
Mesoporous Manganese Oxides with High-Valent Mn Species and
Disordered Local Structures for Efficient Oxygen Electrocatalysis
Young Jin Sa,* Sohee Kim, Yesol Lee, Ji Man Kim, and Sang Hoon Joo*

Cite This: ACS Appl. Mater. Interfaces 2023, 15, 31393−31402 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Active and nonprecious-metal bifunctional electrocatalysts for the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER) are vital components of
clean energy conversion devices such as regenerative fuel cells and rechargeable metal−air
batteries. Porous manganese oxides (MnOx) are promising electrocatalyst candidates because
of their high surface area and the abundance of Mn. MnOx catalysts exhibit various oxidation
states and crystal structures, which critically affect their electrocatalytic activity. These effects
remain elusive mainly because the synthesis of oxidation-state-controlled porous MnOx with
similar structural properties is challenging. In this work, four different mesoporous
manganese oxides (m-MnOx) were synthesized and used as model catalysts to investigate
the effects of local structures and Mn valence states on the activity toward oxygen electrocatalysis. The following activity trends were
observed: m-Mn2O3 > m-MnO2 > m-MnO > m-Mn3O4 for the ORR and m-MnO2 > m-Mn2O3 > m-MnO ≈ m-Mn3O4 for the OER.
These activity trends suggest that high-valent Mn species (Mn(III) and Mn(IV)) with disordered atomic arrangements induced by
nanostructuring significantly influence electrocatalysis. In situ X-ray absorption spectroscopy was used to analyze the changes in the
oxidation states under the ORR and OER conditions, which showed the surface phase transformation and generation of active
species during electrocatalysis.
KEYWORDS: manganese oxide, oxygen evolution, oxygen reduction, electrocatalysis, oxidation state

■ INTRODUCTION
The electrocatalytic oxygen reduction reaction (ORR) and
oxygen evolution reaction (OER) are universal half-reactions
that occur in various energy conversion devices such as fuel
cells, electrolyzers, and metal−air batteries.1−5 The high
activation energy of these reactions has necessitated the use
of Pt- and Ir-based catalysts to increase the overall perform-
ance of such devices.6,7 Owing to the high cost and limited
abundance of the precious metals, the development of earth-
abundant metal-based ORR and OER electrocatalysts is vital
for the wide application of such energy devices. Nano-
structured manganese oxides (MnOx) have been investigated
as promising replacements for state-of-the-art precious-metal-
based ORR and OER catalysts8−15 because Mn is an earth-
abundant and environmentally benign element,16 and nano-
structures provide a high surface area which facilitates efficient
electrocatalysis.

Understanding the effect of the local structure and oxidation
state can facilitate the development of a design strategy for
efficient MnOx-based ORR and OER electrocatalysts.17−22

According to Mao et al., the ORR activity of MnOx increases in
the following order: MnOOH > Mn2O3 > Mn3O4 > Mn5O8,
indicating the critical role of Mn(III) species in ORR.23

Ticianelli and co-workers reported Mn(III)/Mn(IV) redox-
mediated electron transfer to O2 during the ORR on MnOx as
revealed by in situ X-ray absorption spectroscopy (XAS),24

while Tang et al. reported that Mn(IV)-rich MnOx exhibited

high ORR activity.25 The natural oxygen-evolving enzyme in
photosystem II with an active center consisting of a calcium
manganese oxide (CaMn4O5) cluster has inspired research in
biomimetic Mn-based electrocatalysts.26−30 CaMnxOy com-
pounds with intermediate oxidation states between Mn(III)
and Mn(IV) exhibited higher ORR activity.41 For various
MnOx catalysts, Mn(III) species were found to be responsible
for high OER activity.31−34

The incorporation of active Mn sites with appropriate
oxidation states does not guarantee high electrocatalytic
activity. Local structures have been identified as another
decisive factor for influencing oxygen electrocatalysis.35,36 The
cubane structure of the natural CaMn4O5 cluster with the μ2-
oxo-bridged linkage has been mimicked in inorganic MnOx
compounds; the active motif is contained in edge-sharing
MnO6 octahedra.30 According to Robinson et al., MnOx
catalysts with an edge-sharing MnO6 geometry and longer
Mn−O bonds provided a high photocatalytic activity for water
oxidation.37 Layered birnessites, containing numerous edge-
sharing MnO6, exhibited excellent OER activity,38−40 and such
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birnessite-like phase was spectroscopically observed in electro-
deposited MnOx films under OER potentials.41 Some previous
studies focused on the structural flexibility of Mn(III) for high
OER activity and stability because CaMn4O5 clusters contain a
slightly distorted cubane structure.42 However, layered MnO2
composed of well-ordered edge-sharing MnO6 are deficient in
terminal μ2-oxo-Mn−O(H) groups; this indicates the
importance of disordered atomic arrangements as OER active
sites.43 Consequently, α-MnO2-based nanocatalysts have been
intensively studied because the α-MnO2 phase contains wide
[2 × 2] tunnels (4.6 Å), which facilitate the access of reactants
to the μ2-oxo-Mn−O(H) sites, resulting in high ORR activity.
In contrast, the β-MnO2 phase contains small [1 × 1] tunnels
and inactive corner-sharing MnO6.44

