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ABSTRACT: Understanding the chemical states of individual surface atoms and their
arrangements is essential for addressing several current issues such as catalysis, energy stroage/
conversion, and environmental protection. Here, we exploit a profile imaging technique to
understand the correlation between surface atomic structures and the oxygen evolution
reaction (OER) in Mn3O4 nanoparticles. We image surface structures of Mn3O4 nanoparticles
and observe surface reconstructions in the (110) and (101) planes. Mn3+ ions at the surface,
which are commonly considered as the active sites in OER, disappear from the reconstructed
planes, whereas Mn3+ ions are still exposed at the edges of nanoparticles. Our observations
suggest that surface reconstructions can deactivate low-index surfaces of Mn oxides in OER.
These structural and chemical observations are further validated by density functional theory
calculations. This work shows why atomic-scale characterization of surface structures is crucial
for a molecular-level understanding of a chemical reaction in oxide nanoparticles.

Surface chemistry and reactions are fundamental to the
properties of various functional materials, including solid

catalysts, supercapacitors, and sensors.1 At the molecular level,
surface atoms interact differently with surrounding molecules
depending on their local atomic arrangements, such as facet,
step, edge, and corner atoms, and surface defects, causing
considerable variations in the chemical environment.2

Furthermore, surface relaxation and reconstruction also
significantly alter chemical reactions at the surface because of
modified electronic structures. Together, surface atomic
arrangements and surface reconstructions constitute what is
broadly defined as surface structures. Because of the complex-
ity of surface structures, atomic-level characterization is
essential for a molecular-level understanding of surface
chemical reactions. For example, identification of the active
sites among various surface atoms in catalysis can lead to direct
advances in catalyst design.3 While a variety of advanced
surface characterization techniques have been developed and
employed to obtain information associated with chemical
reactions at specific surface sites, most techniques have their
own restrictions for the surface types that can be studied, and
accurate measurement of atomic and electronic structures with
high precision remains difficult in nanostructured materials.4

Surface profile imaging5,6 by transmission electron micros-
copy (TEM), particularly scanning transmission electron
microscopy (STEM) in combination with electron energy
loss spectroscopy (EELS), is a novel technique for the analysis
of nanoparticle surfaces. The high-angle annular dark-field
(HAADF) mode in STEM allows individual atomic columns

to be located, and EELS provides information on the electronic
and chemical states simultaneously. Recently, the capability of
this technique has improved significantly due to the dramatic
advances in aberration correction. Surfaces of the complex
metal oxides, as well as simple metals, have been studied using
this technique.7−9 Scanning tunneling microscopy (STM) is
another representative technique that directly provides atomic-
scale images of surface structures. Indeed, pioneering STM
studies have provided a great deal of information regarding
surface chemical reactions.10,11 However, characterizing the
nanoparticle surfaces on the atomic scale with STM-based
techniques is practically challenging because samples must be
atomically flat for atomic-resolution imaging. Scanning trans-
mission X-ray microscopy (STXM) and X-ray absorption
spectroscopy (XAS) are X-ray-based techniques analogous to
STEM and EELS.12 STXM/XAS has more degrees of freedom
for designing in situ environments and dealing with sample
damage, but it is difficult to achieve atomic resolution with
these methods because of the limited spatial resolution of X-
ray probes.13 Vibrational spectroscopy methods, such as
infrared, ultraviolet, and Raman spectroscopy, have also been
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applied extensively for the characterization of surface chemical
reactions mostly focused on chemical bonding between
absorbed molecules and a surface.14 Recently, the spatial
resolution of these techniques has also improved due to the
local enhancement effects near a sharp metal tip, yet, structural
information is still limited to the nanometer scale.15,16

Obviously, STEM-EELS surface profile imaging provides
unique information on both the atomic and electronic

structures of nanostructure surfaces, which cannot be obtained
with other techniques.
Here, atomic surface structure of Mn3O4 oxygen evolution

nanocatalysts was explored using STEM-EELS surface profile
imaging. Manganese (Mn) oxides have attracted a great deal of
attention with regard to oxygen evolution reaction (OER),
since a Mn oxide cluster was discovered to be a naturally
occurring OER catalyst in photosystem II.17 Extensive efforts

Figure 1. Electrochemical performance of Mn3O4 nanoparticles in the oxygen evolution reaction (OER). (a) Polarization-corrected cyclic
voltammetry (CV) curve of Mn3O4 nanoparticles in the OER. The purple, wine, and magenta solid lines represent Mn3O4 nanoparticles, bulk
Mn3O4, and cobalt phosphate (Co-Pi), respectively. (b) Comparison of the overpotential between the Mn3O4 nanoparticles and existing OER
catalysts.

