Fe3O4 and MnFe2O4. The low catalytic
activity of Mn may therefore be due to lower conductivity to
Mn specific sites at the surface, which would be controlled by
Fe → Mn electron transfer. Small differences in inversion and
conductivity may also explain the slightly larger catalytic
current observed at Mn sites for 16 nm (001) vs 6 nm (001)
despite both having a similar Mn site surface density.
For nanocrystalline materials, poor conductivity is overcome

by mixing nanocrystals with a conductive carbon material to
study ORR reactivity. This has been found to be necessary to
achieve lower overpotentials for many different catalysts,
including noble metal catalysts and metal oxides.17,18,53−55 In a
study of Co3O4 spinel by Liang et al., it is very clear that the
addition of carbon is necessary for Co3O4 to be an effective
catalyst.56 There even seems to be a dependence on the type of
the carbon material used, such as graphene or carbon
nanotubes,11 and even the dopant level in the carbon
material.57 Another common component of the nanocrystal/
carbon composite is Nafion, an ionic polymer for proton
transport, that has an effect on the activity and rate constants
associated with catalysis.58,59 The studies presented here
attempt to strip away these factors to focus on the fundamental
properties of MnFe2O4 for ORR catalysis. The use of thin
MnFe2O4 layers deposited on a uniformly conductive substrate
was designed to achieve the same result as the nanocrystal/
carbon composites, where a highly conductive material is used
to transport charge and the oxide surface is responsible for
catalysis. Even if the lower surface density of Mn sites is
accounted for, the observed catalysis at Mn sites for our MBE
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films is still lower than what has been observed in MnFe2O4
nanocrystal/carbon composites, suggesting that carbon sup-
ports may play an active role in catalysis.

■ CONCLUSIONS
In summary, we have studied MnFe2O4 and Fe3O4 films grown
via MBE for ORR catalysis. This is the first study of spinel
MBE films for ORR catalysis in which the diffusion-limited
current is observed, allowing for the determination of the ORR
mechanism to be the 4e− pathway in the case of both materials.
We believe that this observation was greatly aided by the
electrode architecture, which employed a conductive Nb:STO
substrate for MBE growth, allowing for backside contact to be
made with the spinel films. Importantly, the 4e− pathway is
only observed at potentials consistent with Fe-based redox
activity. In the case of MnFe2O4, catalysis at Mn-based redox
features was much lower than what has been observed for
nanocrystalline/carbon composite electrodes. This behavior
could result from multiple factors, including a low density of
Mn surface sites and poor conductivity through the MnFe2O4
film. The low density of Mn surface sites due to island growth
highlights the need for conductive, single-crystal spinel
substrates for MBE growth. The production of such materials
would enable planar spinel catalyst films to be synthesized with
control of surface termination (i.e., {111} vs {001}). The
studies reported here are among the first of their kind and
further research in this area will continue to gain definitive
knowledge on the ORR activity of spinel oxides.
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