To analyze the influence of the Mn oxidation state and local
structure of MnOx catalysts on their catalytic activity, it is vital
to synthesize MnOx model catalysts with similar textural
properties. However, this is hampered by the transformation of
textural properties and morphologies during oxidation-state
and local-structure modulation steps such as heat or chemical
treatments. Because the electrocatalytic activity can be
significantly influenced by the shape of the catalysts,45−47

any change in the morphology may complicate activity
comparison, leading to improper conclusions. This study
describes the preparation of a set of mesoporous MnOx (m-
MnOx) model catalysts by the hard-templating method. Phase
transformation occurred inside the solid nanotemplate,
inhibiting the structural changes even at high temperatures
or under reductive heat treatment. The resulting four types of
m-MnOx (MnO2, Mn2O3, Mn3O4, and MnO) possessed
similar double-gyroid frameworks and textural properties and
were used as model electrocatalysts for ORR and OER. Their
ORR and OER activity trends indicate that high-valent Mn
species (Mn(III) and Mn(IV)) and distorted local structures
are the main factors influencing the ORR and OER activity of
m-MnOx catalysts. In situ XAS investigations confirmed the
generation of the high-valent Mn during electrocatalysis.

■ EXPERIMENTAL SECTION
Synthesis of m-MnOx. The synthesis of ordered mesoporous

silica, KIT-6, was carried out according to a previous report with slight
modifications.48 For the synthesis of m-MnOx,

49 Mn(NO3)2·4H2O
(8.4 g) in a glass vial was melted at 70 °C for 1 h and added to KIT-6
(6.0 g). The mixture was vigorously agitated and maintained at 100
°C in a closed PP bottle for 13 h. Calcination of the Mn(NO3)x/KIT-
6 composite and removal of the silica template yielded m-MnOx
catalysts. Control of the crystal phases of the MnOx structural
frameworks was accomplished by changing the calcination temper-
ature and reduction conditions, as described in detail in the
Supporting Information.

X-ray Absorption Spectroscopy. XAS was conducted at the
beamline 10C of the Pohang Accelerator Laboratory. For ex situ
measurements, the samples and BN powder were mixed thoroughly in
a mortar and hand-pelletized in an aluminum holder. In situ XAS
measurements were conducted using a homemade spectroelectro-
chemical cell with a rectangular window. The catalyst-loaded carbon
paper was attached to the cell window, with the catalyst side facing
the interior of the cell for contact with the electrolyte. The cell
contained the electrolyte (0.1 M KOH), an Hg/HgO reference
electrode (CHI152, CH Instruments, filled with 1 M KOH), and a
graphite rod counter electrode. Initially, the spectrum of a fresh
electrode without an applied potential was recorded. Next, the
electrode was polarized to 0.6 V (vs reversible hydrogen electrode
(RHE)), which is an ORR potential. The electrode was maintained at
this potential for 10 min for current stabilization and sufficient phase

change and then subject to XAS measurement. Subsequently, XAS
spectra were similarly recorded at an OER potential (1.8 V vs RHE).
The ARTEMIS software was used for background removal, spectra
normalization, and the Fourier transform of the extended X-ray
absorption fine structure (EXAFS) spectra.50

■ RESULTS AND DISCUSSION
Physical and Structural Properties of m-MnOx

Catalysts. Four m-MnOx model catalysts with controlled
oxidation states and local structures were synthesized by the
hard-templating method using ordered mesoporous silica
(KIT-6) as the template. During synthesis, the oxidation
states and local structures of m-MnOx were modified by
calcination steps at different temperatures and by the
reductive-transformation steps. Thermal treatment generally
results in structural deformation that alters structural proper-
ties, such as the pore structure and surface area. However, in
this study, the silica template maintained the structure of the
m-MnOx catalysts during the phase transformation, as
confirmed by transmission electron microscopy (TEM) images
showing similar pore structures with double-gyroid frameworks
regardless of their phases (Figure 1).

The structural integrity of the catalysts was confirmed by
their small-angle X-ray diffraction (XRD) patterns. The XRD
patterns of the m-MnOx catalysts showed a main peak at 0.9−
1.0° and a shoulder peak at ∼1.1° corresponding to the (211)
and (220) reflections of the Ia3d structure, respectively, similar
to the XRD pattern of the KIT-6 template (Figure 2a). Thus,
the double-gyroid pore structure of KIT-6 was replicated well
in the m-MnOx periodic mesostructures. To identify the crystal
phase of the m-MnOx catalysts, their wide-angle XRD patterns
were compared with those of bulk-MnOx reference materials
(denoted as b-MnOx hereafter). The XRD pattern of m-MnO2
was similar to that of b-β-MnO2; however, in sharp contrast to
the spectrum of b-β-MnO2, the (110) reflection at ∼28.7° in
the spectrum of m-MnO2 showed a smaller relative intensity
than those of the other peaks (Figure 2b). Notably, the XRD
pattern of another MnO2 polymorph, ε-MnO2 (akhtenskite), is
similar to that of β-MnO2, except for the peak at 28.7°. There
are several polymorphs of MnO2, each of which exhibits a
unique arrangement of MnO6 octahedral structural units. β-
MnO2 comprises corner-sharing MnO6 with abundant mono-