Figure 2. Atomic surface structure of Mn3O4 nanoparticles. (a) Low-magnification high-angle annular dark-field (HAADF) scanning transmission
electron microscopy (STEM) image of nanoparticles. The inset shows the selected area electron diffraction (SAED) pattern in the image area. (b)
High-resolution HAADF STEM image of a nanoparticle viewed along the [111] zone axis. The inset shows the fast Fourier transformation (FFT)
pattern of the nanoparticle, where the yellow and red circles indicate the (110) and (101) peaks, respectively. (c,d) High-resolution HAADF STEM
image of the (c) (101) facet and (d) (110) facet.
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have been devoted to the design of an artificial Mn-based OER
catalyst. Mn oxides are found to exhibit high activity in a
nanoform18,19 or after a specific surface treatment.20,21 The
functional improvement of Mn oxides is likely related to the
surface properties; however, the mechanisms underlying these
improvements remain unclear. One clue is that active Mn-
based electrocatalysts that exhibit high OER activity commonly
contain Mn3+ ions on their surfaces. Zaharieva et al. reported
that the active catalysts among electrodeposited MnOx OER
catalysts exhibit a structural disorder involving a Mn3+ ion.20

Park et al. presented direct evidence that the Mn3+ ion content
is strongly correlated with the catalytic activity.22 With regard
to the reaction mechanism, Takashima et al. suggested that
stabilization of Mn3+ ions during the reaction is crucial for
OER.23,24 In addition to these reports, several studies have
demonstrated the appearance of Mn3+ ions on the surfaces of
Mn-based OER electrocatalysts.25,26 While the precise role of
Mn3+ ions in OER is not yet understood, these results suggest
that Mn3+ ions are strongly coupled to the activity of Mn
oxides in the OER. In this context, the high activity of Mn3O4
nanocatalysts is a puzzle. Mn3O4 contains abundant Mn3+ ions,
but it is inactive in the micropowder-form and only becomes
active when in the nanoform.19,27

To determine the structural origin of OER activities on the
Mn3O4 surfaces, the analysis of the surface atomic config-
urations and electronic structures of Mn3O4 nanoparticles were
carried out using STEM-EELS. First, two types of polar
surfaces, (110) and (101) surfaces, were frequently observed as
the low-index facets of Mn3O4 nanoparticles. Importantly, both
surfaces were found to undergo surface reconstructions, and
Mn3+ ions, which are commonly believed to be associated with
the active sites, disappeared from the reconstructed surfaces.
The thermodynamic stability of reconstructed surfaces and
their altered electronic structures was validated by density
functional theory (DFT) calculations based on the exper-
imental structural models. Meanwhile, the edges of the
nanoparticles were found to contain active Mn3+ ions on the
surface. Our results suggest that surface reconstruction often
makes stable Mn oxide surfaces inactive in OER. This study
demonstrates the importance of an atomistic understanding of
catalytic surface structures and provides insight into the design
of novel functional nanomaterials.
The OER activity of Mn3O4 nanoparticles was evaluated by

cyclic voltammetry (CV). Figure 1(a) shows the polarization-
corrected CV curve of Mn3O4 nanoparticles compared to
commercial Mn3O4 micropowder and a Co-Pi electro-
catalyst,28 which was measured at a pH of 7.0 in a 0.5 M
phosphate buffer solution. Mn3O4 nanoparticles exhibited a
low overpotential of 450 mV at a current density of 1 mA
cm−2, comparable to Co-Pi electrocatalysts. Mn3O4 micro-
powder was almost inactive, and an overpotential of 750 mV
was required to achieve a current density of 1 mA cm−2. The
commercial Mn3O4 micropowder is a polycrystalline sample
with the grain size of several hundred nanometers. The
overpotentials of Mn3O4 nanoparticles and other Mn-based
OER electrocatalysts are shown in Figure 1(b) for comparison
of the OER activities. It shows that the Mn3O4 nanoparticle is
one of the active Mn-based electrocatalysts operating under
neutral conditions. Here, it is noteworthy that 10 nm scale
Mn3O4 nanoparticles synthesized through different procedures
also showed similar OER activity.29