Figure 1. TEM images of (a) m-MnO2, (b) m-Mn2O3, (c) m-Mn3O4,
and (d) m-MnO.
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μ-oxo bridges, while ε-MnO2 contains randomly linked MnO6
octahedra.51 Hence, m-MnO2 is composed of β-MnO2 with
partially disordered MnO6 linkage structures. The XRD peak
positions and relative peak intensities of m-Mn2O3, m-Mn3O4,
and m-MnO were consistent with those of the bulk materials,
confirming the formation of the corresponding crystal
structures (Figure 2b−e). Moreover, the XRD peaks of the
m-MnOx catalysts were broader than those of bulk materials,
which is attributed to nanosized crystallites consisting of m-
MnOx with the sizes being ∼10 nm calculated by the Scherrer
equation (Table S1). Meanwhile, the morphology and particle
size of m-MnOx were analyzed by scanning electron
microscopy (Figure S1). The m-MnOx samples were found
to possess irregularly shaped particles with similar sizes of a few
microns. For the m-MnO sample, nanowires were observed,
which were generated during the H2 treatment of m-Mn3O4,
which confirms the importance of the phase transformation
occurring inside the mesoporous silica template. However, the
number of nanowires in m-MnO was not significant, and the
majority of m-MnO particles remained irregular-shaped with
double gyroid frameworks. Thus, the particle size and
morphology are suggested to have a minimal effect on the
electrocatalytic properties.

The textural properties of m-MnOx were investigated using
N2 adsorption−desorption analyses. The N2 physisorption
isotherms of all the synthesized catalysts showed two hysteresis
loops in the relative pressure ranges of 0.45−0.8 and 0.8−0.95
(Figure S2a), which are evidence of the presence of two types
of mesopores, as observed in the TEM images (Figure 1). The
smaller mesopores originate from the interconnected double-
gyroid framework of the two chiral pore channels of the parent
KIT-6; occasionally, only one of the two channels is replicated,
forming more open structures with larger mesopores. Two
types of mesopores were observed in the Barrett−Joyner−
Halenda (BJH) pore-size distribution (Figure S2b). A tri-
modal pore size distribution was observed, with the peaks at
∼3−5, ∼12, and ∼20 nm, similar to the pore size distributions
of previously reported mesoporous metal oxides replicated

from KIT-6.52 All the synthesized catalysts showed similar
specific surface areas in the range of 71−104 m2 g−1 calculated
from the Brunauer−Emmett−Teller (BET) equation. Thus,
the m-MnOx catalysts showed similar pore structures,
including the surface area, pore volume, and pore size; their
detailed textural properties are summarized in Table S1.

The surface chemical states of m-MnOx were analyzed using
X-ray photoelectron spectroscopy (XPS). Two peaks were
observed in the Mn 3s spectra, with the lower- and higher-
binding energy peaks being the main 3s peak and its satellite
peak, respectively. The Mn oxidation states could be
qualitatively estimated by comparing the peak splitting
between 3s and its satellite peak. For this purpose, the main
Mn 3s peak positions were aligned to be 0 eV (Figures 3a and

S3).8,53 The splitting value of 4.6 eV for m-MnO2 is consistent
with previously reported value for MnO2.8,53,54 The splitting
values are larger for lower-valent MnOx ranging from 5.3 eV
for Mn2O3 to 6.0 eV for MnO.8,53,54 The splitting values for m-
Mn2O3 (5.34 eV) and m-Mn3O4 (5.57 eV) agree well with the
previous results, although Mn2O3 and Mn3O4 are poorly
resolved using this method due to large deviations of the
splitting values, particularly for Mn3O4. The value of m-MnO
(5.65 eV) suggests that this sample has an oxidized surface.
Deconvolution of Mn 2p XPS spectra is complicated due to
complex spectral phenomena in metal 2p transitions, which
lead to multiplet splitting even in Mn compounds with a single
Mn valence.54,55 Nevertheless, complex multiplet peak fitting
was attempted with the reference data previously reported.55 In
this method, each reference MnO2, Mn2O3, and MnO Mn
2p3/2 XPS spectrum contains five multiplet peaks (Figures S4
and S5). The multiplet peak parameters were used to
deconvolute the Mn 2p3/2 XPS spectra of m-MnOx samples
(Figure 3b and S4). These fitting results clearly show the
difference between the samples, where the average surface
oxidation states (ASOS) of m-MnO2, m-Mn2O3, m-Mn3O4,
and m-MnO are 3.5, 3.0, 2.9, and 2.7, respectively. A slight
inconsistency in the ASOS of m-MnO2 determined from 3s
and 2p3/2 was found because the determination of ASOS using
this method requires the standard XPS spectra of the reference
samples taken from the instruments that we used. Despite this,

Figure 2. (a) Low-angle XRD patterns of m-MnOx and the KIT-6
template. High-angle XRD patterns of (b) m-MnO2, the synthesized
b-β-MnO2 (JCPDS 71-0071), and standard akhtenskite ε-MnO2
(JCPDS 89-5171) from the database, (c) m-Mn2O3 and a commercial
b-Mn2O3 (JCPDS 24-0508), (d) m-Mn3O4 and a commercial b-
Mn3O4 (JCPDS 18-0803), and (e) m-MnO and commercial b-MnO
(JCPDS 78-0424).

Figure 3. (a) Mn 3s XPS spectra of m-MnOx where the Mn 3s main
peaks are aligned to be 0 eV. The numbers indicate the splitting
between the Mn 3s peak and its satellite peak. (b) Deconvoluted Mn
2p3/2 XPS spectra of m-MnOx, considering complex multiplet splitting
(see Figure S4).
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the trends of these values are well consistent with what are
expected from the bulk oxidation states.

XAS was used to study the bulk oxidation states and local
structures of the catalysts. The X-ray absorption near edge
structure (XANES) spectra of m-MnOx and b-MnOx are
presented in Figure 4a. The XANES spectra of m-MnO2, m-

Mn2O3, and m-Mn3O4 overlapped with those of b-β-MnO2, b-
Mn2O3, and b-Mn3O4, respectively, indicating identical local
structures and oxidation states. The slight disorder in m-MnO2
(indicated by XRD analysis) was not prominent in the XANES
spectra, possibly because the XANES spectra are sensitive to
the first coordination-shell geometry. However, considerable
differences were observed in the XANES spectra of m-MnO
and b-MnO. Notably, the edge energy of m-MnO was higher
than that of b-MnO, indicating a higher oxidation state of Mn
in m-MnO. A linear graph representing the relationship
between the edge energy and oxidation state was used to
estimate the Mn valence in m-MnO (Figure 4b). The oxidation
states of m-MnO2, m-Mn2O3, and m-Mn3O4 were identified to
be the same as their bulk counterparts, whereas the Mn valence
of m-MnO is +2.36 ± 0.06. This could be attributed to the
extensive surface oxidation of m-MnO due to its large surface
area (71 m2 g−1). Meanwhile, the oxidized layer was assumed
to be very thin and/or amorphous since the oxidized phase was
not detected by XRD.

The local structure of m-MnOx was investigated using
EXAFS. The radial distribution functions (RDFs) of the k3-
weighted EXAFS spectra are shown in Figure 4c. The m-MnOx

catalysts showed unique structural characteristics analogous to
those of the bulk MnOx phases. All m-MnOx show the main
spectral peak at 1.5−1.6 Å corresponding to the Mn−O bond
distance. The local structure of m-MnO2 and m-Mn2O3 is
similar in that they are composed of the mixed corner- and
edge-shared MnO6 octahedra, suggesting that both provide
MnO6-based active sites on their surfaces. However, the MnO6
octahedra linkage structure critically impacts the electro-
catalytic activity. For example, the Mn−O−Mn μ2-oxo
structure, found in the Mn4O4 cubane structure present in
the natural Mn4CaO5 cluster, has been suggested as the active
structure of MnOx.

56,57 Such structures are found in edge-
shared MnO6 linkage structures.22,38,40,43 Both m-MnO2 and
m-Mn2O3 contain the edge-shared MnO6 octahedra, evidenced
by the second EXAFS peaks at 2.4 Å for m-MnO2 and 2.7 Å for
m-Mn2O3 in their EXAFS spectra (Figure 4c). The higher Mn
valence in m-MnO2 results in a shorter Mn−O bond distance
compared with that of m-Mn2O3.58 For m-MnOx, the next peak
at 3.1 Å indicated the interatomic distance of μ1-oxo-bridged
Mn−O−Mn species found in corner-sharing MnO6 (Figure
4c). The peak for the μ1-oxo Mn species is smaller for m-MnO2
compared with b-β-MnO2, which is indicative of lacking a
long-range order or slightly disordered structure of m-MnO2
compared to b-β-MnO2. MnOx catalysts with a higher relative
intensity of the second peak to the third peak showed better
electrocatalytic activity for ORR and OER.22,38,40,43 For the
ORR, there have been a small number of publications so far
regarding the local structure effect on the ORR activity.
However, Mn cations in octahedral sites were suggested to be
responsible for the high activity of Mn-based spinel oxides.59

Hence, the structural features of m-MnO2 and m-Mn2O3 can
contribute to their high initial ORR and OER activity. Mn3O4
consists of Mn2+O4 tetrahedra and Mn2+O6 and Mn3+O6
octahedra structural units. MnO is composed of only corner-
shared Mn2+O6 octahedra. The lower Mn oxidation states in
those phases, combined with the poor structural requirement,
are ascribed to the low oxygen electrocatalytic activities of m-
Mn3O4 and m-MnO. However, the slight activity of m-Mn3O4
and m-MnO originates from the electrochemical phase
transformation (or activated) into high-valent Mn species
with μ2-oxo conformation, which is, however, not efficient as
Mn2O3 and MnO2. In addition, m-MnO exhibited considerably
lower Mn−Mn scattering intensity than b-MnO, which could
be attributed to an atomic disorder in the oxidized surface layer
of m-MnO. The slightly oxidized surface of m-MnO can benefit
the electrocatalysis as demonstrated that MnO nanoparticles
with oxidized surfaces generated active Mn(IV)�O species
during the OER under a neutral condition.33