Since the catalytic reaction occurs predominantly at the
surfaces, it is important to obtain structural information on the

surfaces. Figure 2(a) shows a low-magnification HAADF
STEM image and the corresponding selected area electron
diffraction (SAED) pattern of the Mn3O4 nanoparticles. The
nanoparticles were monodispersed, with a size of 15 nm, and
had a single phase of Mn3O4. The nanoparticles that were
attached to the side of the lacey carbon mesh without a
supporting layer were examined to exclude the scattering from
the carbon supporting layer for more accurate measurements.
Figure 2(b) shows a high-magnification HAADF STEM image
of a Mn3O4 nanoparticle viewed along the [111] zone axis,
which allows the (110) and (101) surfaces to be examined.
The profile image indicates that Mn3O4 nanoparticles are
faceted nanostructures with (110) and (101) surfaces. Note
that (100) surface is another low-index plane that makes up
the nanoparticle surfaces (see Figure S1). Several other
HAADF STEM images are displayed in the Supporting
Information; these show that many nanoparticles are
composed of two or three mosaic blocks, but still, nano-
particles were surrounded by (101), (110), and (001) surfaces
(see Figure S2).
Atomic surface structures of the (110) and (101) facets were

observed at a higher magnification for atomic resolution, as
shown in Figure 2(c,d), respectively. Bright dots indicate Mn
columns, and their brightness was roughly determined by the
density of Mn ions in each atomic column. Meanwhile, oxygen
columns were generally not detected in the HAADF STEM
images because the HAADF STEM provides the scattering
intensity that is approximately proportional to the square of
the atomic number.30,31 The atomic configurations of the
surfaces differed significantly in the HAADF STEM images
from those observed in the bulk Mn3O4, clearly demonstrating
that surface reconstruction occurred on each facet of the
Mn3O4 nanoparticles. In the (101) surface, an additional Mn
column always appeared in each period, which is denoted by
the gray arrow in Figure 2(c). Meanwhile, in the (110) surface,
two Mn columns of the topmost layer of the surface became
brighter, and a Mn column in the subsurface layer disappeared.
The brightened Mn columns and vanishing Mn column are
denoted by the bright- and dark-gray arrows in Figure 2(d),
respectively. The appearance of surface reconstructions implies
unstable surface planes. Indeed, both (110) and (101) planes
exposed on the Mn3O4 nanoparticles are polar surfaces with
uncompensated electrostatic potential. To note, the surface
polarity can be neutralized in various ways such as charge
redistribution or interaction with other foreign atoms, in
addition to surface reconstruction. Our observations show that
the polarity of the (110) and (101) surfaces on Mn3O4
nanoparticles was compensated by the surface reconstructions,
which will be explained in detail using DFT results.
Furthermore, the real-space images show how the atoms
move and reconfigure on the surface.
To examine the relationship between surface reconstructions