Electrocatalytic Performance. The materials character-
ization results indicate that the m-MnOx catalysts have similar
framework structures and textural properties but different
chemical states and local structures. Hence, they can be used as
model catalysts to investigate the effect of the oxidation states
and local structures on electrocatalytic performances. The
ORR and OER bifunctional activity of m-MnOx was evaluated
in an alkaline solution. Figure 5 shows the linear sweep
voltammetry (LSV) curves of m-MnOx, Vulcan carbon black,
and commercial precious metal benchmark catalysts measured
in O2-saturated 0.1 M KOH. In general, m-MnOx with a higher
oxidation state showed better ORR activity. The m-MnO2 and
m-Mn2O3 exhibit the most positive onset potentials (0.84 and
0.87 V vs RHE, respectively) among the m-MnOx catalysts.
The ORR onset potential was defined arbitrarily as the

Figure 4. (a) Mn K-edge XANES spectra of m-MnOx (solid lines)
and b-MnOx (dotted lines). (b) Linear relation between Mn valence
and edge energy in the XANES spectra of the m-MnO and b-MnOx,
measured in the transmission mode. The data points for m-MnO2, m-
Mn2O3, and m-Mn3O4 are not shown, as they exhibit similar edge
energies as their bulk counterparts. The error of the Mn valence was
calculated to be 0.07, 0.06, and 0.06 for m-MnO2, m-Mn2O3, and m-
Mn3O4, respectively. (c) RDFs obtained from the k3-weighted EXAFS
spectra of m-MnOx (bright-colored solid lines) and b-MnOx (dark-
colored dotted lines).
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potential at a current density of −0.2 mA cm−2. The onset
potentials of m-MnO2 and m-Mn2O3 were comparable to that
of commercial Ir/C (0.84 V) and Pt/C (0.97 V). In contrast,
m-Mn3O4 and m-MnO exhibited ORR onset potentials of 0.74
and 0.78 V (vs RHE), respectively. Magnified LSV curves
clearly indicate the difference in activity between the catalysts
(Figure S5). Comparing the diffusion-limited current density
at higher overpotentials indicates the number of electrons
transferred during the ORR, which is closely related to the
efficiency of the reaction, according to the Levich equation.14

Diffusion-limited current density trends are analogous to the
ORR onset potentials of m-MnOx catalysts. Consequently, the
ORR activity of m-MnOx catalysts increases in the following
order: Mn3O4 < MnO < MnO2 < Mn2O3. Interestingly, m-
MnO exhibited better ORR activity than m-Mn3O4. This result
is contradictory to previous reports, where MnO usually
showed inferior ORR activity to any other MnOx and even to
glassy carbon electrodes.14,17 The higher ORR activity of m-
MnO compared to that of m-Mn3O4 is ascribed to the oxidized
surface layer of the former with a disordered atomic
arrangement. This is consistent with the previous reports
demonstrating that surface oxidation could improve ORR
activity.33,60

The OER activity of m-MnOx catalysts increases in the
following order: Mn3O4 ≈ MnO < MnO2 ≈ Mn2O3. The
potential at a current density of 10 mA cm−2 is generally used
as a metric for the OER activity because of its relevance to the
practical solar water splitting efficiency.8 For reaching a current
density of 10 mA cm−2, overpotentials of 470, 490, 580, and
600 mV were required for m-MnO2, m-Mn2O3, m-Mn3O4, and
m-MnO, respectively (Table S2). For the OER, m-MnOx with
higher oxidation states exhibits better OER activity. For m-
MnO2, a broad bump centered at around 1.2 V was observed
in the LSV plot; this could be attributed to the in situ oxidation
peroxide species at the ORR potentials. For m-MnO, the
oxidation current starts at ∼1.1 V (vs RHE), which originates
from the oxidation of the catalyst itself. This phenomenon
hindered a comparison of the OER activity. Thus, the OER
activity was subsequently assessed separately and has been
discussed in the following sections. The improvement of
electrocatalytic activities that benefitted from the mesoporous
structures was confirmed by measuring the ORR and OER
activities of b-MnOx (Figure S6). The ORR onset potentials
were positively shifted by 10−100 mV, while the OER activity
was improved by the factor of 1.8−2.6 in terms of the current

density at 1.70 V (vs RHE) (Table S2). Mesopores could
increase the electrochemically accessible area and facilitate
mass transport, both of which improve the electrocatalytic
activity. However, identifying the major contributor between
the two factors is not a simple task and thus requires a
systematic study. The OER activity improvement factor of
1.8−2.6 is insufficient and cannot be fully explained by the tens
of times larger specific surface area of m-MnOx than b-MnOx.
It is assumed that this could be ascribed to the phase-
dependent electrical conductivity and different electrical
contact between the electrode and the catalyst particles.