and electronic structures of a Mn3O4 nanoparticle, EELS
spectrum imaging was performed on the Mn3O4 nanoparticle
standing along the [111] zone axis. In general, core-level
excitations tend to shift to higher energies for higher oxidation
states, and these chemical shifts are widely used as an indicator
for the oxidation state in EELS and XAS. The Mn L3 edge is
one of the edges that clearly shows a monotonic increase with
oxidation state.32 In the case of a mixed-valence Mn3O4
compound, the Mn L3 edge consists of two separate peaks
corresponding to the Mn2+ and Mn3+ states, which are clearly
distinguished by a difference in peaks of 1.5 eV.32−34 The ratio
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of these two separate peaks at the L3 edge of the mixed valent
Mn3O4 varies depending on the ratio of Mn2+ and Mn3+ ions in
the atomic column at the position of the electron
probe.34Figure 3(a) shows the overall shape of a nanoparticle,
and Figure 3(b) shows the region of the nanoparticle where
the EELS spectrum imaging was performed. Although atomic
columns are not clearly visible in these HAADF STEM images,
as the zone axis was slightly tilted, the signatures of surface
reconstruction could still be seen in Figure 3(a,b), with bright
Mn columns appearing at the topmost layer of the (110)
surface and the topmost layer of the (101) surface consisting of
only dark Mn columns. Figure 3(c) is an EELS spectrum image
taken in the region shown in Figure 3(b).

The shape of the Mn L3 edge varied significantly near the
surface compared to that inside the nanoparticles as shown in
Figure 3(e). The change of oxidation states at the surface was
investigated by quantitative analysis of the Mn L3 edge. The L3
edge at each point of the nanoparticle was fitted with two
Gaussian functions centered at 641.0 and 642.5 eV (see Figure
S3) to obtain the ratio of Mn3+ and Mn2+; here, the two
Gaussian functions are assumed to represent the spectral
weight of Mn2+ and Mn3+ peaks, respectively. The intensity
ratios of the two Gaussian functions, I3+/I2+, are displayed as a
color map in Figure 3(d). Importantly, there was a reduction of
the intensity ratio at both the (110) and (101) reconstructed
surfaces compared to that inside the nanoparticle. Meanwhile,

Figure 3. Electronic state of Mn3O4 nanoparticle surfaces. (a) High-resolution HAADF STEM image of a nanoparticle viewed along the slightly
tilted [100] zone axis. (b) Enlarged experimental image for the edge region in (a), showing regions of interest for electron energy loss spectroscopy
(EELS) imaging. (c) HAADF STEM image of Mn3O4 nanoparticles, simultaneously acquired during the measurement of the EELS spectrum
image. (d) Map of the intensity ratio between Mn2+ and Mn3+ (I3+/I2+) obtained by the two-Gaussian fitting. (e) EELS spectra of a corresponding
color line box in (c) with reference Mn L2,3 EELS spectra.

34 The discrete points and solid lines in the EELS spectra of edge, (110), and (101)
surfaces indicate the raw EELS data and the postprocessed spectra with principal component analysis, respectively.

Figure 4. Atomic structure models of the (110) and (101) surfaces relaxed by density functional theory (DFT) calculations. (a,b) Enlarged
HAADF STEM images of the (110) and (110) surfaces, respectively. Atomic structure model of the (110) surface: (c) cleaved surface and (d)
reconstructed surface. Excess Mn ions present in the reconstructed (110) surface are denoted by the black arrows. Atomic structure model of the
(101) surface: (e) cleaved surface and (f) reconstructed surface. The purple and red balls indicate Mn and O ions, respectively. The purple/gold
and red balls indicate Mn and O ions, respectively. The Mn ions within high-density atomic columns are denoted by the gold color to distinguish
the atomic sites exhibiting a brighter contrast in the HAADF STEM image. The surface Mn ions are individually designated by the number indexes
from 1 to 8 for the analysis of on-site d orbital occupations (Table 1).
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the intensity ratio did not decrease at the edge of the
nanoparticle, which is denoted by the gray arrow in Figure
3(d). This implies that Mn ions preserved the Mn3+ states at
the edges, in which Mn ionic locations could be relatively
easily adjusted, while Mn ions at the reconstructed structures
have a significantly reduced valence state. Here, the edge refers
to a line segment where two low-index planes meet. These
observations were also directly shown in the raw spectra.
Figure 3(e) shows the raw Mn L2,3 EELS spectra of the region
highlighted in Figure 3(c) with the reference spectra. The red-,
blue-, and green-highlighted regions indicate parts of the edge,
(101) facet, and (110) facet, respectively. As shown in Figure

3(e), the Mn3+ peak was fully suppressed in the L3 spectra of
the reconstructed surfaces, whereas it clearly appeared in the
spectrum of the edge (see the red solid arrow in Figure 3(e)).
We used DFT calculations to further explore the

thermodynamic stability, valence states, and polarity compen-
sation of the (110) and (101) reconstructed surfaces observed
in STEM-EELS profile images. Atomic configurations of a
cleaved surface and a reconstructed surface of each plane were
compared. The cleaved surface was modeled by simply
terminating the crystal, while the reconstructed surface was
modeled by constructing an atomic structure based on the
HAADF STEM image. To reflect the surface reconstruction

Figure 5. Dependence of oxygen chemical potential on surface structures of Mn3O4 nanoparticles. (a) The formation energy of reconstructed
surfaces as a function of oxygen chemical potential. The purple and red solid lines indicate the (110) and (101) reconstructed surfaces, respectively.
The (110) and (101) cleaved surfaces were chosen as references for the corresponding reconstructed surfaces. (b) Environmental TEM (ETEM)
image of a Mn3O4 nanoparticle at the CO2 environment (PCO2 of 3.0 × 10−3 Pa) at 400 °C. (c) ETME image of the Mn3O4 nanoparticle at the O2
environment (PO2 of 2.5 × 10−3 Pa) at 400 °C. (d) Enlarged image of the (101) surface (marked by a dashed line box in (b)) at the CO2
environment, and simulated HRTEM images of the cleaved and reconstructed surfaces. (e) Enlarged image of the (101) surface (marked by a
dashed line box in (c)) at the O2 environment, and simulated HRTEM images of the cleaved and reconstructed surfaces.

Table 1. Charge Occupations and Oxidation States of Surface Mn Ions in the Mn3O4 Cleaved and Reconstructed Surfacesa

aSurface Mn ions are designated by the number index marked on the purple balls of the atomic structure models (Figure 4(c−f)). The left and
right columns in an eigenoccupation ( fMn) indicate the orbital occupations of majority and minority spins, respectively; fMn are the eigenvalues of
the on-site d orbital density matrix of a Mn ion. The occupied, and partially occupied orbitals are denoted in black boldface and red. in the table,
respectively. The oxidation state of the Mn ion is estimated by counting the number of occupied orbitals. Mn 1 and 4 ions in (110) and (101)
cleaved surfaces are Mn3+ ions with a high-spin d4 configuration; their orbital occupations (i.e., eigenoccupations) are identical to those of Mn3+
ions in bulk Mn3O4 (see Figure S7).
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from the cleaved (110) surface, one Mn atom at the subsurface
layer was removed, and two Mn atoms were added into the
topmost layer. For the (101) reconstructed surface, one more
Mn atom at the specific position of the topmost layer was
added. The final structures were obtained by structural
relaxations using DFT calculations. Figure 4(c,d) shows the
models for the cleaved (110) surface and the reconstructed
(110) surface, respectively. Similarly, Figure 4(e,f) represents
the models for the cleaved (101) surface and the reconstructed
(101) surface, respectively. For further confirmation of the
surface structures, multislice HAADF STEM simulations with
the experimental parameters were performed. Simulated
HAADF STEM images from the reconstructed surface models
showed reasonable agreement with the experimental HAADF
STEM images (see Figure S4).
To compare the thermodynamic stability of the cleaved and

reconstructed surfaces, the formation energy of each surface
was calculated. The formation energy cannot be directly
compared between the cleaved and reconstructed surfaces,
because the surface stoichiometries are not the same. Thus, the
surface formation energy was compared as a function of the
oxygen chemical potential. As shown in Figure 5(a), the
reconstructed surfaces are more stable than the cleaved surface
for a large range of oxygen chemical potentials. However,
according to the numerical results, the cleaved surfaces are
expected to be stabilized under oxygen-rich conditions. To
verify the dependence of surface structures on the oxygen
chemical potentials, environmental TEM (ETEM) experi-
ments were carried out for the same nanoparticles. Figure
5(b,c) shows the ETEM images measured at the CO2- and O2-
gas conditions, respectively. Interestingly, the atomic arrange-
ment of the (101) surface was changed depending on the gas
environment; the reconstructed surface model matches well
with the experimental image of the (101) surface in the CO2-
gas environment, while the cleaved surface model is consistent
with the image in the O2-gas environment. These ETEM
results verify our understanding of the oxygen-chemical-
potential dependence of surface reconstruction.
The role of surface reconstructions on the valence state and