ORR Pathways. The number of electrons transferred
during the ORR with m-MnOx was investigated using rotating
ring disk electrode (RRDE) (Figure 6a). The electron transfer

numbers of m-MnO2 and m-Mn2O3 exceed 3.85 over the entire
potential range investigated, indicating that they were the most
efficient ORR catalysts among the samples. The maximum
electron transfer number of m-Mn2O3 (3.96) was slightly
higher than that for m-MnO2 (3.92). Furthermore, the m-
Mn3O4 and m-MnO catalysts have maximum electron transfer
numbers of 3.45 and 3.84, respectively, where m-MnO showed
a better reaction efficiency. The ORR 4-electron selectivity
trends assessed by the RRDE method were consistent with the
LSV results. The ORR selectivity of m-MnOx was expressed as
the OH2

− (alkaline form of H2O2) production yield during the
ORR because H2O2 is the 2-electron ORR product (Figure
S7). Analyzing the reactivity of H2O2 with the different
catalysts can provide mechanistic insights into the ORR
pathway. For this purpose, the electrochemical H2O2 reduction
was conducted in N2-saturated 0.1 M KOH with 5 mM H2O2
(Figure 6b). In particular, m-MnO2 exhibited high currents
originating predominantly from the H2O2 redox reactions. The
measurements performed using electrolytes with H2O2
concentrations in the range of 1.2−15 mM revealed that the
redox current of m-MnO2 was generated from the electro-
chemical reaction of H2O2 (Figure S8). The high H2O2
oxidation activity of m-MnO2 could be the main reason for
the current bump observed during LSV as the potential was
scanned from the ORR to OER potentials (Figure 5). The
other m-MnOx catalysts did not show remarkable electro-
chemical responses for H2O2. Notably, the H2O2 reduction

Figure 5. LSV curves simultaneously showing ORR and OER
activities of m-MnOx, Vulcan carbon black, Pt/C, and Ir/C, measured
in an O2-saturated 0.1 M KOH solution in the anodic direction, with
an electrode rotation of 1600 rpm.

Figure 6. (a) Number of electrons transferred during the ORR
measured by the RRDE method. (b) LSV curves in N2-saturated 0.1
M KOH + 5 mM H2O2 at an electrode rotation speed of 1600 rpm to
evaluate the electrochemical H2O2 oxidation/reduction activity.
Measurements were performed immediately after the addition of
H2O2 to N2-saturated 0.1 M KOH to minimize the decomposition of
H2O2 in the alkaline solution. Color code: red for m-MnO2, orange
for m-Mn2O3, green for m-Mn3O4, blue for m-MnO, gray for Vulcan,
and magenta for Pt/C.
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activity trends correlated well with the ORR activity and 4-
electron selectivity for m-Mn2O3, m-Mn3O4, and m-MnO. This
observation may suggest that m-MnO2 took different ORR
pathways compared to the other m-MnOx catalysts. The
similar ORR activity and 4-electron selectivity of m-Mn2O3 and
m-MnO2, despite the lower H2O2 reduction activity of m-
Mn2O3, suggests that m-Mn2O3 catalyzes the ORR via a direct
4-electron pathway, indicating its higher intrinsic ORR activity
than the other m-MnOx. In contrast, for m-MnO2, O2 is first
reduced to H2O2, which is then further reduced to H2O inside
the mesopores of m-MnO2, completing the 4-electron ORR.
This is also known as the 2 × 2-electron ORR pathway.14 The
higher ORR efficiency of m-MnO than m-Mn3O4 is attributed
to the better H2O2 reduction activity of m-MnO.

OER Durability. As durability is a critical factor for
practical application, the OER activity and durability of the m-
MnOx catalysts were assessed by cyclic voltammetry (CV)
cycling in the OER potential range (Figure 7). The backward
sweep is shown in Figure 7 because the forward sweep involves
the current originating from the oxidation of the catalyst itself.
Among all the catalysts analyzed, m-Mn2O3 showed the lowest
onset potential (1.52 V vs RHE). The m-MnO2 exhibited a
slightly higher OER onset potential than m-Mn2O3 but a larger
current density at high overpotentials. The m-Mn3O4 and m-
MnO showed comparable OER activity, which is, however,
lower than those of m-MnO2 and m-Mn2O3 (Figure 7a).
Although high-valent Mn, particularly Mn(III), appeared to
facilitate OER, it was detrimental to long-term cycling tests.
After 100 potential cycles, m-Mn2O3 and m-MnO lost their
initial OER activity by 60 and 84%, respectively (Figure 7b,c).
In contrast, the OER activities of m-MnO2 and m-Mn3O4
changed negligibly after cycling, with deactivation rates of 8
and 9%, respectively. OER electrocatalysis under neutral
conditions affords an environmentally benign method to

produce hydrogen via water splitting. Thus, the OER activity
and durability of m-MnOx in 0.1 M KPi buffer (pH 7.0) were
also tested (Figure 7d−f). All the m-MnOx catalysts showed
lower OER activities in the neutral electrolyte than in the
alkaline electrolyte, possibly because of the lower concen-
tration of reactant (H+) in the former. The trends of the initial
OER activity were similar in the neutral electrolyte, with
marginal differences among the catalysts. The m-Mn2O3
exhibited the highest initial OER activity, with an onset
overpotential of 370 mV. Although m-MnO2 showed a slightly
lower OER activity than m-Mn2O3 (with an onset over-
potential is 440 mV), its current density increased steeply as
the applied potential increased. This was similarly observed in
the alkaline electrolyte. In spite of high initial activity, m-
Mn2O3 shows a considerable loss of activity by 61%. In
contrast, m-MnO2 well maintained the initial activity, with 81%
of the activity retained after 100 cycles. The OER activities of
m-Mn3O4 and m-MnO were inferior to those of the other
catalysts. Although m-MnO exhibited a slightly better initial
OER activity than m-Mn3O4, its activity decreased dramatically
by 86% after 100 potential cycles, whereas 62% of initial
activity was maintained for m-Mn3O4. Speck et al. investigated
the degradation mechanism of MnOx during the OER using
online inductively coupled plasma mass spectroscopy. Their
study revealed that the dissolution rates of β-MnO2 and
Mn2O3 exhibited the same order of magnitude.61 Thus, the
faster activity decrease of m-Mn2O3 than m-MnO2 could not
be attributed to dissolution; the main degradation mechanism
of m-Mn2O3 was assumed be the intrinsic instability of
Mn(III) species, which easily undergoes disproportionation
into Mn(II) and Mn(IV).31 Therefore, considering both
activity and durability in alkaline and neutral media, m-
MnO2 is the most suitable OER catalyst among all the m-
MnOx catalysts investigated. The retention of the OER activity

Figure 7. OER polarization curves obtained from the backward sweep of CV conducted at an electrode rotation speed of 1600 rpm. (a) Initial and
(b) 100th scan measured in 0.1 M KOH. (c) Retention of the OER activity after 100 potential cycles in 0.1 M KOH. (d) Initial and (e) 100th scan
measured in 0.1 M KPi buffer (pH 7). (f) Retention of the OER activity after 100 potential cycles in 0.1 M KPi buffer (pH 7). Color code: red for
m-MnO2, orange for m-Mn2O3, green for m-Mn3O4, and blue for m-MnO.
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of m-Mn3O4 after the OER cycles at pH 7 is slightly lower than
that at pH 13. This is attributed to the pH-dependent
mechanistic difference. Mn(III) disproportionation was
suggested to be related to the degradation of MnOx-based
OER catalysts.31 Mn dissolution can also contribute to the
decline of the OER activity. The dissolved species might be re-
deposited into Mn(OH)x species, which could then be
involved again in the electrocatalysis. The re-deposition of
oxide-based OER electrocatalysts is a well-accepted catalyst
recovery mechanism.62 The deactivation percentages of 8−9
and 14−19% in the alkaline and neutral electrolytes are
significant in practical applications where thousand-hours
stability must be guaranteed. However, since many parameters
other than the chemical states and structures of electrocatalysts
affect the stability, the improvement of stability requires further
research, including fine-tuning the catalyst structure as well as
controlling some variables in the electrode fabrication such as
catalyst ink composition, drying conditions, type of electrode
substrate, and deposition methods.

The β-MnO2 phase usually exhibited mediocre ORR and
OER activities compared to the other MnOx phases.37,44,63,64

This has been elucidated by a narrow [1 × 1] tunnel structure
composed of corner-sharing MnO6 octahedra in the β-MnO2
phase. The empty space within such a compact structure is
extremely small and thus is insufficient for the accommodation
of even water molecules. The poor active-site accessibility,
owing to a narrow tunnel structure, limits the oxygen
electrocatalytic activity of β-MnO2. However, m-MnO2,
which consists of irregularly linked MnO6 octahedra, shows
ORR and OER bifunctional activity comparable to that of m-
Mn2O3. The excellent catalytic performance of m-MnO2 can be
attributed to the disorder in the atomic arrangement, as well as
the presence of mesopores channels that facilitate mass
transport. These factors also increase the accessibility of the
reactants to the active μ2-oxo Mn sites of the catalyst.

In Situ XANES Analysis. To identify changes in the
structure and oxidation state during the electrocatalysis, in situ
XAS experiments were conducted in 0.1 M KOH under
different applied potentials (Figure 8). XAS spectra were first
obtained without an applied potential, then at 0.6 V (vs RHE)
and 1.8 V (vs RHE), where ORR and OER occur, respectively.
A slight increase in the white-line intensity was observed for all
catalysts under the ORR and OER potentials. This indicates
additional Mn−O bonding between oxygen-related intermedi-
ates (e.g., O, OH, and OOH) and Mn during the ORR and
OER, suggesting the involvement of m-MnOx in oxygen
electrocatalysis regardless of the local structure and oxidation
state. However, the increased intensity is not related to the
activity improvement factor. Using the Mn valence-edge
energy correlation obtained in the fluorescence detection
mode (Figure S9), the oxidation states of m-MnO2, m-Mn2O3,
m-Mn3O4, and m-MnO were found to be 4.03, 3.05, 2.71, and
2.56 ± 0.10 under the fresh conditions (in the electrolyte
without the applied potential, Table S3). These values are
similar to their ex situ XANES results (Figure 4a), except that
m-MnO showed a slightly more oxidized state, presumably
originating from electrolyte-induced oxidation. At the ORR
potential, m-Mn2O3, m-Mn3O4, and m-MnO maintained their
initial oxidation states, indicating the Mn valences of +2 and
+3 are thermodynamically stable under the ORR conditions. In
contrast, m-MnO2 was reduced at the ORR potential with the
resulting oxidation state of 3.78 ± 0.10, which was
considerably lower than 4.03 ± 0.10 at the fresh conditions.