polar instability was further studied by analyzing the orbital
configurations of Mn ions at the surfaces. The charge and
orbital states of Mn ions can be directly determined by the
eigenoccupation ( fMn) of the on-site d orbital density matrix;
fMn of surface Mn ions is summarized in Table 1.35−37 To be
specific, the oxidation state of each Mn ion on the surface was
estimated by counting the number of occupied orbitals (i.e.,
the number of occupied eigenstates). The eigenorbital and
eigenoccupations are fictitious auxiliary physical quantities, but
they have been widely used in the analysis of orbital-dependent
physical phenomena. The analysis of these orbital states
suggests that Jahn−Teller as well as polar instabilities were
mitigated by the surface reconstructions. As shown in Table 1,
there was no Mn3+ ion with a high-spin d4 configuration on the
top-surface layer of both reconstructed surfaces; instead, the
reconstructed (110) surface was composed of closely packed
Mn2+ ions, and the reconstructed (101) surface consists of
Mn2.5+ ions with Mn2+ ions intercalated periodically in the
middle. On the other hand, Mn3+ ions remained on the top-
surface layer of the cleaved surface models. These numerical
results indicate that the Jahn−Teller instability associated with
Mn3+ is relieved in the atomic configuration of the
reconstructed surfaces. Moreover, we estimated the net charge

and surface polarization of the top-surface layer using the
numerically derived oxidation state (see Figure S5). The top-
surface layer of the (110) surface became neutral through the
surface reconstruction, and the polarity of the (101) surface
was also weakened as additional Mn ions were periodically
embedded into the uppermost oxygen layer. Theoretical
confirmation of the polarity compensation in the reconstructed
surface again explains the need for the surface reconstruction,
as suggested in previous studies. Note that the features of the
reconstructed surface surrounded by Mn2+ ions are in good
agreement with the EELS spectrum imaging, showing that the
I3+/I2+ of the surface was lower than inside the nanoparticles.
These results, i.e., STEM-EELS measurements and DFT

calculations, provide direct insights into the excellent catalytic
activity of Mn3O4 in a nanostructure. Importantly, Mn3+ ions,
which are known to act as the active sites, were suppressed on
the (110) and (101) facets because of surface reconstructions.
Mn3+ ions were still exposed at the edge of the nanoparticle,
explaining why Mn3O4 was highly active in the form of
nanoparticles. Nanoparticles have a much higher concentration
of edges, corners, and high-index facets with decreasing size;
e.g., the ratio of edges to volume is inversely proportional to
the square of particle size. Meanwhile, we recognized that the
surfaces of Mn3O4 nanoparticles are continuously and
gradually evolved through the chemical reaction (see Figure
S6). Therefore, further in situ or ex situ STEM-EELS works are
desirable to examine surface evolution and its influences on the
catalytic properties of Mn3O4 nanoparticles. Still, we expect
that the surface reconstruction of low-index facets will often
occur even in reaction environment to mitigate polar and
Jahn−Teller instabilities.
By using STEM-EELS profile imaging and DFT calculations,

we showed that the activity of the Mn3O4 nanoparticle can be
enhanced at edges, corners, or high-index facets whereas
suppressed at reconstructed low-index facets. Stable low-index
surfaces of Mn3O4 nanoparticles are found to be easily
reconstructed to mitigate the polar and Jahn−Teller
instabilities. Importantly, Mn3+ ions, which are strongly
coupled to the active sites in OER, are largely converted into
ions with different chemical states in the reconstructed
surfaces, while they are still observed at the edges of
nanoparticles. Our results directly demonstrate that surface
reconstructions can deactivate the active sites in Mn-based
OER catalysts. In addition, this study further suggests that the
disturbance of surface reconstructions, e.g., via surface doping
or vacancy formation, can be a promising strategy to enhance
their catalytic activities.
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