These results imply the generation and participation of
Mn(III) species in the ORR. When the OER potential was
applied, all m-MnOx catalysts showed increases in the Mn
oxidation states to different extents, depending on the catalyst
(by 0.1−0.4, Table S3). The m-Mn2O3 exhibited more
oxidized states compared to its fresh state, with the oxidation
state being 3.15 ± 0.10. m-Mn3O4 and m-MnO also showed
higher Mn valences under the OER conditions than the fresh
conditions, with the Mn oxidation states of 2.95 and 2.86 ±
0.10, respectively. Because the XANES is a bulk-averaging
characterization technique, the change of the surface oxidation
state is typically not well observed in the in situ XANES
spectra. In this regard, m-Mn2O3 and m-Mn3O4 showed a small
increase of the Mn oxidation states by 0.10 and 0.15,
respectively, at the OER potential, suggesting that the
surface-limited phase transformation occurred for these
catalysts. In contrast, m-MnO exhibited a large increase in
the Mn oxidation state by ∼0.4. These results originate from
the phase transformation occurring not only at the catalyst
surface but also in their MnOx framework cores into the
thermodynamically favorable phases (which are oxidized
forms). In situ XANES results of m-Mn2O3 and m-MnO2
suggest the involvement of Mn(III)/Mn(IV) redox or Mn(V)
intermediates during the OER.65 Moreover, the in situ XANES
results suggested that Mn(II) species hardly participate in both
oxygen electrocatalysis.

The participation of Mn(III)/Mn(IV) redox in the OER has
been suggested by several previous studies. Kaiser and co-
workers performed the XPS analysis and showed that the
MnOx samples with Mn(IV) species possessed lower valence
Mn species after the OER cycling, which could be ascribed to
regeneration of active Mn(III) species.66 The authors

Figure 8. In situ XANES spectra of (a) m-MnO2, (b) m-Mn2O3, (c)
m-Mn3O4, and (d) m-MnO acquired in 0.1 M KOH without an
applied potential (denoted as fresh) and with applied potentials at 0.6
and 1.8 V (vs RHE), where ORR and OER occur, respectively. For m-
MnO2 and m-Mn2O3, magnified XANES spectra are also shown as the
inset figure. Color code: red for m-MnO2, orange for m-Mn2O3, green
for m-Mn3O4, and blue for m-MnO.
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demonstrated operando Raman analysis with MnOx films with
controlled Mn oxidation states. They showed the co-existence
of Mn(III) and Mn(IV) species at the OER potentials
regardless of the initial oxidation state yet with different
ratio. The reduction of initial Mn(IV) into Mn(III) states was
also confirmed by the post XPS analysis by Speck et al.61

Jaramillo and co-workers prepared MnOx samples mainly
consisting of Mn2O3 with a small amount of MnO. After the
OER tests, the as-prepared MnOx was transformed into
MnIII,IVOx, with the initial MnO phase disappearing.41 van de
Krol and co-workers found that amorphous MnOx films with
the initial oxidation state of ∼2 transformed into MnIII,IVOx
species as revealed by post XPS analysis.67

■ CONCLUSIONS
In summary, four types of ordered mesoporous manganese
oxides with similar textural properties but different oxidation
states and local structures were synthesized and tested as
bifunctional electrocatalysts for the ORR and OER. The
following electrocatalytic activity trends were obtained: m-
Mn2O3 > m-MnO2 > m-MnO > m-Mn3O4 for the ORR and m-
MnO2 > m-Mn2O3 > m-MnO ≈ m-Mn3O4 for the OER. m-
MnO2, mainly composed of β-MnO2 which has been shown
only mediocre activity for the ORR and OER, exhibited
substantially high ORR activity, 4-electron selectivity, and
OER activity. The high electrocatalytic activities of m-MnO2
are attributed to the disordered arrangement of MnO6
octahedra in m-MnO2, which was induced by nanostructuring.
Interestingly, m-MnO showed better electrocatalytic activity
than m-Mn3O4, which is contradictory to the previous reports,
which demonstrated low electrocatalytic activity of MnO. This
could be ascribed to the oxidized surface of the m-MnO
catalyst, combined with the high surface area, leading to the
extensive formation of surface Mn(III) species. The activity
trends revealed the importance of higher-valent Mn (Mn(III)
and Mn(IV)) for oxygen electrocatalysis, whereas Mn(II)
species played a negligible role. Finally, the changes in the
oxidation state during oxygen electrocatalysis were investigated
using in situ XANES that indicated the generation of Mn(III)
and Mn(IV) species and the participation of such species in
electrocatalytic reactions. This study provides guidelines for
the development of advanced Mn-based bifunctional oxygen
electrocatalysts.
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